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SUMMARY
The mechanism by which morphogenetic signals engage the regulatory networks responsible for early embryonic tissue patterning is

incompletely understood. Here, we developed a minimal gene regulatory network (GRN) model of human pluripotent stem cell

(hPSC) lineage commitment and embedded it into ‘‘cellular’’ agents that respond to a dynamic morphogenetic signaling microenviron-

ment. Simulations demonstrated that GRN wiring had significant non-intuitive effects on tissue pattern order, composition, and dy-

namics. Experimental perturbation of GRN connectivities supported model predictions and demonstrated the role of OCT4 as a master

regulator of peri-gastrulation fates. Our so-calledGARMEN strategy provides amultiscale computational platform to understand how sin-

gle-cell-based regulatory interactions scale to tissue domains. This foundation provides new opportunities to simulate the impact of

network motifs on normal and aberrant tissue development.
INTRODUCTION

Gastrulation organizes the seemingly equivalent epiblast

cells into the three germ layers: ectoderm, mesoderm,

and endoderm. These germ layers contribute to the forma-

tion of all tissues and organs. How the germ layers emerge

in humans remains elusive due to technical and ethical

challenges. Seeding human pluripotent stem cells (hPSCs)

on extracellular matrix micropatterns of defined shape and

size provides a model to study the elements of this phe-

nomenon (Tewary et al., 2017; Warmflash et al., 2014).

Upon stimulation by bone morphogenetic protein-4

(BMP4), micropatterned hPSC colonies self-organize with

radially segregated SOX2+ (ectoderm-associated), Bra-

chyury+ (mesoderm-associated), SOX17+ (endoderm-asso-

ciated), and CDX2+ (extraembryonic-associated) cells. This

pattern has been explained using reaction-diffusion (RD)

models based on BMP4 activation and autoregulation

(Etoc et al., 2016; Tewary et al., 2017). The signaling

cascade has been extended to include a BMP / WNT /

NODAL pathway hierarchy in hPSCs (Martyn et al.,

2018). Evidence exists that this cascade evolves dynami-

cally, yielding neighboring domains in a sequential

manner (Chhabra et al., 2019; Tewary et al., 2019). How-

ever, several questions remain unanswered: how do gene

regulatory network (GRN) interactions mediate germ-layer

commitment; how do the germ layers form their distinct

identities; and how does the interplay between gene regu-
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lation and exogenous cues enable cells to decode their

position during patterning?

Computational models are optimal tools to address these

systems-level questions. They offer tightly controlled,

interlinked variables that reflect the manipulable parame-

ters of the physical system, thus acting as virtual labora-

tories for hypothesis generation, testing, and refinement.

Computational methods across multiple scales have been

used to study cell fates. Intracellular GRNs formalize inter-

actions between gene products, including transcription

factors (TFs), signal molecules, and epigenetic modifiers,

to predict context-specific gene expression patterns

(Dunn et al., 2014; Parfitt and Shen, 2014; Yachie-Kinosh-

ita et al., 2018). Cellularmodels simulate intercellular inter-

actions (Kaul and Ventikos, 2015). These can be lattice

based or off lattice and mechanistic or phenomenological

(Glen et al., 2019). Microenvironment gradients can be

captured using transport phenomena (Kaul et al., 2016)

or RD (Chhabra et al., 2019; Etoc et al., 2016; Tewary

et al., 2017).

How lower-level interactions shape the macroscopic

properties of a system and are, in turn, influenced by the

very same macroscopic properties remains elusive. There

are two key aspects to this problem: (1) how do individual

GRNs coordinate interactions with thousands of GRNs

operating within locally and globally neighboring cells

(i.e., individual shaping the continuum), and (2) how do

these interactions drive the microenvironmental gradients
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that ultimately mediate the activity of the same GRNs (i.e.,

continuum shaping the individual). This is unknown in

the context of peri-gastrulation patterns. Existing RD

models do not explain how the underlying GRNs shape

spatial gradients, and existing GRNmodels simulate the at-

tractor states for only a single cell.

Herein, we bridge this gap by discretizing thousands of

GRNs in space using agents (virtual cells) linked to

morphogen gradients based on RD (virtual environment).

This helped both to link thousands of GRNs and to couple

spatial gradients with individual GRNs. The so-called

GARMEN (GRN-agent-RD modeling environment) thus

captured how GRNs mediate the microenvironment (indi-

vidual shaping the continuum) and how that dynamic

microenvironment regulates theGRN (continuum shaping

the individual). It showed how the same master GRN can

yield significantly different tissue structures depending

on the signaling context, perturbation, and perturbation

timing. GARMEN successfully identified OCT4 as a master

regulator of germ-layer patterning in hPSCs. We also show

that cells decode their position by considering the

biochemical and gene-expression gradients cumulatively.

Overall, our framework links a minimal GRN to tissue-

like patterns in a systematic manner, providing mecha-

nistic insights into cell-fate control.
RESULTS

Embedding GRN into agents connects regulatory

decision-making to tissue patterns

GRN development and validation

We considered interactions between key signals, pluripo-

tency factors, and lineage-specification markers. Briefly,

the core pluripotency factors OCT4, NANOG, and SOX2

are closely linked via autoregulatory interactions (Boyer

et al., 2005). Systematic knockout studies have revealed

that, while OCT4 and NANOG are co-regulated, SOX2

can be manipulated independently (Wang et al., 2012).

In addition, OCT4 expression is supported by b-catenin,

likely dependent on WNT signaling duration and dosage

(Davidson et al., 2012). OCT4 expression also helps

mediate differentiation to mesendoderm (when ‘‘high’’)

and extraembryonic fates (when ‘‘low’’) upon exposure to

BMP4 (Wang et al., 2012). The b-catenin and OCT4 inter-

play further drives primitive streak induction (Blauwkamp

et al., 2012; Funa et al., 2015). Subsequently, Brachyury

(TBXT) interacts with SMAD1 and SMAD2/3 signaling to

regulate mesoderm and endoderm expression, respectively

(Faial et al., 2015).

We first created a dynamic GRN model consisting of the

pluripotency-associated genes OCT4 and SOX2, primitive

streak-associated factors TBXT and SOX17, and extraem-
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bryonic lineage specifier CDX2. We added BMP4 and

WNT3 signaling pathways (and their inhibitors NOGGIN

and DKK, respectively) by linking gene states to signaling

activities (Figure S1A and Table S1). We employed a multi-

level logic formalism (Collombet et al., 2017) whereby

GRN node states were abstracted as a ternary variable

(OFF, LOW, HIGH). This meant that the nodes could be

OFF (gene not expressed), LOW (intermediate expression),

or HIGH (expression at its highest level). For example, dur-

ing pluripotency, OCT4 expressionwas set toHIGH, but for

mesodermal cells OCT4 expression turned LOW, with

TBXT expression turning HIGH. The GRN logic is defined

in Table 1.

We next validated the GRN by comparing the model

output against existing data (Tables S2 and S3, Fig-

ures S1B–S1D, and Note S1). Importantly, our model

captured the duality associated with CDX2 expression as

being both extraembryonicmesodermal and trophectoder-

mal. When stimulated with BMP4, the model yielded

CDX2+ attractors that were (1) extraembryonic mesoderm

associated (i.e., TBXT notOFF) and also had CDX2 as HIGH

or LOW, and (2) trophectoderm associated andhadCDX2 =

HIGH or LOW but TBXT set to OFF (Data S1).

Integrating the GRN, agent, and RD modules

We next discretized thousands of these GRNs explicitly in

space by embedding them in cellular ‘‘agents.’’ Agents are

computational systems that are situatedwithin an environ-

ment and capable of engaging in autonomous action

within that environment to meet their design objectives

(Kaul and Ventikos, 2015). To connect GRN activity to

exogenous cues, we coupled the virtual cell with the GRN

paradigm to a four-component RD model that simulated

the BMP and WNT pathways. We employed the classical

RD paradigm (Murray, 2002) and used Gierer and Mein-

hardt (1972) reaction kinetics to model activator (BMP4

and WNT3) and inhibitor (NOGGIN, DKK) interactions.

We used zero-flux boundary conditions.

We validated the RD module by comparing the effective

diffusivity ratios of BMP4:NOGGIN and WNT3:DKK used

in the RD model (0.4 and 0.36, respectively), which were

consistent with experimental estimates (0.38–0.77 and

0.34–0.36, respectively, see Note S2). The architecture of

GARMEN is represented in Figure 1A and its implementa-

tion shown in Figures 1B and S2A–S2D. Parameters used

in this three-layeredmodel and the rationale for their selec-

tion are listed in Table 2. Importantly, we did not consider

edge sensing (Etoc et al., 2016). Yet, our model recapitu-

lated pSMAD1 and b-catenin profiles accurately (Fig-

ures S2E–S2I and Note S3). Agent phenotypes throughout

this study were based on the combination of gene states

shown in Table S4.

To orient the reader, we consistently use descriptors

such as computational or state/agent (e.g., computational



Table 1. Gene regulatory network rules regulating differentiation-related cell-fate decision-making

Expression level Condition

Morphogen

BMP4 HIGH [BMP4] R 0.3 (�25% of peak BMP4 value)

LOW 0.0 < [BMP4] < 0.3

OFF [BMP4] = 0.0

WNT3 HIGH [WNT3] R 0.3 (�25% of peak BMP4 value)

LOW 0.0 < [WNT3] < 0.3

OFF [WNT3] = 0.0

NOGGIN HIGH [NOGGIN] R 0.3

LOW 0.0 < [NOGGIN] < 0.3

OFF [NOGGIN] = 0.0

DKK HIGH [DKK] R 0.3

LOW 0.0 < [DKK] < 0.3

OFF [DKK] = 0.0

Gene (gene category)

OCT4 (pluripotency TF) HIGH (signal BMP4 > 0.0 and signal WNT3% signal DKK) or (signal BMP4 = OFF and signal WNT3 < signal DKK)

LOW (TBXT not OFF) or (signal WNT3 > signal DKK) or (signal WNT3% signal DKK and signal BMP4 > signal

NOGGIN)

OFF signal BMP4 = OFF and signal WNT3 = OFF (conditions that lead to CDX2 = HIGH or SOX17 = HIGH)

SOX2 (lineage TF) HIGH signal WNT3 < signal DKK and signal BMP4 < signal NOGGIN

LOW signal BMP4 = OFF and signal WNT3 % signal DKK

OFF TBXT not OFF (conditions leading to TBXT emergence)

TBXT (lineage TF) HIGH signal WNT3 > signal DKK and OCT4 not OFF

LOW (signal WNT3 > signal DKK and signal BMP4 = OFF and OCT4 not OFF) or (signal BMP4 > signal NOGGIN

and OCT4 not OFF and signal WNT3 < signal DKK)

OFF SOX2 = HIGH or SOX17 = HIGH or CDX2 = HIGH (or conditions leading to these states)

SOX17 (lineage TF) HIGH signal BMP4 = HIGH and signal WNT3 = LOW and signal WNT3 > signal DKK and OCT4 not HIGH

LOW (OCT4 = OFF and SOX2 = OFF and signal BMP4 > signal NOGGIN) or (signal BMP4 = OFF and signal

WNT3 > signal DKK and OCT4 not HIGH and TBXT not OFF)

OFF SOX2 = HIGH or CDX2 = HIGH (or conditions leading to these states)

CDX2 (lineage TF) HIGH (signal BMP4 > signal NOGGIN and signal WNT3 < signal DKK and signal WNT3 = LOW and OCT4 not

HIGH) or (signal BMP4 = OFF and signal WNT3 > signal DKK and OCT4 = LOW and TBXT not OFF)

LOW (signal WNT3 = OFF and signal BMP4 > signal NOGGIN and OCT4 not OFF) or (OCT4 = OFF and signal

BMP4 > signal NOGGIN)

OFF OCT4 = HIGH or SOX2 = HIGH (or conditions leading to these states)
[BMP4] or OCT4 state or TBXTagent) when sharing in silico

results, and experimental or in vitro or marker expression

profile (e.g., in vitro pSMAD1 profile, CDX2 expression pro-

file) for in vitro results.
GARMEN decision-making

The simulation (Figure 1C and Note S4) was initiated with

1,200 virtual PSCs randomly located on a circularmicropat-

tern (step 1). As initial conditions, all GRN nodes were set
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to OFF, except OCT4 and SOX2, whichwere HIGH. The vir-

tual cells first proliferated to confluence. Adding prolifera-

tion rate in the agent-based modeling (ABM) module al-

lowed us to synchronize the ABM and RD modules in

time. Following confluence (step 2), we mimicked the

in vitro induction of BMP4 by triggering BMP4 activity in

the RD module (step 3), which yielded steady-state

[BMP4] profiles at �12 h of physical time (step 4, see

Note S3 for the time step). The [BMP4] profile from the

RD module was then binned (step 5) and fed to the

agents/GRNs (steps 6/7) that led to the activation of WNT

activity and emergence of agents transitioning to the mes-

endoderm state via loss of the SOX2 state (step 8). As BMP4

triggers WNT3 activity, we next simulated the WNT3 pro-

file. The steady state reflected [WNT3] at �24 h of physical

time, which was next fed to the agents, resulting in the

emergence of TBXT agents at the colony edge. The non-

mesodermal agents at 24 h stay engagedwithWNTactivity,

which we simulated again with the RD module. This

yielded a [WNT3] profile at 36 h, which, when fed to the

agents, resulted in radial internalization of SOX2 and

TBXT agents (step 9, Figure 1B) and the emergence of

SOX17 agents at the colony edge. Finally, theWNTactivity,

by remaining non-mesendodermal, was again simulated in

the RD module, yielding the WNT profile at 48 h of phys-

ical time.When fed to the agents, this led to a further inter-

nalization of the germ-layer states and the emergence of a

CDX2 agent population at the edge (step 10, Figure 1B).

At the systems level, this radial internalization of germ-

layer markers was aided by a progressive OCT4high expres-

sion front that translocates radially inward (Figures 1C

and 1D and Note S5). Importantly, the CDX2+ agents at

the edge were trophectodermal (i.e., their TBXT and

SOX2 states were both OFF), corroborating an earlier report

(Chhabra et al., 2019).

Exploring the peri-gastrulation phase space

We simulated germ-layer patterns due to biochemical and

genomic perturbations in the GRN. This entailed setting

the activity levels of the relevant nodes continuously to

OFF (shown as ‘‘�’’ in Figure 1E, reflecting in vitro gene

knockout) or HIGH (shown as ‘‘++’’ reflecting in vitro

ectopic expression). The pattern phase space is repre-
Figure 1. GRNs embedded in agents predicted the systems-level
(A) Schematic representing GARMEN’s architecture.
(B) The GARMEN decision-making flowchart (see Note S4).
(C) Simulation output capturing peri-gastrulation, including the rad
Note S5).
(D) Visualizing the ‘‘stepwise’’ mechanism of radial internalization of
(E) Results of the parametric analysis conducted to link the network
Note S6).
(F) Simulation output when the model bypasses BMP activity by initi
(G) Simulation output when BMP activity is inhibited midway (=24 h
sented in Figure 1E, which shows the impact of perturba-

tions on the patterns, and summarized in Table S5 and

Note S6.

Our approach revealed the systems-level impact of

genomic and signal perturbations. Specifically, in the

BMP4� simulation, the TBXT agents were confined to the

colony edge and co-localized with SOX17 agents, possibly

suggesting this condition does not commit mesendoder-

mal agents to either mesodermal or endodermal state

(Figures 1E and 1F). We also noted a wide spread of agents

expressing OCT4 at the colony center. We also noted both

observations for the OCT4++ perturbation (pattern X).

Together, these suggested that the peri-gastrulation pat-

terns evolve due to interplay between OCT4 and the BMP

and WNT pathways.

To investigate this interplay, we tested the consequence

of halting the translocating differentiation front. We initi-

ated the model by activating the BMPmodule, but turning

the BMP activity OFF after 24 h in the simulation. Conse-

quently, the TBXT state shifted inward until 24 h, but there

was no shift after the BMP module was switched off (Fig-

ure 1G). The SOX17- and CDX2-associated agents were

both restricted to the colony edge.

In summary, we used a validated hPSC lineage-commit-

ment GRN structure to explore the relationship between

GRN wiring and the peri-gastrulation pattern phase space.

We found that an inward-traveling differentiation front

can be predictively interrupted by altering the input signals

or ‘‘gene’’ node activity in the virtual colonies, which we

validated next.

Validating GARMEN phase-space predictions via

signal perturbations

Validating model predictions when patterning triggered with

CHIR

Our model predicted that triggering patterns with WNT3

will limit the mesendoderm-associated (TBXT/SOX17)

agents toward the edge (Figure 1F). The simulation also

yielded a wide core of SOX2+ agents (Figure 2A). To test

these predictions, we initiated differentiation in vitro via

CHIR-99021 (CHIR). Figure S3A shows all in vitro condi-

tions used in this study to test model predictions. Further,
impact of regulatory decision-making

ial internalization of the OCT4, TBXT, and SOX17 expression (see

germ-layer markers (see Note S5).
structure to the germ-layer pattern phase space (see Table S5 and

ating with WNT activity.
of real time) during patterning.
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Table 2. Parameters used in the GARMEN

Layer Parameter Value Comments

Agent-based

modeling

agent radius 10 mm measured in this study via internuclear distances

(22 ± 5 mm, n = 15)

colony diameter 930 mm measured in this study at various time points, n = 10

agent proliferation rate 12 h this parameter allowed us to incorporate time in the ABM and

thus help synchronize it with the RD module in time

location of daughter agents randomly generated based on

parent agent coordinates

see ‘‘the virtual cell - agent-based modeling’’ in supplemental

experimental procedures

differentiation probability 15% per iteration (data-

constrained free parameter)

based on in vitro observations; 1% differentiation probability

yielded patterns too quickly, and 30% probability led to delayed

patterning; 15% probability, however, led to emergence of

ring-like patterns equivalent to 12 h of physical time, which

agreed with empirical observations

initial agent number in

colony

1,200 arithmetic calculation based on the number of cells seeded per

microtiter plate well: 60,000/well

initial agent state pluripotent (OCT4 and SOX2

set to HIGH)

based on experimental condition

Reaction diffusion a/k 0.1 (free parameter) see ‘‘linearisation’’ in supplemental experimental procedures

b/u 1 (free parameter) see ‘‘linearisation’’ in supplemental experimental procedures

BMP4:NOGGIN effective

diffusivity

0.4 (free parameter) see ‘‘linearisation’’ in supplemental experimental procedures

WNT3:DKK effective

diffusivity

0.36 (free parameter) see ‘‘linearisation’’ in supplemental experimental procedures

initial [BMP4] random distribution –

initial [Noggin] random distribution –

initial [WNT3] [BMP4] at steady state this linked [BMP4] to the WNT3 RD module

initial [DKK] random distribution –

boundary condition Neumann (zero flux) based on experimental conditions that we do not add BMP4 in

the microtiter plate wells after initiating differentiation
to test the statistical validity of model predictions, we

calculated the median radial locus of the peak in vitro

marker expression (peak locus, henceforth) for all condi-

tions. Colonies exposed to both CHIR ± NODAL in vitro

showed the TBXT and SOX17 peak loci significantly closer

to the edge (Figure 2A, all p values indicated in the figure

henceforth) vs. BMP4 + NODAL (control). SOX2 expres-

sion for these colonies extended from the center to the

edge vs. control. The peak TBXT and SOX17 loci for

CHIR + NODAL were significantly closer to the edge vs.

CHIR in vitro. This is consistent with our proposed mecha-

nism that, due to NODAL’s BMP inhibitory effect (Tewary

et al., 2019), the TBXT and SOX17 peak locus will be

confined closer to the edge compared with a condition in

which a BMP inhibitor is not used (CHIR in this case).

The computational model had also predicted fewer

CDX2+ agents for the WNT3 condition that will be
382 Stem Cell Reports j Vol. 18 j 377–393 j January 10, 2023
restricted to the edge vs. control. While in vitro colonies

treated with CHIR ± NODAL yielded CDX2 cells that

were radially internalized vs. control, they yielded signifi-

cantly less CDX2 expression vs. control. This can be

observed in Figure S3B, which compares the area under

the CDX2 radial profile curves (CDX2 area under the curve

[AUC]) for the different conditions.

Validating model predictions when BMP4 patterning is

inhibited midway

The predictions (Figure 1G) were tested in vitro by initially

stimulating the hPSC colonies with BMP4 + NODAL but

switching to medium containing the BMP inhibitor

LDN193189 (LDN), which also lacked BMP4 and NODAL,

for 24 h. Consistent with our prediction, we noticed the

peak TBXT, SOX2, and SOX17 expressions each confined

significantly closer to the edge vs. control (Figures 2A,

S3C, and S3D). We also exposed micropatterns to medium



Figure 2. Signal perturbations halt the internalizing OCT4 front to alter peri-gastrulation patterning
(A) Comparison of in silico (left column) predictions against in vitro data (middle and right columns). The images under the middle column
represent a composite of hPSC colonies maintained under different conditions. The plots under the right column compare the peak loci of
indicated markers for the four conditions. For TBXT and SOX2: n = 118 (control), 127 (LDN), 35 (CHIR), and 63 (CHIR + NODAL). For SOX17
and CDX2: n = 75 (control), 73 (LDN), 28 (CHIR), and 19 (CHIR + NODAL).
(B) Composite showing TBXT and SOX17 expression for colonies exposed to LDN + NODAL at 24 h vs. control.
(C) The graph compares the peak TBXT loci for the control, LDN only-treated colonies, and LDN + NODAL-treated colonies; n = 118 (control),
127 (LDN), 42 (LDN + NODAL).
(D) The graph compares the peak SOX17 loci for the control, LDN only-treated colonies, and LDN + NODAL-treated colonies; n = 75
(control), 73 (LDN), 32 (LDN + NODAL).
(E) Radial CDX2 expression profile (mean values represented by circles and standard deviation by error bars) comparison between the
control (n = 75) and LDN (n = 63)-treated hPSC colonies.
(F) Comparison of the peak loci of TBXT expression in control at 24 h (n = 16) vs. LDN (n = 127)-treated cells after 48 h; p = 0.68.
(G) Composite showing the in silico prediction of OCT4 expression due to the different signal perturbations.
(H) Composite showing the actual OCT4 expression in vitro resulting from exposure to the different conditions.
(I) Comparison of the peak OCT4 loci for the various conditions; n = 118 (control), 127 (LDN), 35 (CHIR), and 63 (CHIR + NODAL); *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., not significant; n, number of colonies, represents technical replicates. The p values
represent comparison with the control condition, except where direct comparisons are specified.
containing LDN + NODAL at 24 h post-differentiation,

which similarly yielded peak TBXT and SOX17 loci that

were confined to the edge vs. control (p < 0.0001 for

both; Figures 2B–2D). The computational model predicted

that inhibiting BMP4 at 24 h will lead to fewer CDX2-asso-
ciated agents (55 vs. 618 control agents) that will be

confined to the edge (Figure 2A). In vitro, we found that

the peakCDX2 locus for both the control and the LDN con-

ditions was located close to the edge (Figure 2A). However,

the two conditions yielded significantly different data. To
Stem Cell Reports j Vol. 18 j 377–393 j January 10, 2023 383
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understand this, we examined the in vitro radial CDX2

expression profiles for both conditions (Figure 2E) and

noted that CDX2 expression remained significantly high

toward the colony center for control hPSC colonies vs.

the LDN treatment, consistent with our model (Figure 2A).

To confirm that we were able to halt marker internaliza-

tion, we compared the peak TBXT locus in hPSC colonies

kept in the control medium for 24 h vs. those exposed to

LDN for 24 h (after 24 h of BMP4 exposure). TBXT loci

for the two conditions were not significant (p = 0.68, Fig-

ure 2F), confirming the computational prediction.

Impact of these perturbations on OCT4 expression

The in silico/in vitro OCT4 state/expression (Figures 2G–2I)

was consistent with the in silico/in vitro (TBXT, SOX17,

CDX2) state/expression patterns (Figure 2A). Exposing

the colonies to LDN led to exteriorization of the peak

OCT4 locus vs. control (p < 0.0001, Figures 2H and 2I),

consistent with the computational prediction. Further,

exposing in vitro colonies to CHIR led to a spatially wide

OCT4 expression profile (Figures 2G–2I, S3E, and S3F), as

predicted by GARMEN (Figure 1F).

In summary, these data validate GARMEN’s ability to pre-

dict changes in patterning based on altered signaling dy-

namics. Changes in the OCT4 profile due to exposure to

CHIR ± NODAL and LDN led us to hypothesize that we

can predictively control the mesendoderm expression by

manipulating OCT4.

Validating GARMEN phase-space predictions via

transcriptional perturbations

Given our hypothesis, we focused on testing the predic-

tions emerging from OCT4-relevant perturbations, i.e.,
Figure 3. In silico patterning phase space successfully recapitula
(A) The histogram shows fold change in the expression of the plurip
resents the normalized median pluripotency gene expression for the
OCT4, SOX2, and NANOG expression for the control cell line = 1).
(B) The graph compares the radial profiles of the computational TBXT
(C) The schematic of the gene circuit used to engineer the OCT4� an
(D and E) The composites show the radial profiles of the pluripotency
TBXT� cell lines at t = 0 h.
(F) Comparison of in silico predictions vs. in vitro data. The images
different perturbations. The plots under the third column compare th
column shows fold change in gene expression of the respective mark
(OCT4�), 12 (TBXT�), and 25 (OCT4+). For SOX17: n = 30 (control), 35
22 (OCT4�), 11 (TBXT�), and 31 (OCT4+).
(G) Composite showing the GARMEN-predicted vs. in vitro OCT4 expres
calculated based on the radial OCT4 expression profile for the differe
(OCT4+). The violin plots show the fold change in OCT4 expression v
expression for the control colonies.
(H) Composite showing the EOMES expression for the different colonies
EOMES expression profile for the different conditions; n = 8 (control)
****p < 0.0001; n.s., not significant; n, number of colonies, represen
control, except where a direct comparison is specified.
OCT4� (pattern IV) and OCT4++ (pattern X). To ensure

our model was not biased toward OCT4-oriented perturba-

tions, we also tested the TBXT� perturbation (pattern V).

Cell lines used to test the OCT4++, OCT4�, and TBXT�
perturbations

We used a human induced PSC (hiPSC) line to test the

OCT4++ perturbation. qRT-PCR analysis revealed that the

pluripotency gene (OCT4, SOX2, NANOG) expression

was upregulated in this line by 50% vs. the control hPSC

line (Figure 3A). We, thus, refer to it as the OCT4+ line.

GARMEN predicted the OCT4++ perturbation will yield

the same pattern order as control, except that there will

be a long tail of TBXT+ agents extending toward the colony

edge. This was confirmed by superimposing themean in sil-

ico and in vitro TBXT radial profiles (Figure 3B).

To test the computational predictions for theOCT4� and

TBXT� perturbations, we engineered hPSC lines with

transposons that encode genetic circuits (Figures 3C, S4A,

and S4B) for doxycycline (Dox)-inducible silencing of

OCT4 and TBXT (OCT4� and TBXT� lines, henceforth).

The expression of the engineered circuits can be observed

via the GFP tag shown in Figure S4C. We chose Dox-induc-

ible OCT4 silencing (instead of knocking out OCT4) to pre-

vent spontaneous differentiation (and total loss of pluripo-

tency) of cells before the induction of patterning.

We first checked that the OCT4� and TBXT� colonies

had not spontaneously differentiated at confluence by as-

sessing the pluripotency markers. As expected, OCT4

expression was drastically reduced in the OCT4� line vs.

NANOG and SOX2 (Figures 3D, S4D, and S4E showing

qPCR data). We also noted slightly elevated SOX2 gene

expressionvs. control, but similarNANOGlevels vs. control
ted in vitro
otency genes for OCT4+/hiPSC micropatterns. The dotted line rep-
control micropatterns generated with the hPSC line (i.e., relative

+ agents in the virtual colony vs. in vitro TBXT expression (n = 71).
d TBXT� cell lines.
genes and CDX2 for colonies generated using the (D) OCT4� and (E)

under the second column represent a composite of colonies with
e peak loci of indicated markers for the four conditions. The fourth
ers vs. control using qPCR. For SOX2 and TBXT: n = 38 (control), 54
(OCT4�), 22 (TBXT�), and 25 (OCT4+). For CDX2: n = 40 (control),

sion for the different colonies. The histograms show the AUC values
nt conditions; n = 40 (control), 22 (OCT4�), 11 (TBXT�), and 31
s. control at 48 h. The horizontal line indicates the median OCT4

. The histograms show the AUC values calculated based on the radial
, 7 (OCT4�), 8 (TBXT�), and 7 (OCT4+). **p < 0.01; ***p < 0.001;
ts technical replicates. The p values represent comparison with the
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(Figure S4E). For the TBXT� line, all pluripotency markers

showed uniform spatial distribution (Figures 3E and S4F).

qPCR data (Figure S4G) confirmed similar OCT4 and

NANOG levels vs. control, but a 2-fold increase in SOX2

levels. Further, we measured CDX2 expression levels via

qPCR, which was significantly elevated in both cell lines.

However, we observed no nuclear CDX2 expression for

either via immunofluorescence microscopy (Figures 3D

and 3E) vs. control (Figure S4H, control: CDX2 expression

in parental colonies at 48 h post-differentiation).

Validating the impact of OCT4 perturbations on TBXT and

SOX2 expression

GARMEN predicted (Figure 1E) that silencing either OCT4

or TBXT would lead to loss of TBXT+ agents. This was

indeed the case in vitro (Figure 3F). AUC calculations

confirmed significant loss of TBXT for both perturbations

vs. control (Figure S4I), which was also reinforced by the

qPCR analysis. The long TBXT expression tail can be

observed in the OCT4+ colony composite. Further,

GARMEN predicted that silencing OCT4 would lead to a

wider spread of SOX2+ agents vs. control, but silencing

TBXT or overexpressing OCT4 would not have an impact

on SOX2+ agents vs. control. This was also confirmed

in vitro.

Validating the impact of OCT4 perturbations on SOX17

expression

GARMEN predicted (Figure 1E) that silencing OCT4 would

yield SOX17+ agents, despite the loss of TBXT agents,

although the mean locus of SOX17+ agents was closer to

the colony edge. This was confirmed in vitro (Figure 3F).

In addition, the mean peak SOX17 locus for the OCT4�
line was significantly toward the edge vs. control.

GARMEN further predicted that silencing TBXT alone

would not have an impact on SOX17 agents computation-

ally vs. control. This was also confirmed in vitro (peak

SOX17 locus for TBXT� colonies vs. control p > 0.99).

Finally, as predicted, the OCT4+ micropatterns yielded a

wide spread of SOX17+ cells vs. control.

Validating the impact of OCT4 perturbations on CDX2

expression

GARMEN predicted (Figure 1E) that the OCT4� line would

yield CDX2+ agents that would be restricted to the edge

computationally. This was confirmed in vitro (p < 0.0001

vs. control). GARMEN further predicted that silencing

TBXT would yield no significant change in the location of

CDX2+ agents computationally. In vitro, the peak CDX2 lo-

cus for TBXT�micropatterns was not significant vs. control

(p = 0.95). The qPCR analysis, however, showed a significant

loss in CDX2 gene expression for the TBXT� line.

Finally, GARMEN predicted there would be no CDX2+

agents in the OCT4++ perturbation computationally,

although CDX2 expression was observed in vitro. This

discrepancy needs to be contextualized. First, the predic-
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tions are relative to control, i.e., the OCT4++ condition

would yield less CDX2 expression vs. control, confirmed

by the AUC analysis (Figure S4J) that shows significantly

less CDX2 expression vs. control. Second, for the

OCT4++ perturbation, GARMEN assumed the OCT4 levels

in the agents to always be 100% higher vs. control. But the

hiPSC line we used had only 50% higher OCT4 levels pre-

differentiation (Figure 3A). However, engineering a cell

line with continuously HIGH OCT4 will yield the same

pattern by triggering WNT following exposure to BMP4.

Consequently, mesendoderm will emerge but will not

diverge, given HIGH OCT4 expression, which will likely

inhibit CDX2 expression.

Impact of transcriptional perturbations on post-differentiation

OCT4 and EOMES expression

To confirm that these results were driven by OCT4 activity,

we tested the OCT4 expression for each of these experi-

mental conditions (Figure 3G). OCT4 expression was

significantly lost in the OCT4� colonies (p < 0.001 calcu-

lated for AUC), although the rest showed similar OCT4

expression. The qPCR analysis further confirmed that this

was the case. The concomitant loss of TBXT expression in

OCT4� colonies suggested that OCT4 is central to the

emergence of mesendoderm. To test this, we hypothesized

that silencing OCT4 will lead to the loss of eomesodermin

(EOMES), a key mesendoderm regulator. Indeed, OCT4�
micropatterns showed no EOMES (p < 0.0001 vs. control),

compared with other cell lines that showed EOMES in the

same annulus as TBXT (Figure 3H, p = 0.256 and p = 0.221

for peak EOMES vs. TBXT loci for control and OCT4+ cell

line, respectively). EOMES expression was also found in

colonies created using the TBXT� cell line, suggesting the

need for OCT4 to trigger mesendoderm expression.

In summary, these data highlight that we can predic-

tively disrupt mesendoderm emergence by disrupting

OCT4 expression. Further, successful predictions for

TBXT� condition highlight the unbiased and gene-

agnostic nature of this model/GARMEN.

Validating novel insights gained via GARMEN

The formation of three distinct germ layers is one of the key

signatures of gastrulation. However, the ‘‘distinctness’’ of

germ layers is yet to be quantified in any meaningful way

in the context of hPSC-based gastruloids. We propose

that significantly separated SOX2, TBXT, and SOX17 peak

loci in vitro represent a matured gastrula state where the

three germ layers have diverged and are distinct. Figure 4A

shows the significantly separated peak loci for the three

markers for the control condition (BMP4 + NODAL).

Impact of varying OCT4 expression on mesendoderm

divergence

GARMEN suggested that this divergence of germ layers

is regulated by OCT4 expression (Figures 1E–1G). For



Figure 4. OCT4 serves as a master regulator of peri-gastrulation patterns in hPSCs
(A–D) The graphs compare peak SOX2, TBXT, and SOX17 loci for colonies generated using the parental line and exposed to (A) BMP4 +
NODAL, (B) CHIR, (C) CHIR + NODAL, and (D) OCT4+ colonies exposed to BMP4 + NODAL. The peak OCT4 locus is shown for reference.
(E) Composite showing the NANOG expression for the different colonies. The histograms show the AUC values calculated based on the radial
NANOG expression profile; n = 8 (control), 5 (OCT4�), 5 (TBXT�), and 3 (OCT4+). The violin plots show the fold change in NANOG
expression vs. control at 48 h. The horizontal line indicates the median NANOG expression for the control colonies.
(F) The graph compares the fold change in OCT4 and NANOG gene expression with control (median OCT4 and NANOG gene expression value
highlighted by the dotted line) at two different time points.
(G) Fold change in gene expression in colonies generated using the OCT4� cell line that was not exposed to Dox at t = 0 h vs. control
(median gene expression values represented by the dotted line).
(H) Composite showing patterning predicted by GARMEN for control vs. dynamically inhibited OCT4 perturbation.
(I) TBXT and SOX17 expression for the OCT4� colonies where OCT4 expression was dynamically inhibited vs. control.
(J) Graph comparing the peak TBXT loci for the dynamically inhibited colonies (n = 45) with control (n = 38).
(K) Graph comparing the peak TBXT (n = 45) with SOX17 (n = 17).
(L) Composite showing OCT4 and NANOG expression for the dynamically inhibited OCT4� colonies vs. control.
(M) The histograms compare the AUC values calculated based on the OCT4 and NANOG radial expression profiles for the dynamically in-
hibited OCT4� colonies with control. For OCT4: n = 52 (OCT4�) and n = 40 (control). For NANOG: n = 5 (OCT4�) and n = 8 (control).
(N) The graph compares peak TBXT with peak OCT4 loci for hPSC colonies exposed to BMP4 + NODAL for 48 h across time. For 12 h: n = 12
(TBXT and OCT4). For 24 h: n = 19 (TBXT) and n = 16 (OCT4). For 36 h: n = 19 (TBXT and OCT4). For 48 h: n = 118 (TBXT and OCT4). *p < 0.05;
**p < 0.01; ****p < 0.0001; n.s., not significant; n, number of colonies, represents technical replicates. The p values represent comparison
with the control, except where a direct comparison is specified.
example, in GARMEN, the OCT4� state led to loss of TBXT

agents, the OCT4++ state yielded co-localized TBXT and

SOX17 agents, and exposure to WNT3 also resulted in

broad OCT4 expression radius and colocalized TBXT and
SOX17 agents. To test this in vitro, we compared the peak

loci of all three markers for the following conditions: (1)

CHIR- and (2) CHIR + NODAL-induced patterning of

hPSC colonies and (3) patterning of the OCT4+ colonies
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via BMP4 + NODAL. The peak OCT4 locus for all condi-

tions is shown for reference (Figures 4B–4D). Compared

with control, all three conditions yielded patterns where

peak TBXT and SOX17 loci are not significantly apart.

The only commonality in all three conditions is a wider

OCT4 spatial expression covering more than half of the

colony radius. Taken together, our data suggest that

OCT4 is central to the divergence of mesendoderm to

meso- and endoderm.

Contribution of OCT4 vs. NANOG expression in mediating peri-

gastrulation

We next explored whether OCT4 regulates patterning

directly or indirectly via NANOG, which has been impli-

cated in triggering mesoderm. We noted uniform radial

NANOG expression in the OCT4� colonies at t = 0 h (Fig-

ure 3D), which was lost by 48 h post-differentiation

(Figure 4E, p < 0.0001 vs. control based on AUC). All

other cell lines, including TBXT� (albeit significantly less

so vs. control, p < 0.0001 based on AUC), retained

NANOG+ cells and showed spatially differential NANOG

expression. These data suggested that OCT4 potentially

regulates NANOG during the emergence and divergence

of mesendoderm.

To disentangle the contributions of OCT4 and NANOG,

we inhibited OCT4 expression dynamically during

patterning to limit the OCT4-driven inhibition of NANOG

expression. Our qPCR data showed that the gene circuit

used to engineer theOCT4� cell line requires 24h to reduce

OCT4 expression in cells maintained under pluripotent

conditionsby>50%,duringwhich timeNANOGexpression

remains comparable to that of the control cell line (Fig-

ure 4F). While in previous experiments we had added Dox

to OCT4� colonies shortly after cell seeding, for this exper-

iment we added Dox to colonies along with the differentia-

tion medium (Figure S3A). This meant that the colonies

would not lose significant OCT4 expression due to the syn-

thetic circuit for the first 24 h and, in turn, NANOG for that

duration, which we confirmed via qPCR (Figure 4G). The

CDX2 expression in these cells was also comparable to

control.

We predicted (Figure 4H) that dynamically silencing

OCT4 would lead to the emergence of TBXT+ agents, but

these agents would not internalize radially. This prediction

was successfully validated in vitro (Figure 4I). The peak

TBXT locus for the dynamically silenced OCT4� colonies

was significantly toward the edge vs. control (Figure 4J).

Importantly, the peak TBXT vs. SOX17 loci were not signif-

icantly apart (p = 0.984, Figure 4K). To confirm that this was

due to the silencing of OCT4 and not the potential down-

stream loss of NANOG, we compared the AUC for the

OCT4 and NANOG profiles generated from these colonies

with control (Figure 4L). Figure 4M shows that the

NANOG AUC for the dynamically silenced OCT4� col-
388 Stem Cell Reports j Vol. 18 j 377–393 j January 10, 2023
onies was not significantly different from control (p =

0.8353), although theOCT4AUCwas significantly reduced

vs. control. Taken together, our data support the role of

OCT4 as a master regulator of peri-gastrulation patterning

in the human context.

Spatial OCT4 vs. TBXT profiles in vitro vs. in vivo

Our radially internalizing OCT4 front hypothesis (Fig-

ure 1D) suggests spatial delineation of the germ layers,

particularly mesendoderm, as a potential role for OCT4.

To test this, we investigated how the OCT4 vs. TBXTspatial

expression varies over time in micropatterned colonies,

and whether this arrangement is recapitulated in vivo. We

found that, following the emergence of TBXT expression,

the peak OCT4 loci lie significantly inside of the peak

TBXT loci across all time points (Figure 4N). This suggests

that OCT4 mediates the TBXT expression boundary in

these micropatterns. Given that the ectoderm-like SOX2+

cells in hPSC micropatterns are located at the colony cen-

ter, this region represents the anterior part of the colony

(vs. the TBXT annulus that represents the posterior). As

OCT4 in the hPSC colonies is significantly close to the ecto-

derm-like region (Figure 4N), it is anterior to TBXT, consis-

tent with a mouse gastrula.

To summarize, we validated that OCT4 potentially acts as

a master regulator of germ-layer patterning in hPSCs. The

successful in vitro validation of computational insights

highlights the power of our multiscale approach to discov-

ering novel mechanisms of cell-fate control.
DISCUSSION

To build GARMEN, we integrated and validated three hier-

archical levels of cell-fate control: regulatory, cellular, and

microenvironmental. A key validation of our GRN was its

ability to reflect the duality of CDX2 as both an extraem-

bryonic mesodermal and a trophectodermal marker. The

ABM is validated by the numerous in silico composite fig-

ures that were compared with their in vitro counterparts.

Finally, our RD model successfully predicted the radial

switch between peak OCT4 and b-catenin loci between

24 and 48 h (Note S7 and Figures S5A–S5D). This three-

layered multiscale model, which is greater than the sum

of its components, successfully predicted patterning for

19 signal and ‘‘transcriptomic’’ perturbations (Table S6).

But, how should the GRN nodes be interpreted? This is

context dependent. We took these nodes to specifically

represent the genes. However, in the case of CDX2, with

its dual characteristic, what would a CDX2+ state imply:

an extraembryonic mesodermal or a trophectodermal

state? This is where our approach to embed these GRNs

into agents proves optimal. If the TBXT state of an agent

is OFF, but CDX2 set to HIGH, then that agent is



Figure 5. Peri-gastrulation patterning is mediated by spatial signals that engage the GRN in a spatially differential manner
The figure contextualizes the effects of exogenous signals on single-cell GRNs during peri-gastrulation. Different germ-layer fates are
symbolized with colored boxes. Active genes and interactions that lead to a particular germ-layer fate are shown in color, whereas genes
and interactions that are inactivated due to the signaling context are shown in gray. This schematic highlights how different signal inputs
activate and silence different topological paths within a master GRN to reveal spatially distinct peri-gastrulation patterns.
trophectodermal. However, if the TBXT state of an agent is

notOFF, and theCDX2 state of the same agent is notHIGH,

then that agent is mesodermal. These rules are summarized

in Table S4.

Computationally, we overcame the significant impedi-

ment of uniting these paradigms in time. The GRN and

ABM models are inherently devoid of time vs. RD models

that have implicit time. We achieved this by incorporating

agent proliferation (i.e., rate of change of agent popula-

tion). Consequently, we captured patterns that are dynam-

ically relevant, i.e., they contain the information that pre-

dicts future evolution of the system: a signature of

emergent phenomena (Rosas et al., 2020). For example,

the status of WNT active agents (e.g., at 24 or 36 h) or

OCT4 expression (whether OFF or dynamically diminish-

ing) is key to predicting patterns at subsequent time steps.

We diverged from previous studies in three ways. First,

NANOG was not included, as we did not anticipate it hav-

ing a direct role in lineage commitment (Wang et al., 2012),

confirmed via the dynamic OCT4 inhibition experiment.

Second, we ignored NODAL, because it emerges and be-

comes independent after 30 h post-differentiation (Chha-

bra et al., 2019). Its activity, thus, falls outside the range

of the time domain we aimed to capture: the first 36 h

when mesendoderm emerges and starts diverging. Third,

our model revealed that edge sensing is not critical to

peri-gastrulation because donut-shaped colonies always ex-

pressed TBXT at their outer edges irrespective of the donut

inner diameter (Figure S6 and Note S8).

Our work reveals how the environmental signals are pro-

cessed by the GRN, in each cell in a spatially differential

manner to yield germ-layer patterns (Figure 5). This dem-
onstrates how developmental waves (of OCT4 and

WNT3) emerge in hPSC colonies during gastrulation.

While Chhabra et al. (2019) proposed an RD model of

WNT internalization, we demonstrate how GRNs are

responsible for the emergence and maturation of these

waves, and how they can be predictively manipulated.

This has implications in diverse developmental contexts.

Our model further showed the role of OCT4 as a master

regulator of the emergence of the mesendoderm and its

divergence to meso- and endoderm in the human context.

We validated this experimentally by generating a quantita-

tive index of germ-layer ‘‘distinctness’’ in the context of

peri-gastrulation patterns: statistically significant separa-

tion of the peak SOX2, TBXT, and SOX17 loci. We antici-

pate this index will be used to quantitatively identify the

accuracy of 3D embryoids in recapitulating gastrulation.

Moreover, our model suggests a biphasic interplay be-

tween WNT signaling and OCT4 expression whereby loci

with peak WNT activity yield mesendoderm but maintain

OCT4 expression at loci whereWNT is not peaking. David-

son et al. (2012) had reported the impact of WNT3 in trig-

gering mesoderm, although their data also revealed that if

WNT is inhibited or if its concentration is low, it leads to

more OCT4+ cells vs. control in the short term (<2 weeks).

WNTemerges in our system�24 h post-differentiation and

is fully active for only 24 h, which is extremely short term.

Thus, our data and assumption are consistent with David-

son et al. (2012).

Fundamentally, our model shows that cells decode posi-

tion despite the modest signal gradients available to them

by considering local gradients cumulatively (Figure S7

and Note S9). This robustly supports the view that, while
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genes act as the cell’s computational machinery and the

microenvironment offers the appropriate context, it is

the cell that acts as the functional executive unit of organ-

ogenesis. Our approach, thus, offers a formal framework to

understand how positional information (Wolpert, 1969) is

implemented in cellular systems. Last, we show how an in-

tegrated approach is a practically tractable way to under-

stand and predict a priori how lower-level interactions

lead to higher-level structure and function.

We acknowledge limitations to ourmodel. First, our GRN

is minimalistic and can be extended by adding other genes

and signals. Inclusion of NODAL, for example, will help

capture observed differences between the CHIR and the

CHIR + NODAL conditions and parallel developmental

milestones, e.g., pre-neurulation. This can be done by add-

ing an RD model of NODAL dynamics and GRN rules that

link NODAL gradients to existing nodes. Second, as

GARMEN simulates the activity of thousands of interacting

GRNs, the number of nodes should be kept low. This, how-

ever, is not a barrier, as we showed (Heydari et al., 2022)

that even for multistep differentiation typically a limited

set of genes can play a significant role in differentiation.

Third, our RD model is isotropic, yielding centro-symmet-

ric solutions, which means that spontaneous symmetry

breaking in 3D is likely to be challenging. This could poten-

tially be fixed by allowing boundary conditions to self-

organize. Last, GRN creation is currently manual and can

be automated via GRN inference tools, e.g., IQCell (Heydari

et al., 2022) or GENIE3 (Huynh-Thu et al., 2010). We

recommend rigorous pruning of automated networks by

considering only those genes that significantly contribute

to differentiation to ensure tractability overmultiple scales.

Looking ahead, GARMEN is optimally positioned to

quantitatively understand two fundamental questions:

how do multiscale interactions lead to biological function,

and how do they lead to pathology? This will inevitably

allow us to generate novel mechanistic insights into multi-

scale biology (as we demonstrated), engineer cell differenti-

ation strategies to enable development of optimal cell ther-

apies (Prochazka et al., 2017), and conduct patient-specific

modeling to tailor interventions to the patient’s genomic

profile (Kaul, 2019).
EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author
Requests for code should be directed to Himanshu Kaul

(himanshu.kaul@leicester.ac.uk).

Materials availability

Plasmid sequences are listed in Supplemental Cloning Informa-

tion. Plasmids and cell lines are available upon request.
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Data and code availability
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paper is [Figshare]: 10.25392/leicester.data.21375642. Files are

available for research purposes only.
Computational
Refer to the supplemental experimental procedures for details.
Experimental

hPSC culture

The CA1 hPSC (gift from Dr Andras Nagy) and the monoallelic

mEGFP-tagged b-actinWTC hiPSC (AICS-0016 at Coriell Institute)

lines, generated using the WTC-11 hiPSC line (GM25256, Coriell

Institute), were cultured using Geltrex (1:50 dilution) coated on

six-well tissue culture plates with mTeSR medium (StemCell

Technologies). CA1 cells were passaged with ReLeSR (StemCell

Technologies) and AICS-16 with StemPro Accutase (Thermo Fisher

Scientific). To increase cell viability, ROCK inhibitor Y-27632-

supplemented mTeSR was used for 24 h post-passaging. We em-

ployed daily medium replacement until 80% confluence was

reached.

Plasmid construction and validation
The sequences and descriptions of all plasmids are provided in the

Data S2 shows PiggyBac transposons used for Dox-inducible

silencing of OCT4 or TBXT. Plasmid vectors encoding the transpo-

sase, transposon backbone, and related vectors for mammalian

modular cloning (MoClo) (Duportet et al., 2014; Jones et al.,

2020) were a gift from Ron Weiss. Gene silencing was actuated

by Tet-regulated ZIM3-dCas9, a gift from Mikko Taipale (Addgene

plasmid 154472; Alerasool et al., 2020). This sequence was ampli-

fied by PCR and cloned into a level 0 (pL0) backbone with Golden

Gate using BpiI (Thermo Fisher). Validated gRNA sequences target-

ing OCT4 and TBXT were obtained from Mandegar et al. (2016)

and Libby et al. (2021), respectively. The gRNA sequences were or-

dered as overlapping ssDNA oligos (IDT) and then annealed and

phosphorylated by T4 polynucleotide kinase (NEB) to generate

dsRNA with 4-bp sticky ends. The annealed oligos were ligated

with T4 ligase (NEB) into a BsmBI (NEB)-linearized scaffold for

U6-driven gRNA expression (pRJ 698), based on existing designs

(Kiani et al., 2014). All oligo sequences used for cloning are pro-

vided in Table S7.

Tet-activated promoters for ZIM3-dCas9 were either TRE3G

(TaKaRa Bio) or a variant thereof (TRE4G, Ron Weiss’ group) that

uses a tighterminimal promoter (Hansen et al., 2014). Constitutive

promoters for reversed tetracycline transactivator (rtTA) were

either hPGK (modest strength) or CAG (strong). Our rtTA was pre-

viously modified from Tet3G (TaKaRa Bio) to use the VP64 activa-

tion domain (Jones et al., 2020). Level 1 (pL1) plasmids were

assembled from pL0s with Golden Gate using BsaI HF v.2 (NEB).

Level 2 (pL2) PiggyBac plasmids were assembled from pL1s with

GoldenGate using SapI (NEB). Themappings of parts in each clon-

ing reaction are provided in the supplemental information.

PiggyBac cell line engineering
Approximately 903 103 CA-1 cells were seeded into a 12-well plate

pre-coated with 0.5 mL Geltrex for 1 h at 37�C. The medium was

changed the next day and the cells were transfected with

mailto:himanshu.kaul@leicester.ac.uk
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Lipofectamine Stem (Thermo Fisher) completed with plasmids en-

coding a puro selection marker, hyperactive PiggyBac transposase

(Yusa et al. 2011), and a transposon encoding the Dox-inducible

gene circuit to silence either OCT4 or TBXT (Table S8). Twenty-

four hours post-transfection and 2 days thereafter, the medium

was replaced with fresh medium containing 1 mg/mL Puromycin

(Sigma). Ninety-six hours post-transfection, the cells were

passaged into fresh six-well plates in puro-supplementedmedium.

Cells were fed daily inmediumwithout puro until mature colonies

formed.

RNA extraction and qRT-PCR

Total RNAs were extracted using the RNeasy Mini Kit (Qiagene) per

themanufacturer’s protocol. Genomic DNAs were cleared using the

TURBO DNA-free Kit (Invitrogen). Total RNA was reverse tran-

scribed into cDNAs with random hexamers by SuperScript III

reverse transcriptase (Invitrogen). qPCR was performed using the

PowerUp SYBR Green Master Mix (Applied Biosystems) on a

QuantStudio 6 Flex System (Applied Biosystems). Selected target

genes were amplified by qPCR, andGAPDHwas used for normaliza-

tion. Relative gene expression was calculated by the 2�DDCt method

with triplicates. The primers (50-30) used are listed in Table S9.

Micropatterned plate preparation

Weemployed twoways of preparing themicropatterning plates us-

ing: (1) polyethylene glycol (Tewary et al., 2017, 2019) and (2) Lip-

idure.We cleaned glass coverslips with isopropyl alcohol and spin-

coated them with Lipidure-CM5206 (Lipidure) (NOF America) in

100% ethanol at 0.2% (mass/volume). We covered the coverslips

with 2 mL Lipidure solution and spun them at 2,500 rpm for

30 s. Lipidure-coated coverslips were left in an oven at 54�C for

at least 1 h. Micropatterns were created on the Lipidure-coated

side of the glass coverslip by 20 min deep UV exposure through a

quartz photomask. The glass slides were subsequently attached

to the 96-well bottomless plates using epoxy. Carboxyl groups

on the photoactivated regions were subsequently activated and

coated with Geltrex as described previously (Tewary et al., 2019).

Cell seeding and induction of peri-gastrulation patterning
hPSC micropatterns were formed using N2B27 medium with

50 ng/mL BMP4 and 100 ng/mL NODAL at a density of 60,000

cells/well (Tewary et al., 2017). We used the same approach to

create micropatterns using the hiPSCs and the two engineered

(OCT4� and TBXT�) cell lines. For the experiment in which we

micropatterned the engineered cell lines, following the removal

of ROCKi, we left the colonies in the seeding medium for 24 h to

account for any cell death due to the activation of the gene circuit.

LDN- and CHIR-induced modulation of peri-gastrulation

LDN (Sigma-Aldrich), reconstituted at 2.5 mM in N2B27 (without

BMP4 and NODAL), was used to inhibit the BMP pathway. CHIR

(StemCell Technologies) was added to N2B27 medium (without

BMP4 andNODAL) and used at 2.5 mM. Table S10 lists the reagents

used in this study.

Data acquisition and immunofluorescence imaging analysis

Samples were fixed with 4% paraformaldehyde and permeabilized

using 100% methanol. They were exposed to primary antibody at

4�C for 16 h and later immersed in the secondary antibody solu-

tion for 2 h at room temperature. Images were acquired using the

Cellomics Arrayscan VTI platform and Zeiss LSM 800 confocal mi-

croscope at 203. To extract single-cell data from the images,
TargetActivation.V4 bioassay algorithms from the Cellomics Ar-

rayscan VTI platform and CellProfiler (McQuin et al., 2018) were

used to identify nuclear regions based on the intensities in the

DAPI images. Protein intensities weremeasuredwithin the nuclear

regions for each respective channel. Single-cell data of nuclear

location and protein intensity was analyzed via Context Explorer

(Ostblom et al., 2019).

Statistics
We used the Mann-Whitney U test and Kruskal-Wallis test with

Dunn’s post hoc tests to compare the peak loci. We used the two-

sample Kolmogorov-Smirnov test to compare the TBXT, SOX17,

and CDX2 radial profiles for the BMP4 + NODAL and LDN condi-

tions. Given the radial profile of a marker, we calculated the AUC

and associated standard error by considering the lowest intensity

of the marker as baseline. We next used the AUC values, error,

and number of replicates to conduct unpaired, ordinary one-way

ANOVAs. p < 0.05 served as the threshold of significance for all

tests. All analyses were conducted using GraphPad Prism 8.1.
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