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SUMMARY
BMP signaling is essential for mammalian gastrulation, as it initiates a cascade of signals that control self-
organized patterning. As development is highly dynamic, it is crucial to understand how time-dependent
combinatorial signaling affects cellular differentiation. Here, we show that BMP signaling duration is a crucial
control parameter that determines cell fates upon the exit from pluripotency through its interplay with the
induced secondary signal WNT. BMP signaling directly converts cells from pluripotent to extraembryonic
fates while simultaneously upregulating Wnt signaling, which promotes primitive streak and mesodermal
specification. Using live-cell imaging of signaling and cell fate reporters together with a simple mathematical
model, we show that this circuit produces a temporal morphogen effect where, once BMP signal duration is
above a threshold for differentiation, intermediate and long pulses of BMP signaling produce specification of
mesoderm and extraembryonic fates, respectively. Our results provide a systems-level picture of how these
signaling pathways control the landscape of early human development.
INTRODUCTION

In mammalian development, gastrulation is the first differentia-

tion event of the embryo proper,1,2 where the pluripotent epiblast

differentiates into the three germ layers of the embryo: ectoderm,

mesoderm, and endoderm. This process is orchestrated by a

cascade of signals initiated by bone morphogenetic protein

(BMP) signaling from the extraembryonic (ExE) tissues, which

triggers Wnt and Nodal signaling in the epiblast.3–5 The ligands

for all three pathways find their highest expression in the prox-

imal posterior portion of the embryo, where the primitive streak

emerges, defining the anterior-posterior axis of the embryo.6–8

However, how this cascade of signals combinatorially controls

cell differentiation at this stage is still not completely understood.

Technical and ethical issues prevent the study of these ques-

tions in vivo, especially in the human embryo. To overcome this

problem, several in vitromodels of mammalian gastrulation have

been developed that can serve as proxies for investigating these

stages of development.9–12 In particular, we and others have

shown that human pluripotent stem cells (hPSCs) grown in col-

onies of precise size and shape using micropatterning technol-

ogy and treated with the upstream gastrulation-inducing signal

BMP4 pattern into all three germ layers plus a fourth one tran-
Cell Systems 15, 44
scriptionally similar to extraembryonic tissues, which most likely

represents the amnion.13–20

A classical framework for explaining how a signal can pattern a

tissue is given by the French flagmodel.21 In this model, the gen-

eration of a spatial signaling gradient (referred to as morphogen

gradient in this context) is translated into a pattern by cells inter-

preting the level of morphogen concentration they are exposed

to. However, several studies contradict the idea that BMP

directly functions as a morphogen in a concentration-dependent

manner in this system. First, in colonies of sizes of 10 cells or

smaller, BMP acts as a switch controlling a cell state transition

from pluripotency to extraembryonic as BMP concentration in-

creases without inducing mesendodermal fates at any dose.22

In fact, primitive streak induction only occurs when the cell den-

sity is above a threshold and is blocked if either the Wnt or Nodal

pathways are inhibited.14,22 Thus, secondary signals are neces-

sary for BMP to induce differentiation into the three germ layers,

and therefore BMPmight not be acting as a classical morphogen

in this context. However, much remains unknown about the un-

derlying mechanisms.

Despite being intuitive, the French flag model also assumes

that cells are exposed to a constant concentration of the

morphogen in time. However, embryonic development is a highly
5–461, May 15, 2024 ª 2024 Elsevier Inc. All rights reserved. 445
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dynamic process that involves rapid changes in the patterns of

morphogen expression and large morphogenetic movements.

Therefore, cells are exposed to changing concentrations of mul-

tiple morphogens over time. In fact, duration of signaling has

been argued to play a key role not only in developmental

patterning23–30 but also in the response to stress and inflamma-

tory signaling pathways, including nuclear factor kB (NF-kB)31–34

and p53.35 Still, the roles of concentration and duration of BMP

signaling during human gastrulation and its interplay with other

secondary signals to induce patterning remain an open question.

Here, we studied how cell fate decisions are controlled by

BMP signaling during human pluripotent stem cell differentiation

in vitro. We investigated how hPSCs interpret the duration and

concentration of the applied BMP4 signal. Our results unveiled

an apparent morphogen effect in time, where short, intermedi-

ate, and long pulses of BMP4 signaling result in cells either re-

maining pluripotent or differentiating to mesodermal or extraem-

bryonic states, respectively. By contrast, varying the BMP

concentration does not cause comparably efficient mesodermal

differentiation at any dose. Using live-cell imaging of signaling

and cell fate reporters together with mathematical modeling,

we show that this effect is controlled by combinatorial interpre-

tation of the exogenously supplied BMP4 and endogenously

inducedWnt signaling. In particular, the temporal morphogen ef-

fect is due to the interplay of two features: the dynamics of BMP

driving the conversion of pluripotent cells to extraembryonic

fates and BMP upregulating secondary Wnt signaling, which in

turn promotes mesoderm differentiation. Using a simple mathe-

matical model, we uncovered the minimal requirements for the

logic that controls these cell fate decisions, providing a fate

map that explains how theBMP,WNT cascade governs early hu-

man developmental decisions. Our findings have implications for

how signaling pathways control the landscape of early human

development and highlight the importance of time in in vitro dif-

ferentiation protocols.

RESULTS

BMP signaling produces a morphogen effect in time but
not in concentration
As BMP induces extraembryonic fates directly but other fates

through secondary signals,3,22,36 we speculated that the time-

scales for these processes may differ, and the duration of BMP

treatment may be an important variable. Previous differentiation

protocols in hPSCs also indicated that the timing of BMP treat-

ment may influence the outcome.37 We cultured hPSCs for

2 days, exposing them to varying durations of BMP4 treatment

of a fixed concentration, 10 ng/mL, at the outset (Figure 1A).

We observed that cells that were exposed to a BMP pulse of

8 h or less remained in the pluripotent or undifferentiated state,

as marked by high SOX2, OCT4, and NANOG expression (Fig-

ures 1B–1D, S1A, and S1B). On the other hand, BMP pulses

longer than 32 h were necessary to differentiate cells uniformly

into an extraembryonic state, marked by high CDX2, ISL1,

HAND1, and GATA3 expression (Figures 1B–1D and S1C–S1F).

Although the identity of these cells has been debated in the liter-

ature, transcriptome analysis has shown they are most similar to

amnion, and, moreover, amnion differentiation has been shown

to depend on BMP, while trophectoderm differentiation does
446 Cell Systems 15, 445–461, May 15, 2024
not.13,16,18–20 This is consistent with what is known about the lin-

eages of these cell types in primate embryos in vivo, as only the

amnion, but not the trophectoderm, derives from the epiblast.

Notably, pulses of 16 h showed a high level of mesoderm or

primitive streak differentiation, marked by high T/BRACHYURY

(BRA) expression (Figures 1B–1D). These results unveiled a

morphogen effect in the duration of BMP signaling, with short, in-

termediate, and long pulses resulting in pluripotent, meso-

dermal, and extraembryonic fates, respectively. As �97% of

the cells differentiate to an extraembryonic state if BMP is main-

tained for the entire 2 days protocol, this morphogen effect is not

due to heterogeneity in the initial cell culture but to single cells in-

terpreting the duration of the BMP signal to differentiate to either

mesoderm or extraembryonic fates. That is, cells with the poten-

tial to adopt a mesodermal fate if the BMP is withdrawn differen-

tiate to an extraembryonic fate with continued signaling.

Several studies have suggested that for other pathways,

including Sonic Hedgehog, duration and amplitude of signaling

may be interchangeable, with shorter treatment with higher

doses being equivalent to longer exposure to low doses.23,29 If

this was the case for BMP signaling in hPSCs, the high propor-

tion of mesodermal cells obtained with a pulse of intermediate

duration should be reproduced by treating hPSCs with a con-

stant 2 days pulse of a lower BMP concentration. To test this,

we compared the results of treating cells with 10 ng/mL BMP4

pulses of intermediate durations (ranging from 14 to 24 h)

(Figures 2A and 2B) to the results obtained by inducing hPSCs

with several constant concentrations (ranging from 1 to 4 ng/

mL) for 48 h (Figures 2C and 2D). We observed that constant in-

duction by any lower BMP4 concentration could not reproduce

the high percentage of mesoderm cells obtained with 10 ng/

mL BMP4 for intermediate durations (Figures 2A–2D). Moreover,

we obtained similar results when cells were maintained in con-

stant BMP concentrations for 72 h. With longer BMP treatment,

there was a shift toward extraembryonic fates from pluripotent

ones, with this transition occurring at lower concentrations after

72 h of treatment compared with 48 h (Figures S2A and S2B).

These results suggest that low constant BMP signaling induces

slower differentiation but mainly to an extraembryonic fate. This

is consistent with the idea that the exit from pluripotent is primar-

ily responsive to the integral of BMP signaling (Teague et al.38

and see below); however, it does not explain how the decision

between primitive streak and extraembryonic fates is made

and why it is sensitive to the duration of BMP.

To further investigate the interplay between concentration and

time of exposure to control hPSC fate specification, we induced

hPSCs with different pulses (increasing from 0 to 48 h in 6 h in-

crements) of varying concentrations of BMP4 (ranging from 5

to 50 ng/mL) and assessed the cell fates after 48 h (Figures

2E–2G). We observed that when BMP4-containing media was

withdrawn and replaced by fresh media, the data suggested

that, for higher concentrations, shorter pulses were needed to

induce mesoderm fates. Although this result might suggest a

trade-off between time and concentration, an alternative possi-

bility is that it could be due to only a partial shutdown of BMP

signaling after higher doses of BMP are removed. This could

result from higher doses being more difficult to completely re-

move compared with lower ones or from activation of endoge-

nous BMP signals at higher doses.
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Figure 1. BMP4 signaling produces a morphogen effect in time
(A) Schematic of the induction protocol. hPSCs are treated with a pulse of 10 ng/mL BMP4 of varying durations (t*) after which the BMP-containing media is

removed and replaced by the pluripotency maintenance media mTeSR1 (mTeSR). hPSCs are always fixed and immunostained 48 h after the onset of induction.

(B) Representative images of immunofluorescence for 40,6-diamidino-2-phenylindole (DAPI), SOX2, BRA, and CDX2 after the indicated BMP4 treatments. Scale

bars, 100 mm.

(C) Quantifications of cell fate proportions for the experimental conditions in (B). Regions in the SOX2, BRA, and CDX2 protein expression space where cells that

exclusively express one of the markers are labeled with that marker ‘‘+,’’ while cells that express combinations of markers are labeled as mixed (see appendix for

more details). n = 9 images per condition.

(D) From left to right, scatter plots of the quantifications of SOX2, BRA, and CDX2 for the conditionsmTeSR 0–48 h, BMP 10 ng/mL 0–16 h followed bymTeSR 16–

48 h, and BMP 10 ng/mL 0–48 h, respectively. Each dot corresponds to a single cell, and its color marks the cell fate assigned to the cell, as shown in (C).
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Figure 2. Duration and concentration of BMP4 signaling are not interchangeable

(A) Representative images of immunofluorescence for SOX2, BRA, and CDX2 in magenta, yellow, and cyan, respectively, after the indicated pulses of 10 ng/mL

BMP4 treatments followed by mTeSR.

(B) Quantifications of the proportions of cells classified as BRA+ in the treatments shown in (A). n = 6 images per condition.

(C) Representative images of immunofluorescence for SOX2, BRA, and CDX2 in magenta, yellow, and cyan, respectively, after the treatments of the indicated

constant concentrations of BMP4.

(D) Quantifications of the proportions of cells classified as BRA+ in the treatments shown in (C). n = 6 images per condition.

(legend continued on next page)
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Therefore, we repeated the above experiment using a variety of

different BMP durations and concentrations with a modified pro-

tocol in which BMP-containing media was replaced by media

containing the BMP inhibitor Noggin (250 ng/mL) (Figure 2H).

Mesoderm induction peaked with a BMP4 pulse of around 30 h

for nearly all concentrations except for the lowest ones (Figure 2J).

The later peak at lower concentrations is due to a slower induction

of secondary signals necessary for mesoderm differentiation, as

shown below (see Figures S4F and S4G). Notably, even though

the most efficient duration of the BMP4 pulse was common for

all concentrations above 3 ng/mL, quantification showed that

higher concentrations yielded higher proportions of BRA-positive

cells. Taken together, the results suggest that concentration and

time of exposure are not interchangeable and that efficient meso-

derm induction by 48 h of treatment required a pulse of a high

BMP4 concentration for intermediate duration.

BMP signal induces WNT in a bistable fashion
To understand how signaling dynamics underlie our results on

cell fate induction, we took advantage of live-cell reporters of

signaling activity tomeasure the signaling response in time under

different treatment conditions. In particular, we first tracked the

BMP4 response by performing live imaging of hPSCs with a

GFP::SMAD4 fusion in the endogenous locus22 and quantified

the strength of the signaling response as the ratio of nuclear

and cytoplasmic SMAD4 intensity (Figures 3A–3D and S3).

Consistent with our previous work,22,39 a sudden increase in

BMP4 leads to a rapid translocation of SMAD4 into the nucleus

in less than 30 min. This response was sustained with a gradual

decrease in activity over time for the remaining 48 h if BMP4 was

kept in the media (Figures 3D and S3). The addition of Noggin

resulted in a rapid decrease in nuclear SMAD4 to baseline

(Figures 3D and S3A). Consistent with our previous observa-

tions, removal of BMP4 without Noggin addition resulted in a

rapid reduction in nuclear SMAD4 but to a higher level than base-

line, indicating that either some exogenous BMP4 remains in the

media or endogenous BMPs remain active once the exogenous

signals are removed (Figures 3D and S3A). As the SMAD4

cofactor also translocates to the nucleus in the presence of

Nodal signaling, we repeated the experiment, this time also add-

ing the Activin/Nodal inhibitor SB431542 throughout (Fig-

ure S3C). The observed SMAD4 dynamics were identical with

or without the Activin/Nodal inhibitor SB431542, suggesting

that there were no important endogenous Nodal levels in the

media and that SMAD4 reflected the response to BMP4 treat-

ment exclusively.
(E) Schematic of the induction protocol performed in (F). hPSCs are treated with a

the BMP-containing media is removed and replaced by the pluripotency mainten

(F) Representative images of immunofluorescence for SOX2, BRA, and CDX2 in m

the indicated times (columns) followed by mTeSR, of the indicated concentration

(G) Quantifications of the proportions of cells classified as BRA+ in the treatmen

(H) Schematic of the induction protocol performed in (I). hPSCs are treated with a

the BMP-containing media is removed and replaced by media containing Noggi

(I) Representative images of immunofluorescence for SOX2, BRA, and CDX2 in m

the indicated times (columns) followed by Noggin, of the indicated concentration

(J) Quantifications of the proportions of cells classified as BRA+ after 48 h of trea

lengths (x axis) followed by Noggin treatment. n = 8 images per condition. Error

Error bars indicate standard error of the mean (SEM). Boxplots show the median,

outliers within the whiskers, and any outliers (computed using the interquartile ra
We then explored WNT/b-catenin response, the next mem-

ber of the signaling cascade that plays a role in gastrulation

and mesoderm differentiation.1 We tracked WNT response by

performing live imaging of hPSCs with GFP fused to the N ter-

minus of endogenous b-catenin40 and quantified the strength of

the signaling response as the mean nuclear b-catenin intensity

(Figures 3E–3H). Notably, measurement of Wnt dynamics re-

vealed a bistable WNT/b-catenin response (Figures 3H, S4A,

and S4C). If BMP was withdrawn early, b-catenin levels

converged to a low level over time. However, if BMP was pre-

sented for sufficiently long, WNT activity became self-sustain-

ing and remained stable even after BMP withdrawal. It is impor-

tant to note that the differences between conditions in the

levels of b-catenin activation were not due to averaging over

cells in low and high states as, even though there was hetero-

geneity between cells, the distributions of b-catenin levels

observed were monomodal for all conditions (Figure S4E). In

particular, all conditions had a Sarle’s bimodality coefficient

lower than 5/9 for all times and no heavy tails, as the differ-

ences between the mode and the mean of the distributions

were low.

We then checked whether the observed WNT self-sustaining

response was due to positive feedback in which WNT activates

its own ligands, as shown in other contexts.41 We performed

bulk RNA sequencing of cells exposed to either 300 ng/mL of

the ligand WNT3A for 6 or 18 h, or 8 mM of the GSK3b inhibitor

CHIR99021 for 6 h, which is commonly used as a substitute for

WNT in differentiation protocols (Figures 3I and S5A). We

observed transcriptional activation of the canonical WNT genes

WNT3 and WNT10B (Figures 3I and S5A), confirming that Wnt

signaling induces canonical WNTs. Moreover, we compared

WNT/b-catenin response in the presence and absence of the

WNT ligand secretion inhibitor IWP2 under WNT3A treatment

(Figure S5B). In both cases, we observed an adaptive response

as described in Massey et al.40 However, the response with

IWP2 treatment adapted to a significantly lower level, converging

to a basal level over time (Figure S5B), suggesting that the ca-

nonical WNT ligands induced downstream of exogenous treat-

ment are secreted and function to further elevate signaling

levels. Finally, to further confirm that the sustained endogenous

WNT/b-catenin response induced under a BMPpulsewas due to

the activation of endogenous WNT ligands, we treated cells with

a BMP pulse followed by Noggin and compared the WNT/b-cat-

enin response to that obtained when IWP2 was also added

together with Noggin (Figure S5C). Adding Noggin+IWP2 notably

reduced WNT/b-catenin response in comparison with just
pulse of different BMP4 concentrations (c) of varying durations (t*), after which

ance media mTeSR1 for the remainder of the 48 h protocol (i.e., 48-t* h).

agenta, yellow, and cyan, respectively, after the 48 h treatments with pulses of

s (rows) of BMP.

ts shown in (E). n = 6 images per condition.

pulse of different BMP4 concentrations (c) of varying durations (t*), after which

n (250 ng/mL) for the remainder of the 48 h protocol (i.e., 48-t* h).

agenta, yellow, and cyan, respectively, after the 48 h treatments with pulses of
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bars in (G) and (J) show the SEM.
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(A) BMP signal is transduced through SMAD4 translocation to the nucleus. Noggin inhibits BMP signal by preventing it from binding to the receptors.

(B and C) Representative images of hPSCs expressing GFP::SMAD4 before BMP4 10 ng/mL treatment (B) and 5 h after treatment with BMP4 10 ng/mL (C).

(D) GFP::SMAD4 average nuclear:cytoplasmic intensity ratio after the treatments with 10 ng/mL of BMP indicated at the bottom of the figure. The standard error is

shown as a shaded contour. Additional experimental conditions are shown in Figure S3A. n = 8 movies per condition.

(E) Simplified canonical WNT/b-catenin pathway. IWP2 prevents canonical WNT secretion.

(F and G) Representative images of hPSCs expressing GFP::b-catenin before BMP 10 ng/mL treatment (F) and 40 h after treatment with BMP4 10 ng/mL (G).

(H) GFP::b-catenin average nuclear intensity after the treatments with 10 ng/mL of BMP indicated at the bottom of the figure. Data were normalized to the BMP 0–

8, Noggin 8–48 h condition, as it showed similar dynamics to the mTeSR condition (Figure S3C). The standard error is shown as a shaded contour. Additional

experimental conditions are shown in Figures S3B and S3C. n = 8 movies per condition.

(I) Normalized gene counts for upregulated canonical WNT ligands under the indicated treatments. Averaged over n = 2 biological repeats.

(J) Quantifications of cell fate proportions for the indicated treatment. The concentration of BMP used was 10 ng/mL, followed by Noggin, with or without IWP2. n

= 5 images per condition. Scale bars, 50 mm.
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adding Noggin (Figure S5C), which indicates that aWNT positive

feedback loop is responsible for elevating signaling levels

beyond those that result from the WNT levels induced by BMP

alone. Taken together, these results suggest thatWNT/b-catenin

response becomes self-sustained after a sufficiently long BMP4
450 Cell Systems 15, 445–461, May 15, 2024
pulse due to induction of expression and secretion of canonical

WNT ligands.

Comparing the signaling trajectories with the resulting fates re-

veals that only in cases where BMP is repressed after having

induced WNT to a high level are cells able to differentiate to
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reproducedbyasimplemathematicalmodel

(A) Schematic of the network regulating BMP and

WNT response.

(B) System of ordinary differentiation equations

(ODEs) that model the network dynamics in (A).

(C) Simulations of BMP and WNT dynamics under

the indicated BMP4 treatments. Media change is

also simulated at 24 h for all conditions. BMP,

BMP4 ligand; BMPR, BMP4 receptors; SMAD4,

nuclear SMAD4; Nog, Noggin; WNT, WNT ligands;

bCat, nuclear b-catenin; CHIR, CHIR99021.
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mesoderm. This suggests that a combinatorial effect between

BMP and BMP-induced bistable Wnt signals underlies the

observed morphogen effect in time. Short BMP durations of

high BMP concentration are too transient to activate WNT,

and, therefore, cells remain pluripotent. On the other hand, if

BMP is maintained for longer than 32 h, Wnt signaling is induced

but is insufficient to override the effects of BMP signaling, and

cells become extraembryonic. It is in a window of middle dura-

tions, where BMP is maintained for long enough to induce Wnt

autoactivation but is then suppressed, that cells are exposed

to a low BMP, high Wnt signaling profile for a sufficient window

of time, and mesoderm differentiation is obtained. Moreover,

we observe that the rate of increase of nuclear b-catenin

increased as the BMP dose increased (Figure S4F), and this

was also reflected in the dynamics of WNT target genes as

LEF1 and BRA (Figure S4G). This explains why low concentra-

tions are not as efficient at inducing mesoderm, as a constant

low concentration of BMP4 is slow at upregulating Wnt signaling

and downstream targets.

In order to explicitly confirm that mesoderm differentiation is

dependent on WNT/b-catenin response, we investigated the ef-

fect of adding IWP2after BMP4withdrawal, bothwith andwithout

Noggin (Figures 3J, S5D, and S5E). As expected, the addition of

IWP2 in the washing media significantly reduced or even pre-

vented mesoderm induction (Figures 3J, S5D, and S5E). We

also investigated how WNT/b-catenin response depended on

cell density, as previous studies have shown that cell density is

critical for BMP signal to induce mesodermal fates.22 Consistent

with these studies, we observed that if we reduced the number of

cells seeded from40,000 cells/cm2 to 15,000 cells/cm2, pulses of
Cel
BMP of high concentration could no

longer induce mesoderm (Figures S6A–

S6D). To understand whether the lack

of mesoderm correlated with reduced

WNT signaling, we compared the WNT

response of cells seeded at a density

of 40,000 cells/cm2 (high density) versus

cells seeded at a density of 15,000 cells/

cm2 (lowdensity) by performing live imag-

ing of the b-catenin reporter cells (Fig-

ure S6E). Indeed, we observed that the

WNT response under BMP treatment

was lower at low densities. Although

BMP induced a high WNT response in

cells seeded at high density, the WNT
response of cells seeded at low density under the same BMP

treatment was comparable to non-treated cells at high density

(Figure S6E).

Taken together, these results suggest that BMP induces a bi-

stable endogenous WNT signal in a concentration-dependent

manner, which is necessary for mesoderm induction. The mech-

anism behind this process will be discussed further below.

A simple mathematical model reproduces the observed
WNT bistability
To better understand the observed WNT bistability, we devel-

oped a minimal mathematical model that recapitulated the

signaling dynamics described above. This model comprises

two subsystems of differential equations that model the BMP

and Wnt responses, respectively, and which are connected via

BMP4 activation of Wnt, reflecting the transcriptional activation

ofWNT3 by BMP signaling (Figures 4A and 4B).42 For simplicity,

and since we do not observe multi-modality in the response to

signals in time, the model aims to reflect the average response

to the signals in time within the cell population. Moreover, our

goal is to model the signaling response observed when cells

are grown in high density (40,000 cells/cm2), as otherwise, Wnt

signaling is not present.

We simulated the BMP response using the model proposed in

Heemskerk et al.,39 where the binding of BMP ligands to the re-

ceptor complex activates SMAD4 but enhances the degradation

of the BMP receptor (Figures 4A and 4B). The effect of the BMP

inhibitor Noggin is modeled by a direct inhibition of BMP binding

to free receptors (Figures 4A and 4B). For simplicity, BMP with-

drawal without Noggin addition was modeled by multiplying the
l Systems 15, 445–461, May 15, 2024 451
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Figure 5. Cell fate transitions under BMP treatment

(A–C) Scatter plots of the quantifications of SOX2, BRA, and CDX2 under the treatments mTeSR 0–48 h (A), BMP 10 ng/mL 0–48 h (B), and BMP 10 ng/mL 0–16 h

followed bymTeSR 16–48 h (C), at 16, 24, 32, and 48 h. Each dot corresponds to a single cell, and its color marks the cell fate assigned to the cell as shown in the

legend at the bottom.

(D) Schematic of resulting mRNA transcribed from the labeled SOX2 allele after CRISPR-Cas-mediated SOX2-mCitrine-T2A-BSD knockin. The blasticidin

resistance protein (BSD) facilitates the selection of labeled cells. T2A is a self-cleaving peptide that enables the separation of BSD from SOX2::mCitrine.

(E) Representative images of hPSCs with mCitrine-labeled SOX2 and the nuclear marker CFP::H2B. (Left) Under no treatment. (Right) SOX2 expression is lost

after 48 h of 10 ng/mL BMP4 treatment.

(F) Representative confocal microscopy images of live SOX2::mCitrine hPSCs at 0, 24, and 48 h after treatment with 10 ng/mL BMP4.

(G) SOX2::mCitrine average nuclear intensity after the indicated treatments. n = 8 movies per condition. The standard error of the mean (SEM) is shown as a

shaded contour. Scale bars, 100 mm.
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original BMP concentration by a constant representing the per-

centage of BMP that remained in the culture, as observed in

Figures 3D, S3A, and S3C. This model was able to reproduce

features of SMAD4 dynamics observed in the data, such as

fast SMAD4 upregulation upon BMP4 treatment, rapid SMAD4

downregulation by Noggin, and slow decay (Figures 4C, S7A,

and S7B).

The second sub-system models the Wnt response. In this

model, Wnt expression is activated by SMAD4 and activates

nuclear b-catenin. b-catenin, in turn, further activates Wnt

signaling. The need to accumulate sufficient Wnt protein before

b-catenin becomes active explains the delay in the rise in b-cat-

enin activity observed experimentally (see Figure 3H). Details of

this model can be found in the appendix in supplemental

information.

The model composed of the two subsystems could reproduce

the observed BMP-induced WNT bistability (Figures 4C and S7;

see appendix in supplemental information). Short BMPpulses al-

lowed the b-catenin variable to remain in a low steady state,

while longer BMP pulses resulted in the b-catenin variable

converging to a high steady state where it remained even in

the absence of BMP (Figure 4C). The model also reproduced

the signaling dynamics obtained under BMP withdrawal without

Noggin and the BMP concentration-dependent increase of WNT

signaling (Figure S7). Notably, as in the experimental data, while
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a 16 h pulse of BMP followed by Noggin inhibition resulted in

b-catenin returning to a low value, a 16 h pulse of BMP followed

by withdrawal without Noggin resulted in b-catenin auto-acti-

vating to a high level by 48 h (Figures S3A–S3C, S7A, and

S7C). Thus, modeling supports the idea that residual BMP in

the media explains why a 16 h pulse of BMP 10 ng/mL is suffi-

cient to induce mesoderm if the BMP-containing media is re-

placed by media alone, while longer pulses are needed if Noggin

is used.

Mesoderm induction correlates with a slow loss of
pluripotency
Our next goal was to understand the dynamics of the cell fate

transitions. We treated hPSCs with pulses of 10 ng/mL BMP of

varying durations and examined marker gene expression at 16,

24, 32, and 48 h after treatment (Figures 5A–5C and S8). As ex-

pected, when cells were not exposed to BMP, they remained

pluripotent, as marked by high SOX2 expression at every time

point observed (Figure 5A). On the other hand, if hPSCs were

exposed to BMP for the entire 48 h, a pluripotent-to-extraembry-

onic transition was observed between 24 and 32 h, when cells

downregulated SOX2 and then upregulated CDX2 (Figure 5B).

It is important to note that, although cells transitioned through

a transient state (state marked as (SOX2+, BRA+, CDX2+) in fig-

ures) at 24 h, where they expressed lower levels of SOX2 and
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slightly higher levels of BRA and CDX2 compared with the plurip-

otent state, the expression of BRA and CDX2 laid in the lower

end of the range of expression of these genes in differentiated

mesoderm (BRA+) or extraembryonic (CDX2+) cells. These re-

sults indicate that, under continuous BMP treatment, cells tran-

sition directly to extraembryonic without differentiating to a

mesoderm state first. Finally, in the experimental conditions

where mesoderm differentiation was obtained, such as 16 h of

10 ng/mL BMP4 followed by mTeSR, a slow SOX2 downregula-

tion was observed, followed by a late BRA upregulation, starting

after 32 h of induction (Figure 5C). This late mesoderm induction

is consistent with recent studies that propose that SOX2 levels

need to be low for Wnt to induce mesoderm differentiation.43

To observe gene expression dynamics with a higher time

resolution, we used CRISPR-Cas9 genome engineering to

insert mCitrine at the endogenous locus to form a C-terminal

fusion with SOX2 (SOX2::mCitrine) (Figures 5D and S9; STAR

Methods). To facilitate nuclear identification and analysis, the

cells also express CFP::H2B, which was incorporated into the

genome using the ePiggyBac transposable element system.44

Treatment of these cells with BMP4 showed a rapid downregu-

lation of SOX2, with undetectable expression after 2 days of

treatment (Figures 5E, 5F, S9A, and S9B), and antibody staining

for SOX2 and other pluripotency markers showed that these

cells shared similar behavior to wild-type (WT) hPSCs (Figures

S9C–S9H).

We imaged SOX2::mCitrine cells under different BMP4 treat-

ments and observed the SOX2 dynamics for 2 days. Consistent

with the results above, SOX2 expression was maintained in cells

that were not exposed to BMP4 (Figure 5G). On the other hand,

SOX2 expression rapidly began to decay under BMP4 treatment

as soon as 3 h after treatment, and with a rate that was initially

proportional to BMP4 concentration (Figures 5G and S9D). If

BMP4 was withdrawn from the media early enough, SOX2

expression returned to high levels, while if cells were induced

with long pulses of BMP4, they lost SOX2 expression. Notably,

with a 16 h pulse of 10 ng/mL BMP4, which leads to peak meso-

derm differentiation, SOX2 downregulation slowed after 16 h. A

second phase of SOX2 decay led to hPSCs eventually losing

SOX2 expression but later than cells induced under longer

BMP4 pulses (Figure 5G). These results show that mesoderm in-

ductioncorrelateswith a slowSOX2decayafterBMPwithdrawal.

The initial decay of SOX2 expression is strongly correlated

with the integral of the SMAD4 response to BMP4 in time

(Figures S10A–S10E), suggesting that there is a trade-off be-

tween the magnitude and the duration of signaling in the disso-

lution of the pluripotent state. This correlation no longer holds

in later times (Figure S10E), and the total integral of the BMP4

signal does not directly translate to cell fate (Figure S10F). This

supports the hypothesis that the integral of BMP activity initially

controls the exit from pluripotency, and the combinatorial inter-

pretation of BMP and endogenous WNT signaling controls the

decision between ExE and mesoderm fates.

In summary, these results suggest that BMP4 concentration

initially regulates SOX2 expression, which rapidly starts to decay

after BMP4 treatment at a rate that is proportional to SMAD4 ac-

tivity. If BMP4 is removed early, SOX2 expression recovers to

baseline, and cells remain pluripotent. Long BMP4 treatments

produce a direct pluripotency-to-ExE transition without going
through an intermediate mesoderm state. On the other hand,

treatments with an intermediate BMP4 pulse produce a two-

phased SOX2 downregulation, with an initial fast partial decay

followed by a slow decay to baseline, which correlates with the

onset of mesoderm induction.

A simple network model can recapitulate the observed
dynamics
To understand how signal dynamics controlled the observed cell

fate transitions, we aimed to create a mathematical model that

recapitulated the experimental data. Numerous studies have

shown that mathematical modeling either of the underlying

gene regulatory network45–48 or a recent approach focusing on

the higher-level Waddington landscape49–56 can provide infor-

mation about the logic that controls cell state transitions. Due

to the nature of our data, we aimed to create an intermediate

mathematical model that contained some mechanistic informa-

tion about the regulatory dynamics, allowing us to leverage the

gene expression dynamics data while being simple enough to

intuitively explain the cell state transitions that controlled the

underlying differentiation process. With this in mind, we created

a minimal cell fate network (CFN) model, where the nodes of

the network correspond to the cell fates observed, i.e., pluripo-

tent, mesodermal, and extraembryonic, characterized by high

SOX2, BRA, or CDX2 expression, respectively, and coupled

this CFN model with the signaling model described above (Fig-

ure 6A). For simplicity, we modeled SOX2, BRA, and CDX2

expression in time as a proxy for the corresponding cell fates.

It is important to note, as mentioned above, that although we

justify the construction of the CFN model below, the CFN does

not aim to model all mechanistic interactions between particular

genes, and therefore, direct links in the network should not be

taken literally. Instead, our aim is to model the underlying logic

bywhich cells transition between different cell fateswith a simple

network model for which we could leverage the gene expression

dynamics data.

First, to generate mutually exclusive cell states, we included

mutually repressive interactions between the pluripotency,

mesoderm, and extraembryonic nodes of the network (Fig-

ure 6A). Secondly, as previous studies have shown and our

data support that BMP activation of SMAD complexes leads to

transcription of ExE markers such as GATA3, CDX2, and

ISL1,13,16,57–59 we included activation of CDX2 expression, and

therefore induction of the ExE state, by nuclear SMAD4 through

a Hill equation (Figure 6A; see appendix in supplemental infor-

mation). We also observed that once the expression levels of

ExE markers such as CDX2 and ISL1 became high, they re-

mained high even if BMP was withdrawn from the media, sug-

gesting a possible autoregulation of ExE markers, which we

modeled by an additive autoactivation (Figure 6A; see appendix

in supplemental information).

As WNT signals are necessary for BMP-induced mesoderm

formation, as shown in Figures 3J, S5D, and S5E, and previous

literature,14,22,36 we considered that mesoderm markers are up-

regulated through b-catenin activation by WNT and modeled the

activation of BRA expression through a Hill function of b-catenin

levels (Figure 6A; see appendix in supplemental information).

Moreover, the SOX2 expression dynamics observed in Fig-

ure 5G suggested a downregulation of SOX2 by BMP. We
Cell Systems 15, 445–461, May 15, 2024 453
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observe that SOX2 expression begins to decay rapidly upon

BMP treatment (as early as 3 h). At this stage, neither Wnt

signaling, as reflected in nuclear b-catenin, nor mesoderm or

ExE markers are yet upregulated (Figures 3H and 5A–5C).

Moreover, as mentioned above, our data show that the initial

rate of SOX2 decay strongly correlated with SMAD4 levels for

different concentrations and durations (Figure S10). Although

we do not rule out the idea that this inhibition might be through

an intermediate BMP target such as GATA3, which shows a

similarly fast upregulation upon BMP treatment (Figure S10G),

for simplicity, we modeled a direct inhibition of SOX2 expres-

sion levels by SMAD4 (Figure 6A; see appendix in supplemental

information).

This minimal deterministic CFN model was fitted to simplified

expression levels obtained in a subset of experiments using a

Monte Carlo optimization algorithm, the details of which can

be found in the appendix in supplemental information. The final

fitted model was compatible with the dynamics observed in

the data, such as direct pluripotency-to-ExE transition without

expressing BRA under constant 2 days BMP4 induction. The

model was also able to mimic the slow SOX2 decay under an

intermediate pulse of BMP4, which also resulted in a late BRA

upregulation (Figure 6B). Notably, the model was able to re-

produce features and conditions that were not used in the fitting,

such as the observed SOX2 dynamics for different BMP4

concentrations, and that a longer pulse of 5 ng/mL BMP is

necessary for cells to differentiate to ExE compared with
454 Cell Systems 15, 445–461, May 15, 2024
10 ng/mL BMP when replaced by mTeSR following BMP with-

drawal (Figure S11).

Having fitted the deterministic CFN model to the available

data, we generated a stochastic version by considering an addi-

tive white noise of strength x to test whether the model could

reproduce the cell fate proportions observed in the data. We

fixed all the parameters from the deterministic model and fitted

only the single noise parameter and the initial distribution of

SOX2 expression to the cell fate proportions obtained in a subset

of experimental data (see appendix in supplemental informa-

tion). We found that, without modification to any of the para-

meters from the deterministic model, the stochastic model

reproduced the observed BMP morphogen effect in time and

the low mesoderm induction at any low constant concentration

(Figure 6C). Taken together, the simple CFNmodel recapitulated

the dynamics and cell proportions observed in the data,

including in a large amount of data not used to fit the model

parameters.

Cell fate is a combinatorial response to BMP and WNT
With the resulting model, we then aimed to understand how the

signals BMP and WNT controlled cell fate determination. We

created a phase diagram, or fate map, that shows, for a given

value of SMAD4 and b-catenin, which cell fates are stable, or,

in other words, accessible, in the deterministic model under

those signaling levels (Figure 7A). For example, for low

SMAD4 and b-catenin levels, only the pluripotent (P; SOX2+)
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Figure 7. Cell fate is a combinatorial response to BMP and WNT

(A) Fate map defined by BMP (SMAD4) and WNT (bCat) levels obtained from the model in Figure 6. P, pluripotency; M, mesoderm; and E, extraembryonic.

(B) Signaling trajectories on the fate map for the indicated BMP10 ng/mL pulses.

(C) Signaling trajectory on the fate map for constant 2 ng/mL BMP4 induction.

(D) Simulated SMAD4, b-catenin, SOX2, and BRA dynamics for the conditions indicated on the legend.

(E) Predicted (top) cell proportions and their corresponding experimental confirmation (bottom).
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state is stable, and therefore, cells remain pluripotent under low

BMP and WNT levels. On the other hand, for high SMAD4

values and low b-catenin levels, the only stable state is the

ExE (E; CDX2+) fate; therefore, the model suggests that cells

would eventually adopt the ExE fate if induced with high BMP

while inhibitingWNT signaling. For high SMAD4 and high b-cat-

enin levels, a bistable region is defined, where both the meso-

dermal (M; BRA+) and ExE fates are accessible, and cells will

become one or the other depending on the initial state of

the cell.

However, cells are normally not exposed to constant SMAD4

and b-catenin levels, but they experience the signaling dynamics

discussed previously, some of which are measured in Figure 3.

Combining these signaling trajectories and the fate map, the

model explains the experimental observations by showing that
cell fate is a combinatorial response to BMP and WNT. Under

short pulses of BMP, endogenous WNT is not activated, so the

signaling trajectory moves to a high BMP region for a short

period of time, after which it goes back to a low BMP, low

WNT profile, and cells stay pluripotent (Figures 7B, pink curve,

and S12). Under constant high BMP, endogenous WNT is acti-

vated, and the signal trajectory ends up in a region of high

BMP and high WNT, where both ExE and mesoderm differentia-

tion are possible. However, the cell trajectory lies in the basin of

attraction of the ExE fate, and therefore cells adopt this fate (Fig-

ure 7B, blue curve). Under medium durations where WNT be-

comes self-sustained, even though the signal trajectory initially

moves in a high BMP region for some time, during which the

SOX2 levels in the cell decrease, the withdrawal of the BMP

signal situates the signal trajectory in a region of tristability where
Cell Systems 15, 445–461, May 15, 2024 455



ll
Article
all three fates are stable (Figures 7A and 7B, gray region), which

slows down the decay of pluripotent markers and prevents cells

from increasing the expression of ExE markers (Figures 7B, yel-

low curve, and S12A–S12C). This allows cells to become meso-

derm once WNT increases and the signaling trajectory moves to

the bistable ExE andmesoderm region (Figures 7B, yellow curve,

and S12A–S12C). On the other hand, constant low concentra-

tions result in a slow WNT upregulation, and therefore the signal

trajectory stays in a pluripotency or ExE-promoting region for too

long and does not efficiently promote mesoderm differentiation

(Figures 7C and S12A–S12C). Taken together, the model unveils

a strategy for efficiently inducingmesodermwith BMP: induction

with a high BMP dose that rapidly increases endogenous WNT

signaling, after which BMP must be withdrawn for cells to

become mesoderm over ExE.

As we mentioned above, a recent approach based on the

Waddington landscape metaphor has been shown to be a

powerful yet simple way to study cell fate transitions in different

contexts.49–56 In these high-level, low-dimensional models, the

differentiation of a cell is depicted as a trajectory on a landscape.

The basins or attractors of the landscape represent the different

cell types the cell can differentiate into. In particular, we and

others have shown that using dynamical systems theory, one

can enumerate the possible bifurcations and link the parameters

of these bifurcations to the levels of signals to build the land-

scape model, which then can be quantitatively fitted to the

data.49,55 However, no studies have yet linked the modeled dy-

namics of a cell moving on the landscape with measured

signaling or gene expression dynamics of the type we have

measured here, and the CFN model proposed incorporates

this data in a straightforward way. Although there is still no

analytical method to compare low-dimensional landscape

models and higher-dimensional, more mechanistic models

such as that proposed here, we wondered whether we could

leverage our results to understand which landscape geometries

are compatible with our proposed CFN model that, although

phenomenological, is built on mechanistic knowledge of

signaling interactions.

We investigated how the data constrained the geometry of

the fate map or underlying low-dimensional landscape. For

this purpose, we generated fate maps for different parameters

accepted in the Monte Carlo optimization algorithm. We

observed three main classes of fate map configurations (see

appendix in supplemental information for more details). In

the starting configuration, the attractor corresponding to the

ExE fate is always present for all signaling regimes, and the

values of the signals control the presence of the pluripotent

and/or mesoderm attractor. In particular, under low BMP

levels, WNT controls a bistable switch between the pluripotent

and mesoderm attractors, and as BMP increases, both the

pluripotent and mesoderm attractors bifurcate away. As the

fitting improved, this configuration evolved, and the bistable

switch controlling the presence of the pluripotent and meso-

derm attractors disappeared, becoming a smooth transition

instead. Finally, a last and best-fitting configuration involved

transitions between all combinations of pairs of attractors,

resembling the transitions that can be observed in the elliptic

umbilic catastrophe (Figures 7 and S12D; see appendix in

supplemental information). Interestingly, a connection be-
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tween a three mutually repulsive state network and the elliptic

umbilic catastrophe had been proposed before,60 but, to our

knowledge, this is the first experimental system that confirms

this idea.

Here, we have shown that by pulsing BMP signaling, we can

obtain a relatively high population of cells that exclusively ex-

presses the mesoderm marker BRA after 2 days. However, this

population is heterogeneous, and we speculated that this was

due to the limitations of the dynamics of endogenous WNT in

response to BMP. Inducing hPSCs by CHIR results in a strong,

rapid, and sustainedWNT response40 and yields a very high frac-

tion of mesoderm cells (Figure S12E). However, this induction is

slow, and most of the cells still express SOX2 after 2 days of in-

duction (Figures 7E and S11), and a homogeneous mesodermal

population only emerges after 3 days (Figure S12E). Modeling

CHIR through b-catenin activation (Figure 4), we could repro-

duce this effect (Figures 7D and 7E, yellow condition). We

wondered whether we could take advantage of the insights

above to speed up mesoderm induction by CHIR. Our goal

was to find a 2-day protocol that yielded the highest BRA expres-

sion by varying a sequence of inductions with BMP and CHIR.

Our model suggested that the induction of mesoderm by CHIR

was slow because of a strong SOX2 inhibition of the mesoderm

state. We reasoned that a pulse of BMP4 signal could be used to

destabilize the pluripotency state, which, if then followed by

CHIR induction, could yield higher mesoderm expression by 48

h. Our model predicted that a 4 h pulse of BMP was sufficient

for this purpose and, if followed by 44 h of CHIR treatment, would

result in a very high BRA expression by day 2 (Figures 7D and 7E,

red condition). Indeed, experimentally, by day 2, we obtained

higher BRA expression andmuchmore complete SOX2 downre-

gulation than with CHIR alone (Figure 7E, yellow condition).

Differences in variances between experimental and simulated

distributions were expected due to convergence to attractors

in the simulations. Despite this, the trends in the simulations

and the data are similar. Therefore, the model explains the

combinatorial effect between BMP and Wnt signals in mediating

decisions between the pluripotent, mesoderm, and ExE fates

and offers a platform to rationally designmore optimal protocols.

Taken together, our study highlights how understanding

signaling dynamics can be exploited for developing efficient dif-

ferentiation protocols.

DISCUSSION

In this study, we have unveiled a combinatorial mechanism by

which BMPand downstream endogenousWNT signaling combi-

natorially control the cell state transitions observed in mamma-

lian gastrulation and previous in vitro studies. We showed that

the logic of this BMP-WNT circuit causes the decision between

mesoderm and extraembryonic to depend primarily on the

duration of signaling. In particular, a specific pulse of high con-

centration of BMP4 signal is much more efficient at inducing a

mesoderm-like state than any constant concentration. Taking

advantage of signaling and fate reporter cell lines, we showed

that these results depend on an endogenous BMP-induced

WNT bistability. A simple minimal CFN model explains how the

observed cell state transitions are regulated by combinatorial

interpretation of these two signals. Induction with a short BMP
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pulse is insufficient to induce endogenous WNT signaling, res-

ulting in hPSCs remaining in the initial pluripotent state. On the

contrary, long pulses of high BMP4 concentration induce endog-

enous WNT signals, but a high BMP signal overrides the endog-

enous WNT, resulting in extraembryonic differentiation. A pulse

of BMP4 of intermediate length that activates WNT autoregula-

tion results in efficient mesoderm differentiation. At lower con-

stant concentrations,WNT activation is slow, and cells are there-

fore pushed toward an ExE fate before experiencing this signal,

explaining why low doses of BMP are not interchangeable with a

pulse of a high BMP dose. Taken together, our study reveals

an underlying logic where, to induce efficient mesodermal

induction, BMP signaling needs to be sufficiently strong to

rapidly induce endogenous WNT signaling upregulation but suf-

ficiently short for cells to differentiate in a low BMP, high WNT

environment.

Our work adds to the growing body of knowledge on how

the dynamics of signals are interpreted by downstream reg-

ulatory networks. Broadly, these interpretations can be cate-

gorized into two distinct types, depending on whether

duration and concentration are interchangeable (i.e., cells

primarily interpret the integral of the signal over time) or

whether additional information to the integral of the input

signal is decoded by the downstream gene regulatory

network. Several examples have been shown of the first

case, such as glucose sensing in plants61 or the interpreta-

tion of Shh signaling in the murine neural tube,23 where

there is an effective trade-off between duration and concen-

tration, so that shorter durations at higher concentration are

sufficient to induce the same fates as longer exposure to

lower concentrations. It is of particular interest to investigate

the mechanisms by which cells interpret additional informa-

tion in the dynamics of the inductive signal beyond the inte-

gral, and several instances of this case have been shown in

different contexts. For example, in the case of NF-kB, it was

shown that, while the integral of the signal controls the acti-

vation of a downstream regulatory program in a switch-like

fashion, it is the strength of the pulse that controls the per-

centage of cells that are activated.32 NF-kB signaling also

activates different classes of genes depending on the dura-

tion of signaling with some genes responding immediately

while another class requires sustained activation.31 Interest-

ingly, in that case, the early responding genes require only a

very transient initial pulse to achieve nearly a full response,

while sustained signaling is required to activate a set of late

targets. By contrast, in the case studied here, the direct

result of activation, including expression of genes such as

GATA3 and extraembryonic differentiation, required sus-

tained activation, while secondary outputs, such as meso-

derm differentiation, require a transient pulse of the signal.

This demonstrates that downstream regulatory logic can

implement diverse relationships between signaling dynamics

and phenotypic outputs.

The three-way decision between pluripotent, primitive streak

mesoderm, and extraembryonic amnion is more complex than

integral regulation or that studied in the context of NF-kB. It re-

lies on the interplay between BMP and Wnt signaling and

cannot be predicted by a parameter of any one of these path-

ways. Interestingly, we observed that the initial decrease in
SOX2 correlated very well with the cumulative integral of BMP

signaling as measured by SMAD4 across several different

time courses of applied BMP signal (Figure S10E). This sug-

gests that in our system, while the initial dissolution of the

pluripotent state by BMP signaling may indeed by controlled

by the integral of signaling, the decision between different po-

tential fates relies on the interpretation of multiple pathways.

Indeed, when Wnt signaling is inhibited so that cells can only

switch from the pluripotent to the extraembryonic fate, the frac-

tion of cells adopting this fate is well predicted by the integral of

the BMP signal.38

It is also important to note that measuring the intensity of

signaling with a reporter is essential, as the external concentra-

tion does not translate directly into signaling activity. In the

case of BMP signaling, the activation of the SMAD proteins is

switch-like and regulated over a narrow range of concentrations,

so it is difficult to regulate the effective activity simply by chang-

ing the concentration of ligand in themedia.39 Further, the loss of

the BMP from the media over time causes more prolonged

signaling at higher doses,39 making it difficult to decouple dura-

tion from concentration. Together, these features mean that

even though the dissolution of pluripotency is responsive to

the integral of signaling, in practice, the duration of the signal is

more easily controlled and is more likely to be the determining

factor in vivo.

It has recently been proposed that BMP4 differentiation

rapidly becomes irreversible due to positive feedback through

GATA3.62 In that study, a 1 h pulse of BMP4 was sufficient to

induce irreversible differentiation in hPSC colonies, which is

in clear contradiction with our results (Figures 1, 2, S1, and

S2). Irreversible differentiation following short exposure to

BMP is contradictory to several studies from our lab and

others14,15,22,63 that showed that BMP signaling is rapidly

downregulated by small molecule or extracellular protein inhib-

itors and that pulses of longer than 10 or 24 h are needed to

induce differentiation in both in micropatterned colonies and

regular culture, respectively. Apparently irreversible differentia-

tion is likely due to incomplete removal of the BMP in the media

(Figures S2C and S2D). Indeed, we found using a live-cell re-

porter for BMP signaling that signaling activity remained sub-

stantially above baseline when media containing high doses

of BMP was replaced by media alone; however, treatment

with Noggin quickly abrogated this continued signaling. Further

experiments with washing confirmed that BMP ligands cannot

be removed from the media by washing alone (see Figures S2C

and S2D).

Our results showed that, under BMP induction of hPSCs,

there is a relatively narrow window of durations of BMP expo-

sure that is able to specify mesoderm, and this was related to

the dynamics of the induced endogenous WNT signaling.

This highlights the need to consider dynamics when devel-

oping in vitro differentiation protocols. In particular, our study

focused on the duration of a single pulse of BMP, but more

complex time courses of BMP stimulation are possible, and

it would be interesting to determine the optimal time courses

for achieving different fates. In vivo, although the same

cascade of signals controls gastrulation in other mammals,

the developmental time scales vary widely. It is unclear how

the window of BMP duration needed might be matched to
Cell Systems 15, 445–461, May 15, 2024 457
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the developmental time scale. Interestingly, recent studies

have uncovered cell movement as a mechanism that controls

the temporal exposure to morphogens.64 Further work could

elucidate whether the differences might be due to differential

protein stability and cell cycle duration, as has been recently

proposed in other contexts.65,66

We show that there is a form of memory in the WNT

signaling so that transient exposure to BMP can be sufficient

to induce WNT in a sustained fashion. This is reminiscent of

the interplay between WNT and NODAL signaling in which

cells remember prior exposure to WNT, which alters their sub-

sequent response to NODAL.67,68 The mechanisms are

different as, in the case described here, BMP leads to ongoing

WNT signaling, likely through sustained expression of WNT li-

gands, while WNT affects the interpretation of NODAL by

inducing EOMES without a subsequent requirement for the

continuation of WNT activity.

Much work has been done to decipher the dynamics of sig-

nals that control the patterning of micropatterned hPSC col-

onies treated with BMP4.14,15,17,39 These studies have unveiled

that, initially, there is a homogeneous response to BMP4 across

the whole colony, which is restricted to the edge via receptor

localization and accumulation of Noggin at the colony center

between 10 and 20 h after treatment.15,39 Subsequently,

around 30 h, waves of WNT and Nodal signaling start near

the edge of the colony and move inward, spatially correlating

with a ring of BRA-positive mesodermal cells.14,39 Although

our results have been obtained in a culture with lower cell den-

sity where self-organized patterning does not occur, they are

consistent with the observations of a pulse of BMP throughout

the colony, which induces endogenous WNT signal. The cells

that adopt a mesodermal fate are those that are displaced

from the edge and, therefore, only experience transient BMP

signaling followed by upregulation of Wnt signaling to high

levels. Thus, the model developed here could be a good start-

ing point for building a spatial model to understand how pat-

terns arise from the interplay of dynamic signaling and combi-

natorial interpretation.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
458
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Cell lines

d METHOD DETAILS

B Cell culture, treatments, and differentiation

B Plasmids and generation of SOX2-mCitrine-labeled hPSC cell line

B Immunofluorescence antibody staining

B RNA sequencing

B Image acquisition

d QUANTIFICATION AND STATISTICAL ANALYSIS

B RNA sequencing quantification

B Image analysis

B Cell fate classification

B Mathematical models
Cell Systems 15, 445–461, May 15, 2024
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

cels.2024.04.001.

ACKNOWLEDGMENTS

We thank Idse Heemskerk, Seth Teague, Francisco-Jesús Castro-Jiménez,
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Aryeh

Warmflash (aryeh.warmflash@rice.edu).

Materials availability
The ESI017 SOX2::mCitrine CFP::H2B cell line generated in this study is available upon request from the lead contact.
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Data and code availability
d Raw and processed RNA sequencing datasets generated in this study are deposited at NCBI GEOwith the following reference:

GEO Submission (GSE245027). Raw and processed data, model analysis workspaces, together with the code to generate the

figures in this study, are deposited at figshare (https://doi.org/10.6084/m9.figshare.25145528). Due to limitations in repository

size, raw data for movies will be shared by the lead contact upon request.

d Image analysis, data analysis, and modeling code are publicly available online as of the date of publication at Github at https://

github.com/warmflashlab/Camacho-Aguilar2022_BMPWNT. A permanent copy of the repository has been deposited on Zen-

odo (https://doi.org/10.5281/zenodo.10674656).

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
The cell lines used were ESI017 (NIHhPSC-11-0093), ESI017 GFP::b-Catenin RFP::H2B,40 RUES2 GFP::Smad4 RFP::H2B,22 and

ESI017 SOX2::mCitrine CFP::H2B (this study). ESI017 cells were obtained directly from ESIBIO while RUES2 were a gift of Ali Bri-

vanlou (Rockefeller University). The identity of these cells as pluripotent cells was confirmed via triple staining for pluripotency

markers OCT4, SOX2, and NANOG. All cells were routinely tested for mycoplasma contamination and found negative.

METHOD DETAILS

Cell culture, treatments, and differentiation
All cell lines were maintained in pluripotency maintenance culture as described in Nemashkalo et al.22. ESI017 SOX2::mCitrine

CFP::H2B cells were maintained in mTeSR Plus medium (STEMCELL Technologies; 100-0276) and Blasticidin (5mg/ml; A.G. Scien-

tific; B-1247-SOL) for selection, which was removed before experiments.

Ibidi m-Slide 8 Well plates (Ibidi; 80826) were used for experiments, which were coated with Matrigel (5ml/ml; Corning; 354277)

diluted in DMEM/F12 (VWR;45000-344). For all experiments, cells were seeded into mTeSR1 medium (STEMCELL Technologies;

85850) containing rock inhibitor Y27672 (10mM; STEMCELL Technologies; 05875) at a density of 4 x 104/cm2 (except when noted

otherwise). Treatment started 21 hours after seeding, and media was always changed every 24 hours, and when performing the indi-

cated specific treatments.

Micropatterning experiments were performed in a 96-well plate (CYTOO) containing 700 mm circular micropatterns. Coating and

seeding were done as previously described by Deglincerti et al.69. Briefly, wells were coated with Human Recombinant Laminin 511

(Fisher Scientific) in a 1:20 dilution in PBS with calcium and magnesium for 3 hours at 37 ºC. hESCs were then seeded as single cells

and maintained in mTeSR medium. After overnight incubation, cells were treated with 50 ng/ml BMP4 (R&D systems) for 48 hours or

with a 1 hour pulse of 50 ng/ml BMP4 (R&D systems), followed by incubation in mTeSR1 with or without 250 ng/ml of Noggin (Fisher

Scientific).

The following recombinant proteins and small molecules were used: BMP4 (R&D Systems; 314BP050), Noggin (250ng/ml; R&D

Systems; 6057-NG-100), IWP2 (3mM; Stemgent; 040034), CHIR99021 (15mM; MedChem Express; HY-10182).

Plasmids and generation of SOX2-mCitrine-labeled hPSC cell line
We used CRISPR-Cas9 technology for gene editing in the ESI017 hPSC line. We used previously published constructs to fuse mCi-

trine directly with SOX2 at the C-terminus of the SOX2 coding sequence.36 The SOX2 homology donor consists of a 1-kb homology

arm, anmCitrine::T2A::blasticidin cassette, and a 1-kb right homology arm. Cas9 expression plasmid, homology donor DNA (Plasmid

AW-P46), and guide RNA (Plasmid AW-P45; GTGCCCGGCACGGCCATTAA) were nucleofected in hPSCs using the P3 Primary Cell

4D-Nucleofector X Kit (Lonza; V4Xp-3012), and positive transformants were selected with blasticidin (10mg/ml; A.G. Scientific;

B-1247-SOL) and CloneR (STEMCELL Technologies; 05889) for two days, after which cells were passaged and single clones

were handpicked and amplified. Sanger sequencing was performed to screen and confirm a successful clone (Primer sequences

are listed in Table S1). After establishment, the stable line was checked for pluripotency markers, i.e. OCT4, SOX2 and NANOG

expression, as well as BMP differentiation both in regular culture and micropatterning, and was found indistinguishable from WT

ESI017 hPSCs.

An ePiggyBac (ePB) master vector based on the pBSSK backbone,44 harboring transposon-specific inverted terminal repeat se-

quences (ITR) was modified to deliver a nuclear marker CFP::H2B (Plasmid AW-P68). ePB CFP::H2B and helper (Plasmid AW-27)

were nucleofected into the established SOX2::mCitrine cell line using the P3 Primary Cell 4D-Nucleofector X Kit (Lonza; V4Xp-

3012). G-418 (40ng/mL; ThermoFisher; 10131035) treatment started two days after nucleofection and lasted for at least 7 days.

Immunofluorescence antibody staining
Cells were fixed with 4% PFA and stained as described in Nemashkalo et al.22. Antibodies and dilutions used are listed in Table S2.
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RNA sequencing
hPSCs were seeded at the density 200k per well in a 12-well plate 24 hours before treatment. hPSCs were grown under 4 experi-

mental conditions: untreated pluripotent cells grown in mTeSR1, hPSCs treated with WNT3a (300ng/ml) for 6 hours, hPSCs treated

with WNT3a (300ng/ml) for 18 hours or hPSCs treated with CHIR (8uM) for 6 hours. Total RNA was collected with the Invitrogen

RNAqueous-Micro Total RNA Isolation Kit. Processed RNA was stored at �80�C, and RNA integrity was checked by Nanodrop,

agarose gel electrophoresis, and qPCR and the Agilent 2100 system. Sequencingwas performed byNovogene Co. using the Illumina

paired-end 150 platform (NovaSeq6000). Another biological repeat was performed using the same protocol.

Image acquisition
Imaging acquisition of fixed samples was done on an Olympus/Andor spinning disk confocal or an Olympus FV3000 confocal laser

scanning microscope with a 20x, 0.75NA air objective. At least n=5, but generally n=8 (this number is specified in the legend of each

figure), images were recorded for each experimental condition, acquiring either three or five z-planes spaced 2.5uM apart per

position.

For live imaging experiments, reporter cell lines were maintained in antibiotic selection for the H2B fluorescent marker for at least

three days and stopping 2 days before seeding, at the latest, to maximize the number of fluorescent cells in the culture. To remove

any possible debris, cells were washed two times with mTeSR1media before recording, which started at least one hour before treat-

ment to have a pre-treatment baseline for each condition. Imaging acquisition of fixed samples was done on anOlympus/Andor spin-

ning disk confocal with a 20x, 0.75NA air objective. Time-lapse imaging intervals were 15 minutes, and Z-stacks were acquired in

three planes spaced 2.5mM apart. During imaging, temperature (37 �C), humidity (�50%), and CO2 (5%) were controlled, and media

change was performed without moving the plate from the stage. 8 positions of each condition were selected for imaging.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA sequencing quantification
To quantify the abundance of transcripts for each sample, Salmon v1.8.0 was used.70 To align our data, we used the human tran-

scriptome (GRCh38) index for salmon, with salmon index using the selective alignment method (salmon_sa_index:default in

http://refgenomes.databio.org/v3/genomes/splash/2230c535660fb4774114bfa966a62f823fdb6d21acf138d4). We quantified tran-

scripts with Salmon using the -l A flag to infer the library type (paired-end) automatically and the –validateMappings -o flag to use

the mapping-based mode. The resulting datasets were then processed using the tximeta2 package in R71, and the counts matrix

was exported for downstream analyses in MATLAB (code available at https://github.com/warmflashlab/Camacho-Aguilar2022_

BMPWNT). Datasets are deposited in Gene Expression Omnibus (GEO) repository with accession number GSE245027.

Image analysis
For analysis of fixed samples, maximum intensity projections were computed for each image. Image analysis was performed using

Ilastik72,73 for initial segmentation on the DAPI channel, and custom-written MATLAB code was used for further analysis. In the case

of fixed imaging, nuclear protein expression was measured by mean nuclear intensity and normalized by mean nuclear DAPI to cor-

rect for intensity variations due to optics.

For analysis of live imaging, maximum intensity projections were computed for each image. Image analysis was performed using

Ilastik72,73 for initial segmentation using the H2B channel, and custom-written MATLAB code was used for further analysis. Smad4

dynamics was quantified as the nuclear to cytoplasmic Smad4 ratio.39 The resulting quantified dynamics were normalized to pre-

treatment levels at each position, and to the non-treated condition to generate the final quantifications.

All image processing code is available at https://github.com/warmflashlab/Camacho-Aguilar2022_BMPWNT

For the analysis of the micropatterning experiment, stitching of the colonies was performed in Fiji using the algorithm in. Preibisch

et al.74 Segmentation and mean intensity quantification were done on Ilastik72,73 and custom software written in MATLAB

(MathWorks), previously described in Warmflash et al.17

Cell fate classification
(see Appendix in supplemental information)

Mathematical models
(see Appendix in supplemental information)
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