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SUMMARY

Embryonic stem cells (ESCs) can self-organize into structures with spatial and molecular similarities to nat-
ural embryos. During development, embryonic and extraembryonic cells differentiate through activation of
endogenous regulatory elements while co-developing via cell-cell interactions. However, engineering regu-
latory elements to self-organize ESCs into embryo models remains underexplored. Here, we demonstrate
that CRISPR activation (CRISPRa) of two regulatory elements near Gata6 and Cdx2 generates embryonic
patterns resembling pre-gastrulation mouse embryos. Live single-cell imaging revealed that self-patterning
occurs through orchestrated collective movement driven by cell-intrinsic fate induction. In 3D, CRISPRa-
programmed embryo models (CPEMs) exhibit morphological and transcriptomic similarity to pre-gastrula-
tion mouse embryos. CPEMs allow versatile perturbations, including dual Cdx2-Elf5 activation to enhance
trophoblast differentiation and lineage-specific activation of laminin and matrix metalloproteinases, uncov-
ering their roles in basement membrane remodeling and embryo model morphology. Our findings demon-
strate that minimal intrinsic epigenome editing can self-organize ESCs into programmable pre-gastrulation
embryo models with robust lineage-specific perturbation capabilities.

INTRODUCTION

New frontiers are emerging in the study of mammalian embryo-

genesis through engineering stem cell-based embryo models

(SEMs) using the unrestricted potential of embryonic stem cells

(ESCs) and their self-organizing behavior.1–26 SEMs can repro-

duce key aspects of spatial organization of pre- and post-gastru-

lation stages of embryonic development with potential to

implant1,23,24,27 or advance to later stages of development.2,3

SEMs can be generated through self-assembly of mouse ESCs

(mESCs) with extraembryonic cells. For example, preimplanta-

tion blastocyst-like structures are formed by assembling mouse

trophoblast stem cells (TSCs) with mESCs, recapitulating the

organization and transcriptional programs of natural blasto-

cysts.1,4 Similarly, post-implantation embryo-like models can

be generated by assembling mESCs with TSCs and extraembry-

onic endoderm-like (XEN) cells, exhibiting hallmarks of post-

implantation embryos, including the establishment of anterior

signaling centers.5,28,29 SEMs can also leverage the self-

patterning capacity of mESCs to form ordered structures in

response to biochemical and biomechanical cues. Earlier work

shows aggregates of mESCs can form posterior domains and

symmetry breaking in response to activation of Wingless-Type

MMTV Integration Site (Wnt) signaling.10 Recently, it was shown

that mESC aggregates exposed to pulses of Wnt can undergo

gastrulation-like events, forming gastruloids that replicate the

body axis formation and spatiotemporal gene expression pat-

terns of natural embryos.9,23 The self-patterning capabilities of

ESCs are conserved across species, enabling the generation

of human embryo-like structures.12,14,16,17,19,21–24,30,31 SEMs
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Figure 1. Design and validation of doxycycline-inducible CRISPRa mESCs

(A) Overview of CRISPRa cell system.

(B) Time-course immunofluorescence staining of Gata6, Foxa1/2, and Sox17 in sgGata6-mESCs treated with doxycycline up to 4 days.

(legend continued on next page)
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have the potential to offer transformative insights into principles

of self-organization in early embryogenesis and the origins of

developmental abnormalities.

Current methods for the generation of SEMs rely on combina-

tions of the following: (1) biochemical optimization of media with

lineage-specific morphogens or small molecules8,13,16,19,23 and

(2) exogenous overexpression of transcription factors.2,14,28,32,33

Recent reports have used a combination of transcription fac-

tor-induced cell types and natural embryo-derived cell lines

to create embryo models, enabling the study of key processes

like lumen formation and the initiation of gastrulation.2,3,28,29,32

During embryogenesis, however, epigenetic changes in the

endogenous regulatory elements of cell-fate-determining

factors drive the differentiation of specialized cell types that

co-develop into an embryo. We hypothesized that epigenetic

recapitulation of endogenous regulatory elements of such

factors is sufficient to form major cell types of the embryo

and self-organize them into embryo-like structures. By

leveraging the programmability of CRISPR activation

(CRISPRa) tools, we showed that activation of just two endog-

enous non-coding regulatory elements near Cdx2 and Gata6

genes is sufficient to self-organize mESCs into embryo-like

structures with morphological features reminiscent of the

days 5 to 6 mouse embryo. We present a straightforward

approach to generate highly consistent mouse embryo models

through intrinsic epigenetic control and without dependency on

externally added lineage-specific signaling factors. CRISPRa-

programmed embryo models (CPEMs) form within 3 days in a

simple medium with nutrients and serum, only through chemi-

cal induction of CRISPRa. We use single-cell timelapse micro-

scopy to reveal collective cellular motion that results in the

formation of embryonic patterns. Single-cell transcriptome

analysis of CPEMs showed emergence of embryonic cell types

expressing markers of each lineage while capturing known and

potential new cell-cell signaling pathways. Using the multiplex-

ing potential of CRISPRa, we show that simultaneous activation

of Elf5 and Cdx2 enhances the differentiation of TSCs and

their integration into CPEMs. CPEMs exhibit asymmetry along

their major axes with spatial cellular arrangement similar to

pre-gastrulation natural embryos (E5.5), with a subset forming

anterior visceral endoderm (AVE)-like regions. Importantly, we

demonstrate that CRISPRa enables precise, lineage-specific

activation of large, complex genes—such as the 120 kb laminin

gene—and their associated matrix metalloproteinases (Mmp)

to investigate roles of basement membrane (BM) remodeling

and embryo shape formation, highlighting a key application

for CPEMs for gene perturbation experiments. In sum, we

propose a CRISPRa-based method to self-organize ESCs

into pre-gastrulation mouse embryo models with highly

consistent spatial organization that allows for rapid interven-

tional experiments without requiring external lineage-specific

signaling cues.

RESULTS

Generation of CRISPRa-induced XEN cells and
trophoblast cells
Exogenous overexpression of coding sequences of cell-fate-

determining transcription factors has been widely used for

controlled differentiation or reprogramming of cells. However,

chromatin context, presence of co-factors, excessive expres-

sion level, and epigenetic barriers can limit the activity of exoge-

nous transcription factors. Additionally, induced transcription

factors often bypass post-transcriptional RNA splicing, a wide-

spread process with critical functional implications for transcrip-

tion factors.34 Thus, we leveraged CRISPRa to induce cell-fate-

determining transcription factors using their native regulatory

elements. We hypothesized that direct CRISPRa of endogenous

regulatory elements can overcome epigenetic barriers associ-

ated with differentiation of ESCs.35–38 To test our hypothesis,

we implemented a CRISPRa-based strategy to generate cell

types that comprise the mouse peri-implantation embryo:

epiblast stem cells (Epi), TSCs, and XEN cells. We generated a

doxycycline-inducible CRISPRa ESC line to activate regulatory

elements of two major cell-fate-determining transcription fac-

tors, Cdx2 (sgCdx2-mESCs) and Gata6 (sgGata6-mESCs), that

are expressed in TSCs and XEN cells, respectively.2,39–44 As a

control, we used mESCs expressing a non-targeting control sin-

gle guide RNA (sgRNA) (sgCtrl-mESCs) (Figure 1A).We designed

our sgRNAs to recruit CRISPRa to proximal regulatory elements

of Gata6 and Cdx2 that show increased chromatin accessibility

during natural development of XEN and TSCs in mouse embryos

observed in previously published data45,46 (Figure S1A). 24 h af-

ter induction of CRISPRa in sgGata6-mESCs, we observed a

robust and specific expression of Gata6 (Figure 1B). Similarly,

we were able to observe Cdx2 expression via induction of

CRISPRa in sgCdx2-mESCs (Figure 1C). Induction of Gata6

was found in 90% of cells and followed by expression of addi-

tional markers of XEN cells, Foxa1/2 and Sox17, and a rapid

reduction in Pou5f1(Oct4), a marker of pluripotency (Figure 1D).

In sgCtrl-mESCs or sgGata6-mESCs without doxycycline treat-

ment, we did not observe major increases in Gata6 expression

and downstream markers, Foxa1/2 and Sox17, or a decrease

of the pluripotency factor Pou5f1 (Figures 1E and S1B). Like

sgGata6-mESCs, we observed robust and specific expression

of Cdx2 in sgCdx2-mESCs 24 h after induction of CRISPRa,

which was not the case for sgCtrl-mESCs (Figure 1F). Induction

of Cdx2 was found in more than 90% of cells and was followed

by upregulation of additional TSC lineage markers, Tfap2c and

Gata3, at days 3 and 4, respectively, while Pou5f1(Oct4) gradu-

ally declined at day 4 (Figures 1F and S1C).We observed expres-

sion of Cdx2 in a percentage of sgCdx2-mESCs in the absence

of doxycycline, likely because of minimal leakiness of tet-

responsive elements, a known limitation of inducible systems.47

However, this background expression was not sufficient to

(C) Time-course immunofluorescence staining of Cdx2, Gata3, and Tfap2c in sgCdx2-mESCs treated with doxycycline for 4 days.

(D) Quantification of Gata6 induction and related XEN-cell markers over time.

(E) Comparison of Gata6 induction in sgCtrl- and sgGata6-mEScs treated with or without dox.

(F) Quantification of Cdx2 induction and related TSC markers over time.

(G) Comparison of Cdx2 induction in sgCtrl- and sgCdx2-mESCs treated with or without dox. Plots show collective distribution of cells from 16 images each per

condition with at least two experimental replicates. All scale bars indicate 40 mm.
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induce expression of mature TSC lineage markers, Tfap2c and

Gata3, or to decrease Oct4 expression to the same extent as

the dox-treated conditions (Figures 1G and S1C). After 48–72 h

of induction, a majority of dox-treated cells show double-posi-

tive-staining Gata6 and Foxa1/2 or Sox17 in the sgGata6-

mESCs, and double-positive-staining for Cdx2 and Tfap2c in

the sgCdx2-mESCs (Figures S1D, S2A, and S2B). These findings

show that CRISPRa-mediated epigenome activation efficiently

generates major extraembryonic cell types in a simple medium

with nutrients and serum, without the need for external line-

age-specific signaling cues or exogenous transcription factors.

CRISPRa of two regulatory elements can self-organize
ESCs into 2D embryonic patterns
Changes in endogenous regulatory element activity are linked to

embryonic cell differentiation and spatial patterning. We hypothe-

sized that activating key developmental regulatory elements can

form spatially ordered patterns. To test this, we plated sgGata6-

mESCs, sgCdx2-mESCs, and sgCtrl-mESCs together on circular

micropatterns to form colonies with reproducible sizes15,48 fol-

lowed by induction of CRISPRa for 72 h (Figure 2A). The simplicity

of the 2D micropattern system allows for studying dynamics of

cellular motions for specific lineages, self-patterning, and cellular

interactions without the complexity and measurement challenges

of a 3D model. Next, we stained for Foxa1/2 to detect CRISPRa-

induced sgGata6-mESCs, Cdx2 to detect CRISPRa-induced

sgCdx2-mESCs, and Pou5f1(Oct4) to detect sgCtrl-mESCs.

CRISPRa-induced cells on circularmicropatterns formed ordered

structures where sgGata6-mESCs (Foxa1/2+) frequently formed

a ring-like structure around the colony while sgCdx2-induced

cells (Cdx2+) were clustered inside the colony adjacent to

sgCtrl-mESCs (Pou5f1+) (Figures 2B and S3A). This organization

is reminiscent of the XEN lineage encircling the epiblast and extra-

embryonic ectoderm in natural peri-implantation embryos, high-

lighting the potential of 2D micropatterns to capture aspects of

embryonic spatial patterning.44,49 Interestingly, emergence of

spatially ordered 2Dpatterns depends on the colony size. Smaller

colonies with 80 or 140 mm diameters more consistently formed

ring-like structures, but larger colonies with 225 or 500 mm diam-

eters did not form similar patterns upon induction of CRISPRa

(Figures 2B, 2C, and S3A–S3D). None of these patterns emerged

without doxycycline (Figures S3E–S3H). This suggests that in

confined 2D micropatterns, the scaling of embryonic self-

patterning formation can be limited by effectiveness of short-

range biochemical or biophysical interactions, overall growth

area, and cellular composition. Analysis of cell number and ratio

in micropatterned discs of different sizes showed that loss of

patterning is correlated with an increased number and ratio of

Pou5f1+ cells, whereasweobserved a decreased number and ra-

tio of Foxa1/2+ and Cdx2+ cells as the diameter of the colony in-

creases (Figures 2D, 2E, and S3I). We also observemore variation

in cell ratios at the lower density regions, likely due to stochastic

effects of few cells initially populating these regions, as observed

in quantification of individual regions (Figure S3I), suggesting that

in some cases, the smallest micropattern regions are seeded by

just 1 or 2 cell types. Despite starting out with an equal ratio of

cells in each region size at the seeding time, in the smaller 80

and 140 mm colonies, the Pou5f1+ population is likely restricted

by overall growth area due to geometrical confinement, while in

the larger 225 and 500 mm regions, the expanded growth area al-

lows for additional cell division without being restricted by space

or neighboring cells. These results show that direct CRISPRa of

two regulatory elements in ESCs promotes differentiation and for-

mation of 2D spatially organized peri-implantation-like patterns

intrinsically without addition of lineage-specific external morpho-

gens or chemicals. Self-patterning through intrinsic CRISPRa in-

duction of cell fate depends on micropattern size, which deter-

mines the overall colony size and cellular composition of

embryonic structures.

Collective motion of proliferating cells results in self-
patterning
How do spatially ordered embryonic patterns emerge from a few

randomly positioned individual cells? To answer this, we used

the uniform circular morphology of CRISPRa-programmed 2D

embryonic patterns to track cells and examine cellular motion

and spatial organization with single-cell live fluorescent imaging.

To visualize each CRISPRa-induced cell type, we designed con-

structs in which sgCdx2 is co-expressed with Clover-nuclear

localization signal (NLS) and sgGata6 is co-expressed with

mCherry-NLS, resulting in sgRNA and fluorescent protein

expression from the same construct (Figure 3A), allowing us to

monitor each cell type in real time. We verified that Clover-NLS

(sgCdx2) and mCherry-NLS (sgGata6) signals overlap with

Cdx2 and Gata6 staining, respectively, by using live imaging fol-

lowed by endpoint staining for the corresponding markers

(Figures S3J and S3K). After seeding cells on RosetteArray

well plates50 with 100 mm micropatterned regions, we imaged

in 1 h intervals for 48 h for both doxycycline-treated cells and

controls without doxycycline (Figure 3A). We imaged regions

with all three cell types present and via single-cell segmentation

and tracking monitored dynamics of pattern formation. Initially,

there were no discernible cellular motion patterns. However,

we observed noticeable differences in patterns of cellular mo-

tions of CRISPRa-induced cells in later time points. CRISPRa-

induced sgCdx2-mESCs cells self-assemble into clusters mov-

ing toward each other over time (Figure 3B; Video S1A). On the

other hand, sgGata6-mESCs cells displayed cooperative

behavior by gradually moving to the edges of the micropatterns,

whichwas followed by a collective rotational movement to form a

ring around other cells51–55 (Figure 3B; Videos S1A and S1B).

Non-doxycycline control cells moved randomly and lacked a

specific pattern, as shown by the interspersed Clover and

mCherry signals (Figure 3C). At the start, we noticed that pattern

formation begins with just a few (4–8) CRISPRa-induced

sgGata6-mESCs and sgCdx2-mESCs that proliferate, but

CRISPRa-induced sgCdx2-mESCs displayed a decreased cell

number toward the end of the 48-h experiment, when compared

with CRISPRa-induced sgGata6-mESCs or to no dox treatment

(Figure 3D). Accordingly, we observed an increase in the cell cy-

cle duration for sgCdx2-mESCs compared with sgGata6-

mESCs treated with dox (Figure 3E). To test if pattern formation

is paired with directionality, we quantified the angular movement

of cells relative to the center of micropattern regions. The results

show that CRISPRa-induced cells display different patterns of

angular movements over timewhen comparedwith non-induced

sgGata6-mESCs and sgCdx2-mESCs, which was more pro-

nounced for sgGata6-mESCs (Figures 3F, S3L, and S3M). To
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investigate how induction of cell fate by CRISPRa changes

migratory behavior of cells, we measured motion of cells by

mean absolute displacement over time (Figure 3G).We observed

a difference in displacement mainly for CRISPRa-induced

sgGata6-mESCs over time when compared with no dox con-

trols, suggesting an enhanced cellular motion upon cell-fate in-

duction by CRISPRa. An increase in displacement appeared to

co-occur with sgGata6-mESCs migrating to the edge at around

16–24 h of induction, while a decrease in displacement was

observed at the end of the experiment, suggesting that sgGata6

cells arriving at the micropattern edge are less motile. Unlike

sgCdx2-mESCs cells that form localized clusters, the increase

in the angular movement of the sgGata6-mESCs demonstrates

a coordinated behavior characterized by outward and rotational

Figure 2. 2D micropattern organization of sgCtrl-, sgCdx2-, and sgGata6-induced mESCs

(A) Overview of cells and protocol used on micropattern chips.

(B) Representative immunofluorescence staining of 80, 140, 225, and 500 mm regions, showing markers for each cell line, Pou5f1, Cdx2, and Foxa1/2,

respectively (80 mm, n = 62 regions; 140 mm, n = 35 regions; 225 mm, n = 25 regions; 500 mm, n = 4 regions).

(C) Density plot showing average distribution of cells in normalized coordinate space for each marker and different sized regions.

(D) Distribution of total cells positive for each marker per region.

(E) Ratio of total cells positive for each marker per region. All scale bars indicate 40 mm.

ll
OPEN ACCESSArticle

Cell Stem Cell 32, 1–19, June 5, 2025 5

Please cite this article in press as: Lodewijk et al., Self-organization of mouse embryonic stem cells into reproducible pre-gastrulation embryo models
via CRISPRa programming, Cell Stem Cell (2025), https://doi.org/10.1016/j.stem.2025.02.015



Figure 3. Live cell imaging and tracking in 2D micropatterns

(A) Overview of modified sgRNA constructs for tracking and imaging design.

(B and C) (B) Example timelapse images from a +dox (left) and (C) �dox (right) micropattern, showing phase contrast (top), sgGata6-mESCs (middle), and

sgCdx2-mESCs (bottom). For sgGata6-mESC and sgCdx2-mESC panels, the top rows are fluorescent signals, the middle rows are segmented nuclei, and the

bottom rows are cell tracking over time (tracks are colored to indicate time).

(D) Cell proliferation measured by the mean (±SEM) number of sgCdx2-mESCs and sgGata6-mESCs over time.

(E) Cell cycle duration in hours between divisions for sgCdx2 cells +dox (n = 35) and sgGata6 cells +dox (n = 37).

(legend continued on next page)
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movements, resulting in the formation of boundary-like struc-

tures (Figure 3H). Over time, these cells increasingly align their

motion to encircle other cells, forming a ring-like arrangement

similar to natural XEN cells undergoing collective migration to

encapsulate epiblast and trophoblast cells.44,56 The single-cell

live imaging shows that intrinsic fate induction in a few randomly

positioned cells can generate orchestrated motion and growth,

forming 2D patterns resembling peri-implantation embryonic

patterning and highlighting the role of dynamic cellular move-

ment in mammalian pattern formation.

Generation of 3D CPEMs
Based on our findings that CRISPRa-induced cells form 2D em-

bryonic patterns, we reasoned that this approach can be used to

form 3D embryo-like structures. To this end, we plated sgGata6-

mESCs, sgCdx2-mESCs, and sgCtrl-mESCs in a 1:3:1 ratio in

microwell plates (AggreWell 400). We performed immunostain-

ing and confocal imaging 72 h after CRISPRa induction to visu-

alize the spatial organization of 3D structures (Figure 4A). The

results showed that CRISPRa-induced cells self-organize into

embryo-like structures resembling embryos at 5–6 days post-

fertilization (Figure 4B; Video S2A) and similar to other mouse

embryo models.5,28,29 We observed Foxa1/2+ cells (sgGata6-

mESCs) forming an outer layer around radially patterned

Pou5f1+ cells (sgCtrl-mESCs) and clusters of Cdx2+ cells

(sgCdx2-mESCs). By segmenting 21,477 labels from single-

cell nuclei across z-positions from 30 CPEMs and plotting the

average density at each z-position, we confirmed self-organiza-

tion of three CRISPRa-induced cell lines into embryo-like struc-

tures with asymmetric distribution of the three cell types along

the z axis (Figure 4C) akin to proximal-distal axis in the egg cyl-

inder stage of mouse embryonic development. By quantifying

nuclear staining (DAPI) across the center z-position (Figure 4D),

we observe cavity formation in 80%of structures (Figures 4E and

4F). CPEMs show consistent size of 100 mm in the z axis and

150 mm in x axis and y axis (longest axis) (Figure S4A). Structures

show an approximately equal amount, 40%–50% each, of

Foxa1/2+ cells and Pou5f1+ cells, and 10%–20% Cdx2+ cells

(Figures 4G and 4H). Analyzing cellular positioning along the

z axis revealed that Pou5f1+ and Cdx2+ cells resided in

opposing sides of the structure (Figures 4I and 4J). Despite start-

ing out with 3 times more sgCdx2-mESCs, these cells are the

least prevalent in the 3D structures, suggesting that sgCdx2-

mESCs undergo selection by slow growth, death, or delay in

their development (Figures 4G and 4H).

The 1:3:1 (sgCtrl-:sgCdx2-:sgGata6-mESCs) ratio of starting

cells was shown to be optimal in previously reported embryo

models.2,5,28,29 To investigate how cellular composition affects

morphological features of CPEMs, we generated embryo

models with different ratios of cell types and models composed

of only one cell type. We observed that in the 1:1:3 condition

(sgGata6-mESC overrepresented), CPEMs were slightly larger,

whereas CPEMs from sgCtrl-only-mESCs or sgCdx2-only-

mESCs appeared smaller (Figure S4A), resulting also in changes

in cell ratios between conditions (Figure S4B). In the 1:1:3 ratio,

we found that CPEMs formed larger cavities (Figure S4C). The

opposite was true when changing the ratio to 3:1:1, where the

sgCtrl-mESCs are overrepresented, and we found additional

Pou5f1+ Epi-like cells ectopically growing, filling up cavities (Fig-

ure S4D). When using sgCtrl-mESCs alone (Figure S4F; Video

S2B) or sgCdx2-mESCs alone (Figure S4G; Video S2C), no

discernible embryonic patterns were observed. A small percent-

age of Foxa1/2+ cells were observed in these conditions, likely

due to accelerated spontaneous differentiation in 3D aggre-

gates; however, they did not form distinct spatial organizations.

In the sgCdx2-mESC CPEMs, a subset of cells was Pou5f1/

Cdx2 double-positive (Figure S4H), suggesting incomplete dif-

ferentiation of some cells. The persistence of Pou5f1 expression

in a subset of sgCdx2-mESCs highlights a limitation in fully differ-

entiating into TSCs during the 3 days of doxycycline treatment (a

revised protocol with enhanced TSC differentiation is described

later). These findings underscore the importance of cellular

composition in determining the size and spatial organization of

embryo-like structures. Quantitative single-cell maps show that

CPEMs closely resemble E5–E6 mouse embryos in cellular

composition and morphology. Our findings also demonstrate

that Gata6-expressing cells alone can induce cavity formation,

highlighting their role in CPEM morphology.

Single-cell transcriptomics uncovers cell types and
intercellular signaling of pre-gastrulation
embryonic cells
To examine the differentiation of cells in CPEMs, we performed

single-cell RNA sequencing (scRNA-seq). Unsupervised dimen-

sionality reduction of single-cell transcriptomics of CPEMs

resolved 6 clusters that were separated by expression of

CRISPRa-induced target genes (Figure 5A). We identified three

distinct populations marked by Nanog, Cdx2, and Gata6 expres-

sion, corresponding to the mix of three cell types to generate

CPEMs (Figure 5A). We observed two clusters of Nanog-express-

ing cells, annotated as Epi1 and Epi2, with transcriptional resem-

blance to embryonic epiblast cells, as shown by the expression of

Nanog, Pou5f1, Sox2, and Otx2 (Figure 5B). The two clusters

likely reflect different stages of the cell cycle (Figure S5A).

Gata6-expressing cells separated into two clusters, annotated

as XEN1 and XEN2. XEN1 is enriched for embryonic visceral

endoderm (emVE) markers Otx2, Cer1, and Lhx1, whereas

XEN2 is enriched for extraembryonic visceral endoderm (exVE)

markers, like Pdgfra and Sox17 (Figure 5B), resembling XEN

development in natural embryos.44 Similarly, two distinct popula-

tions of Cdx2-expressing cells were observed, annotated as TS1

and TS2 (Figure 5B). Cells in TS2 enriched for Id2, Pdgfa, and

Tfap2c are related to canonical differentiation of TSCs, whereas

the Cdx2+ cluster TS1 with higher Wnt5a expression showed

lower levels of trophoblast markers, indicating a subpopulation

of TSC formation uponCdx2 induction,27,57–60 or a cell population

with delayed differentiation. A subset of CRISPRa-induced

sgCdx2-mESCs maintained the expression of pluripotency

(F) Directionality of displacements measured by mean degree angles (±SEM) over time.

(G) Mean displacement (±SEM) of sgCdx2-mESCs and sgGata6-mESCs over time.

(H) Relative mean distance to center (±SEM) of sgCdx2-mESCs and sgGata6-mESCs over time. n = 11 micropattern regions per condition. Labels measured

across all time points: +dox sgCdx2 n = 6,856, +dox sgGata6 n = 3,478, �dox sgCdx2 n = 7,482, �dox sgGata6 n = 4,918. All scale bars indicate 40 mm.
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factors such as Nanog and Pou5f1(Oct4), potentially due to de-

layed differentiation (Figure 5B).

To compare the transcriptional profiles of CPEM cell clus-

ters to the natural embryo, we used canonical correlation

analysis (CCA) to project cell types from CPEMs onto a refer-

ence dataset of published E5.25 mouse embryos.61 This

demonstrated that cells in CPEMs globally resemble those

of natural embryos (Figures S5B–S5D). For benchmarking,

we compared the transcriptome of 3-day CPEMs with a

mouse embryo model formed by combining ESCs, TSCs,

and XEN cells (ETX)28 alongside the published E5.25 mouse

embryo data. We observed a general agreement between

expression of markers for different cell clusters between

CPEM, ETX, and natural E5.25 mouse embryos (Figures 5B–

5F). Both CRISPRa-induced XEN cells in CPEMs and mouse

natural embryo XEN clusters exhibit separation into emVE

Figure 4. Generation and single-cell analysis of CPEMs

(A) Overview of cells used for differentiation.

(B) Differentiation protocol and representative confocal image of a CPEM, stained by Pou5f1, Cdx2, and Foxa1/2.

(C) Quantification of cell density for each marker across CPEMs using z stack confocal imaging (n = 30 CPEMs, n = 21,477 nuclei labels), left to right shows

increasing depth with z stack steps (3.89 mm intervals, see z-position number above each plot), displaying every other step. Each plot shows the average cell

density per staining, normalized in x-y-z coordinates.

(D) Cavity formation analysis by measuring DAPI staining in the center stack position of CPEMs, showing an example with (left) and without (right) cavity.

(E and F) (E) Quantification and clustering of cavity formation in two clusters, and (F) ratio of the clusters.

(G and H) (G) Number and (H) ratio of Cdx2, Foxa1/2, and Pou5f1 labeled cells identified in CPEMs.

(I) Mean number of Cdx2, Foxa1/2, and Pou5f1 labeled cells across imaged z-positions (n = 30 CPEMs).

(J) Relative distribution of Cdx2, Foxa1/2, and Pou5f1 labeled cells across imaged z-positions scaled tomaximumwithin each group. n = 30CPEMsmeasured. All

scale bars indicate 40 mm.
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and exVE populations based on selected marker expression

profiles. The specialization into emVE cells was less pro-

nounced for the XEN cells of day 4 ETX embryo model gener-

ated by cDNA overexpression of Gata6 and Fgfr2 (Figures 5C

and 5D). While TSCs in ETX embryo models and natural em-

bryos are largely negative for the Epi markers Pou5f1 and

Nanog, CRISPRa-induced TSCs in CPEMs exhibited persis-

tent expression of these markers. The transcriptional similarity

Figure 5. Comparative scRNA-seq analysis of 3D CPEMs and ligand-receptor interactions

(A) Uniform manifold approximation and projection (UMAP) and clustering analysis of scRNA-seq data of CPEMs, showing feature maps for Nanog, Gata6,

and Cdx2.

(B) Dot plot showing a set of gene marker levels for Epi, TS, and XEN cells in CPEM scRNA-seq data.

(C) Markers levels in day 4 ETX scRNA-seq.

(D) Marker levels in E5.25 mouse embryo scRNA-seq. ExEn, extraembryonic endoderm of the natural embryo.

(E) Heatmap showing similarity scores from pairwise comparison between cell clusters from E5.25 mouse embryo and day 3 CPEM, and black outlines indicate

the highest similarity pairs.

(F) Heatmap showing similarity scores from pairwise comparison between cell clusters from E5.25 mouse embryo and day 4 ETX.

(G) CellChat analysis showing ligand-receptor interactions between cell clusters of pathways known in early embryogenesis.
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between ETX model TSCs and those in natural embryos is

likely due to the use of TSC lines derived directly from natural

mouse embryos, rather than being induced from ESCs.

Next, we performed comparisons between single-cell tran-

scriptomes using the ClusterFoldSimilarity package.62 This re-

vealed CPEM and mouse embryo XEN clusters match accord-

ingly, showing that XEN cells in CPEMs cluster with emVE-like

and exVE-like lineages (Figure 5E). Comparing ETX to the mouse

embryo, both ETX XEN clusters score best with the samemouse

XEN cluster, indicating XEN cells generated via cDNA overex-

pression of Gata6 cells have a slightly less pronounced separa-

tion into emVE and exVE lineages when compared with

CRISPRa (Figure 5F). This indicates that CRISPRa-induced cells

achieve a more refined separation of XEN lineages compared

with cDNA-induced cells in the ETX model.

In the scRNA-seq data of CPEMs, sgCdx2-marked clusters

showed transcriptional profiles similar to TSCs from natural em-

bryos; however, CPEM TSC clusters had potential features of

incomplete or delayed differentiation, for example, by retained

Pou5f1 expression (Figures 5B–5F). Comparison of CRISPRa in-

duction of Cdx2 with direct cDNA overexpression showed that

CRISPRa achieves close expression level to mouse embryo-

derived lines, whereas 3-day Cdx2 cDNA-expressing mESCs

had lower Cdx2 expression2 (Figure S5E).

Additionally, we examined the transcriptional profiles of

CPEMs derived from single-cell types (Figures S5F–S5N).

CPEMs from sgCtrl-mESCs showed no significant differentia-

tion, with three Epi clusters linked to cell cycle phases and

slightly altered pluripotency marker expression in the Epi2 clus-

ter (Figures S5F and S5G). In sgGata6-mESC CPEMs, only XEN

cells were identified. The XEN1 and XEN2 clusters showed over-

all similar features resembling emVE (enriched for Otx2, Foxa2,

and Lhx1), and XEN3 resembled exVE (enriched for Sox17 and

Pdgfra). XEN1 and XEN2 also exhibited cell cycle differences

(Figures S5H and S5I). In sgCdx2-mESCs only aggregates,

most cells were Cdx2-positive, while some retained epiblast

markers, and two TS clusters showed marker expression similar

to mixed-cell CPEMs (Figures S5J and S5K). While CPEMs

grown in mixed or single-lineage cultures showed global tran-

scriptional similarity (Figures 5B and S5L–S5N), subtle differ-

ences in cluster cell number and gene marker levels suggest

cell-cell interactions influence the formation of cell subtypes.

We hypothesized that co-development of CRISPRa-induced

cells can facilitate signaling crosstalk between cell types during

formation into embryonic patterns.8,14,63,64 To analyze potential

signaling interactions between cells, we used CellChat65 to

analyze the expression of ligand-receptor pairs. We found pre-

dicted activity of pathways known to regulate early embryogen-

esis, such as the fibroblast growth factor (Fgf), platelet-derived

growth factor (Pdgf), and bone morphogenetic protein (Bmp)

pathway49,66–71 (Figure 5G). We also detected paired expression

of ligand-receptors in pathways that are less studied in early

embryogenesis, such as Hedgehog, non-canonical Wnt

signaling, and Plexin-Semaphorin pathways72–75 (Figure S5O;

Table S1). A subset of pathways identified originates from spe-

cific clusters of XEN cells and TSCs and targets other lineages,

highlighting the presence of lineage-specific signaling centers

that guide embryonic development. One example of a potential

functional pairing is Semaphorin signaling, which was recently

shown to instruct XEN migration.76 Additionally, Pdgfa signaling

from TS to XEN cells may promote their differentiation into exVE

over emVE.44,70 Supporting this, we observe a higher ratio of

exVE in CPEMs grown from mixed cells (30% exVE-like)

comparedwith sgGata6-induced cells only, which do not receive

TSC signals (15% exVE-like) (Figure S5P). Thus, we captured

multiple signaling pathways that link extraembryonic and embry-

onic cells, which may contribute to differentiation and spatial or-

ganization of cells in CPEMs.

Enhancing trophoblast differentiation and integration
through extended CRISPRa induction and multiplexed
activation of Cdx2 and Elf5
Our scRNA-seq and immunostaining analyses showed that

trophoblast-like compartments of day 3 CPEMs contain a subset

of sgCdx2 cells with residual expression of pluripotency factors,

like Pou5f1(Oct4) (Figures 4B, 5A, and 5B). To address this, we

extended the duration of CRISPRa induction and tested simulta-

neous activation of other trophoblast-fate determining factors.

First, we used a 2-day dox pre-treatment of the sgCdx2-mESC

before assembling the CPEMs (pre-induction) to test if longer

Cdx2 activation, 5 days total in day 3CPEMs, leads tomore com-

pletedifferentiation, as reportedpreviously.2Second,wehypoth-

esized that trophoblast differentiation can be accelerated by

simultaneous activation of theCdx2andElf5 promoters. The acti-

vation of Elf5 downstream of Cdx2, driven by demethylation of

the Elf5 promoter, is a pivotal step in the development of

TSCs.2,57,77–79 In the sgCdx2:sgElf5 dual line, we also used the

2-day dox pre-treatment to compare with sgCdx2 CRISPRa

alone (Figure 6A). We reconfirmed with no dox pre-treatment,

Cdx2+ cells show remaining Pou5f1(Oct4) labeling (Figures 6B

and 6C). When pre-treating with dox for 2 days, the remaining

staining for Epi markers, Pou5f1 and Nanog, was lost

(Figures 6B, 6C,S6A, andS6B), andcellswerepositive for Tfap2c

andGata3 (Figure S6C).We also observed higher ratios of Cdx2+

cells in CPEMs (Figure 6D) and an increase in CPEMs with more

than 10% of total cells labeled as Cdx2+ (Figure S6D). Dual acti-

vation of Cdx2 and Elf5 without the 2-day dox pre-treatment did

not have major effects on the number of TSCs (Figures 6B–6D

and S6D). However, the 2-day dox pre-treatment with dual

Cdx2 and Elf5 activation doubled the integration of Cdx2+ cells

in CPEMs, compared with 2-day dox pre-treatment of Cdx2 acti-

vation only (Figure 6D). Under the 2-day pre-induced dual Cdx2/

Elf5 condition, almost 75% of CPEMs had at least a 10% Cdx2+

cell contribution (Figure S6D) and showed clear opposite asym-

metric profiles for Pou5f1 and Cdx2 (Figures S6E and S6F). We

observed that in 70%–75% of CPEMs with at least 10% Cdx2

cell contribution, Cdx2+ cells are in a distinct domain resembling

the structure in the mouse egg cylinder (Figures S6G and S6H).

These data suggest there remains a time constraint in the differ-

entiation ofmESCs to TSCswhen usingCdx2 activation or Cdx2/

Elf5 dual activation. Importantly, simultaneous activation of mul-

tiple cell-fate determining factors with CRISPRa enhanced inte-

gration of mouse TSCs in CPEMs.

Formation of anterior signaling centers in CPEMs with
enhanced TSCs
Next, we investigated whether CPEMs with enhanced tropho-

blast compartments establish anterior signaling centers,
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Figure 6. Improvements of CPEM TS compartment and characterization of AVE-like signaling
(A) Strategies to improve differentiation into TSCs by CRISPRa pre-induction and dual activation of Cdx2 and Elf5.

(B) Example staining of CPEMs grown with sgCdx2-mESCs, sgCdx2+sgElf5-mESCs, and with pre-induction.

(C) Quantification of Pou5f1 intensity per Cdx2-segmented cell across conditions. Number of cells analyzed per condition, sgCdx2: n = 375, sgCdx2 pre-induced:

n = 1,097, sgCdx2 + sgElf5: n = 529, sgCdx2 + sgElf5 pre-induced: n = 3,229.

(D) Cdx2+ cell ratio per CPEM across conditions. Number of CPEMs analyzed per condition, sgCdx2: n = 47, sgCdx2 pre-induced: n = 53, sgCdx2 + sgElf5:

n = 53, sgCdx2 + sgElf5 pre-induced: n = 80.

(E) Example staining of Cer1 (top), Dkk1 (middle), and Lefty1 (bottom) and their classification based on location within quarters of CPEMs.

(F) Quantification of Cer1, Dkk1, and Lefty1 by regionalized expression. CPEMs analyzed per staining, Cer1: n = 55, Dkk1: n = 46, Lefty1: n = 31. Scale bars

indicate 40 mm, and zoom scale bars indicate 20 mm.

ll
OPEN ACCESSArticle

Cell Stem Cell 32, 1–19, June 5, 2025 11

Please cite this article in press as: Lodewijk et al., Self-organization of mouse embryonic stem cells into reproducible pre-gastrulation embryo models
via CRISPRa programming, Cell Stem Cell (2025), https://doi.org/10.1016/j.stem.2025.02.015



Figure 7. Modulation of BM in the Epi compartment of CPEMs using CRISPRa

(A) Example laminin staining in CPEMs, localization was measured across the image (full line), whereas laminin-specific measurements were done on the

perimeter (dashed line).

(B) Staining of Gata6 (XEN), Lama1 (BM), and Pou5f1 (epiblast), showing Lama1 staining is separating XEN and Epi cells. Dashed lines indicate peak average

signal per condition. Asterisks indicate non-specific labeling on the outside of CPEMs, n = 19.

(C) Relative Lama1 intensity of Epi and non-Epi (trophoblast) compartments, n = 28.

(D) CellChat output of laminin pathway in CPEM scRNA-seq data.

(E) Dot plot of laminin gene expression in CPEM scRNA-seq data.

(F) Schematic showing sgCtrl-mESC (epiblast, dashed line) replacement by CRISPRa mESCs with sgRNAs for Lama1 or Mmp2/Mmp14.

(G) Representative images of CPEM grown with sgCtrl- (NT), sgLama1-, or sgMmp-mESCs as Epi compartment, showing thresholded Lama1 staining for

comparison.

(legend continued on next page)
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analogous to those formed by the AVE in natural embryos. Local

expression of Lefty1, Cer1, and Dkk1 starting around embryonic

days 5 instructs symmetry breaking through inhibition ofWnt and

Nodal signaling in a subset of epiblast cells and initiates gastru-

lation.76,80 We found expression of Cer1 in a subset of XEN cells

(Figure S6I) and also identified Gata6, Foxa1/2, Sox17, Lhx1, and

Pdgfra in sgGata6-induced XEN cells (Figures S6J–S6L). Immu-

nostaining for Lefty1, Dkk1, and Cer1 (Figure 6E) shows that

about 50% of CPEMs are Lefty1+ and around 25% are Cer1+

or Dkk1+. These stainings suggest some degree of localized

signaling, resembling aspects of pre-gastrulation patterning

observed in natural embryos (Figures 6E and 6F). Additionally,

Pdgfra expression was regionalized, similar to XEN of the mouse

egg cylinder (Figures S6M and S6N).70 However, not all CPEMs

showed signs of anterior axis formation, likely due to variability in

developmental timing or incomplete specification of AVE-like

signaling centers. These findings highlight the potential of

CPEMs to investigate formation of AVE signaling centers and

early anterior axis formation.

Basement membrane formation in CPEMs and its
remodeling via CRISPRa of laminin and Mmp
To further characterize the structural properties of CPEMs, we

investigated whether CPEMs form the basement membrane

(BM), a crucial component for embryonic structural integrity,

boundary formation, and signaling in natural embryos.81–85 To

test this, we performed immunostaining to visualize laminin

alpha 1 (Lama1), a key protein for BM formation. Lama1 staining

was observed in nearly all CPEMs, surrounding both the epiblast

and trophoblast compartments (Figures 7A and 7B). Comparing

the epiblast side with the non-epiblast side of CPEMs showed

that laminin level is distributed asymmetrically with a slightly

lower level in the epiblast side (Figure 7C). In addition, staining

for E-cadherin (Cdh1) further revealed that epiblast cells in

CPEMs form clear adhesion bonds, enriched at interfaces within

the structure, indicating successful boundary establishment

similar to what has been reported in natural embryos86,87

(Figure S7A).

The XEN and epiblast cells play a pivotal role in BM remodeling

by producing matrix components like laminin and regulating its

breakdown through the expression of Mmp to enable the elon-

gated growth of the embryo cylinder. The Mmp2 and Mmp14

proteins are examples involved in this process.85 In CPEM

scRNA-seq data, we identify XEN clusters as major producers

of laminins, including Lama1, Lamb1, and Lamc1 (Figures 7D

and 7E). We hypothesized that altering the location of laminin

production and degradation by ectopically activating laminin

andMmps in the epiblast compartment could impact BM remod-

eling and CPEM morphology.

To test this hypothesis, we used CRISPRa for lineage-specific

activation of regulatory regions of Lama1 and Mmp2/Mmp14

within the epiblast compartment (Figure 7F). The Lama1 gene,

a large 120 kb locus with 65 exons and multiple isoforms and

coding for a protein of over 3,000 amino acids with repetitive do-

mains, poses unique challenges for direct cDNA expression.

CRISPRa efficiently induced Lama1 expression in mESCs cells

through sgRNA targeting its gene promoter (Figures S7B and

S7C). Similarly, we were able to activate Mmp2 and Mmp14 in

mESCs (Figures S7D and S7E). Integrating these new mESCs

as epiblast cells in CPEMs (Figure 7G), we found that with

sgLama1-mESCs, the BM in CPEMs showed higher integrity

as determined by decreased laminin gaps compared with

CPEMs formed with sgCtrl-mESCs instead (Figure 7H). In a par-

allel experiment, we added equal amounts of sgMmp2-mESCs

and sgMmp14-mESCs (labeled sgMmp). Overactivation of

Mmp2/Mmp14 led to a decreased thickness of the BM (Fig-

ure 7I). In both cases, the non-epi compartment was not affected

(Figures S7F and S7G), suggesting that the Epi-specific

CRISPRa of Lama1 and Mmp2/Mmp14 is lineage-specific and

acts locally. We observed reciprocal effects in general CPEM

shape, where sgLama1 CPEMs were more rounded, and

sgMmp CPEMs were slightly more elongated (Figure 7J). Our

CRISPRa perturbation highlights the intricate balance of struc-

tural components of the BM to determine morphology of embryo

models (Figure 7K). These results showcase the potential of

CRISPR tools for precise epigenome activation in a lineage-spe-

cific manner in CPEMs, while underscoring its power for mech-

anistic studies.

DISCUSSION

As new frontiers are emerging in studying mammalian embryo-

genesis using SEMs, there is a need to complement and improve

existing approaches to generate embryo models in a facile and

controlled manner with enhanced reproducibility in spatial pat-

terns and cellular compositions.88,89 In this study we demon-

strate that CRISPRa of two endogenous regulatory elements in

ESCs is sufficient to self-organize embryonic patterns, present-

ing a simple CRISPRa-based approach to induce cell fates and

form programmable embryo models. We show that co-culturing

mESC lines expressing sgRNAs targeting Gata6, Cdx2, or non-

targeting controls in a simple medium without external cues

leads to spatial organization resembling pre-gastrulation mouse

embryo. In our model, XEN cells (sgGata6-mESCs) surround

TSC-like cells (sgCdx2-mESCs) and epiblast cells (sgCtrl-

mESCs), with clear cavity formation in 3D models. Notably,

sgGata6-induced XEN cells appear important for patterning, as

their absence disrupts CPEM organization, and these cells alone

can form cavitated structures in our model.

Timelapse fluorescentmicroscopy of 2D patterns revealed cell

migration, leading to self-organized spatial patterns. Prolifer-

ating XEN cells formed a ring around the structure, while TS-

like cells clustered internally, distinct from Epi-like cells. The

increased angular movement of sgGata6-mESCs suggests that

(H) Measurement of BM integrity in CPEMs by average number of gaps in Lama1 staining along the Epi compartment. NT: n = 26, sgLama1: n = 15, sgMmp:

n = 17 CPEMs.

(I) Measurement of relative BM thickness in CPEMs. NT: n = 95, sgLama1: n = 71, sgMmp: n = 69 CPEMs.

(J) Shape analysis of long and short axis in CPEMs. NT: n = 108, sgLama1: n = 79, sgMmp: n = 84 CPEMs.

(K) Schematic representation of sgLama1 and sgMmp activation in the Epi compartment of CPEMs. p values were calculated using Student’s t test. All scale bars

indicate 40 mm.
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CRISPRa-induced XEN-like cells exhibit coordinated rotational

motion, forming a boundary around epiblast and TSC-like cells,

similar to XEN cells in natural embryos. Notably, XEN-like cells

reproducibly organize only in smaller growth areas (80 or

140 mm) but not in larger ones (225 or 500 mm). Such coherent

angular motion has been observed in other developmental con-

texts, like chicken embryo gastrulation90 and development of

mammary glands’ acini structures,91 underscoring their impor-

tance in morphogenesis during development. Although cellular

motion might intuitively seem disruptive to pattern formation,

our findings suggest that coordinated motion contributes to

spatial organization during pattern formation in engineered sys-

tems and likely in natural embryos. Supporting thismodel, recent

studies have shown that the sorting of epiblast and primitive

endoderm cells within the inner cell mass relies on Rac1-depen-

dent collective migration of cells that is likely guided by laminin

deposition.56 Additional mechanisms, like fluctuations in cellular

surface tension and preferential cell-cell adhesion, also play

roles in establishing embryonic patterning and robust boundary

formation.26,92 Compared with previous studies that investigate

gastrulation using mouse and human ESCs in micropattern cul-

tures, we also find radial organization of differentiated cells, in

particular sgGata6-mESC-derived XEN-like cells. In the mouse

gastrulation micropattern model, typically a mix of XEN and

trophoblast is found at the edges48; however, in our model we

have a ring-like structure formed only by XEN-like cells at the

edge. This is likely due to the earlier developmental stage of

our model, of early implantation, compared with the previous

studies that represent mid-to-late stage gastrulation, suggesting

the late-gastrulation stage cells, such as the primitive streak,

likely have not formed yet in our model. The micropattern model

in this study behaves like a 2D projection of the 3D CPEMmodel,

aligning with early implantation and pre-gastrulation stages in

structure and RNA profile. Additionally, the spatial separation

of XEN and trophoblasts in natural embryos suggests limitations

of late-stage 2Dmouse gastrulationmodels in replicating embry-

onic spatial organization. Future micropattern studies could

explore shapes like rectangles, enabling additional symmetry

breaking and lineage separation, as shown in a recent gastrula-

tion model93 and neural tube formation.94 This indicates that in

the right environment, coordinated motion, growth, and intercel-

lular signaling can induce self-organizing embryo-like structures

without adding morphogens.

CPEMs display molecular similarities with recently published

ETX embryomodels that have grown for 3–4 days in organization

and cell number.5,29 Specifically, day 4 ETX models were previ-

ously shown to have about 500 Epi, 150 TS, and 350 XEN per

structure, where we find our initial day 3 CPEMs contain about

350 Epi, 80 TS, and 280 XEN cells each. We also find the

scRNA-seq data from our CPEMs can be mapped to cell types

found in the E5.25 mouse embryo and find that sgGata6-

mESC-derived XEN-like cells produce emVE-like and exVE-like

cells and observe regional specialization into distal/anterior VE

cells. However, trophoblast-like cells appeared immature in the

original protocol. The relatively lower number of TSCs in our orig-

inal model was significantly improved by pre-inducing the

sgCdx2-mESCs for 2 days and via CRISPRa multiplexing to

introduce a second sgRNA for dual activation of Cdx2 and Elf5

in the same mESCs.

CRISPR-based systems enhance existing methods by

enabling physiological expression, multiplexed inputs, and rapid

perturbations while overcoming epigenetic barriers to differenti-

ation as hypothesized by Oldak et al.16 For example, proper

trophoblast differentiation in natural embryos and Cdx2-cDNA-

induced TSCs requires Elf5 activation,57,77–79 whichwe achieved

in this study using CRISPRa targeting of Elf5. CRISPRa allows

natural mRNA processing, ensuring cell-context specificity.

Additionally, CRISPR tools expand (epi-)genetic circuits for cell

specification, as shown by dual Cdx2/Elf5 activation. Their ability

to target regulatory elements enables precise cell induction and

lineage-specific perturbations in embryo models, as exemplified

by modulation of Lama1 in our experiments. Integrating CRISPR

into embryonic cells will facilitate large-scale screening of key

fate determinants, enhancers, and signaling factors in spatial

patterning.

Limitations of the study
We acknowledge limitations in this study, including background

Cdx2 expression in sgCdx2-mESCs without doxycycline induc-

tion, which could be minimized through additional selection for

low-background lines. Long-term CRISPR activity may be hin-

dered by transgene silencing or loss of promoter activity in differ-

entiated cells, which can be monitored with periodic efficiency

testing. While we examined CPEM development for 3 days, ex-

tending culture duration could be explored in the future to test

the development potential of CPEMs into gastrulation stages,

assessing the potential for more pronounced and functional

AVE-like activity. In 2Dmicropattern models, static growth areas

limit long-term culture, as high cell densities after 3 days impede

further growth and survival. Targeting multiple cell-type-specific

regulatory elements could enhance differentiation fidelity and

sub-lineage specification in embryo models or enable longer

development under simple culture conditions. The CRISPR-

Cas ortholog systems like Cas12a, which facilitate multiplex-

ing,95,96 could be used to better control cell subpopulations

and potentially introducemissing cell types like trophoblast giant

cells. Temporal control can be improved using protein degrons

and combining CRISPRa and inhibition systems to create

controllable gene circuits.
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d All original code has been deposited at Zenodo and is publicly available

at https://doi.org/10.5281/zenodo.14511168 as of the date of publi-

cation.

d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

See Table S3 This study N/A

Rabbit monoclonal anti-Cdx2 Cell Signaling Technology Cat#12306; RRID: AB_2797879

Rabbit monoclonal anti-Gata6 Cell Signaling Technology Cat#5851; RRID: AB_10705521

Rabbit monoclonal anti-Gata3 Cell Signaling Technology Cat#5852; RRID: AB_10835690

Goat polyclonal anti-Tfap2c R&D Systems Cat#AF5059; RRID: AB_2255891

Mouse monoclonal anti-Foxa1 Abcam Cat#ab55178; RRID: AB_941631

Goat polyclonal anti-Sox17 R&D Systems Cat#AF1924; RRID: AB_355060

Goat polyclonal anti-Oct3/4 R&D Systems Cat#AF1759; RRID: AB_354975

Mouse monoclonal anti-Oct3/4 Santa Cruz Biotechnology Cat#sc-5279; RRID: AB_628051

Rabbit monoclonal anti-Oct4a Cell Signaling Technology Cat#2840; RRID: AB_2167691

Rabbit monoclonal anti-Nanog Cell Signaling Technology Cat#4903; RRID: AB_10559205

Goat polyclonal anti-Lefty1 R&D Systems Cat#AF746; RRID: AB_355566

Rat polyclonal anti-Cer1 R&D Systems Cat# MAB1986; RRID: AB_2275974

Goat polyclonal anti-Dkk1 R&D Systems Cat#AF1096; RRID: AB_354597

Rat monoclonal anti-Lama1 R&D Systems Cat#MAB4656; RRID: AB_2265518

Goat polyclonal anti-Cdh1 R&D Systems Cat#AF748; RRID: AB_355568

Goat polyclonal anti-Pdgfra R&D Systems Cat#AF1062; RRID: AB_2236897

Mouse monoclonal anti-Lim1 R&D Systems Cat#MAB2725; RRID: AB_2135636

Donkey polyclonal anti-Goat Alexa 488 Thermo Fisher Scientific Cat#A-11055; RRID: AB_2534102

Goat polyclonal anti-Mouse Alexa 488 Thermo Fisher Scientific Cat#A-11001; RRID: AB_2534069

Donkey polyclonal anti-Rabbit Alexa 488 Thermo Fisher Scientific Cat#A-21206; RRID: AB_2535792

Donkey polyclonal anti-Mouse Alexa 568 Thermo Fisher Scientific Cat#A-10037; RRID: AB_11180865

Donkey polyclonal anti-Rabbit Alexa 594 Thermo Fisher Scientific Cat#A-21207; RRID: AB_141637

Goat polyclonal anti-Mouse Alexa 594 Thermo Fisher Scientific Cat#A-11005; RRID: AB_2534073

Donkey polyclonal anti-Rat Alexa 647 Thermo Fisher Scientific Cat#A-48272; RRID: AB_2893138

Donkey polyclonal anti-Goat Alexa 647 Thermo Fisher Scientific Cat#A-21447; RRID: AB_2535864

Donkey polyclonal anti-Goat Plus Alexa 647 Thermo Fisher Scientific Cat#A-32849; RRID: AB_2762840

Bacterial and virus strains

DH5a competent E. coli New England Biolabs Cat#C2987H

NEB Stable competent E. coli New England Biolabs Cat#3040H

Chemicals, peptides, and recombinant proteins

ESGRO-2i medium MilliporeSigma Cat#SF016-200

PD0325901 StemRD Cat#PD-010

ESC Qualified FBS MilliporeSigma Cat#ES-009-B

CHIR99021 StemRD Cat#CHIR-010

Leukemia inhibitory factor MilliporeSigma Cat#ESG1107

Doxycycline MilliporeSigma Cat#D5207

rhLaminin-521 Thermo Fisher Scientific Cat#A29248

ROCK inhibitor STEMCELL Technologies Cat#72304

Lipofectamine� Stem Transfection Reagent Thermo Fisher Scientific Cat#STEM00003

TurboFect� Transfection Reagent Thermo Fisher Scientific Cat#R0531

Hygromycin Mirus Bio Cat#MIR5930

Puromycin STEMCELL Technologies Cat#73342
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Single-cell RNA-seq Service, 10X Genomics V3 Novogene Corporation Inc. N/A

Deposited data

CPEM scRNAseq data This study GEO: GSE256138

Codes used to process scRNA-Seq data This study https://doi.org/10.5281/zenodo.14511168

ETX model scRNAseq data Dupont et al.28 GEO: GSE206132

E5.25 embryo scRNAseq data Qiu et al.61 GEO: GSE109071

mESC Cdx2 cDNA overexpression RNAseq data Tarazi et al.2 GEO: GSE208681

Blastocyst RNAseq data Qiao et al.45 ENA: PRJNA577068

Blastocyst DNAseI hypersensitivity data Gao et al.46 NGDC GSA: CRA000297

Experimental models: Cell lines

Mouse ESC V6.5 Wang and Jaenisch104 RRID:CVCL_C865

HEK293T ATCC Cat#CRL-3216; RRID:CVCL_0063

sgCtrl-mESC This study N/A

sgGata6-mESC This study N/A

sgCdx2-mESC This study N/A

sgCdx2+sgElf5-mESC This study N/A

sgCtrl-mTagBFP-NLS-mESC This study N/A

sgGata6-mCherry-NLS-mESC This study N/A

sgCdx2-Clover-NLS-mESC This study N/A

sgLama1-mESC This study N/A

sgMmp2-mESC This study N/A

sgMmp14-mESC This study N/A

Oligonucleotides

See Table S2 This study N/A

Recombinant DNA

PB-TRE3G-dCas9-VPR cassette Chavez et al.105 Addgene Cat#63800

PiggyBac Transposase System Biosciences Cat#PB210PA-1

pUC19 New England Biolabs Cat#N3041S

pSLQ1371-sgRNA cassette Lee et al.106 Addgene Cat#121425

VSVG Trono lab Addgene Cat#12259

DR8.74 Trono lab Addgene Cat#22036

Software and algorithms

Gen5 software (3.14) Agilent BioTek https://www.agilent.com/en/support/biotek-software-

releases

Zeiss ZEN software ZEISS https://www.zeiss.com/microscopy/us/products/

software/zeiss-zen.html

Fusion Benchtop software Andor Technology Ltd,

Oxford Instruments

https://andor.oxinst.com/downloads/view/fusion-

1.1.1-for-bc43

imageJ (Fiji) (1.54f) Schindelin et al.100 https://imagej.net/Fiji

R (4.4.2) R Foundation for Statistical

Computing

https://www.r-project.org/

Rstudio (2024.09.1) RStudio Team (2020) https://www.rstudio.com/

Napari (0.4.18) Chiu and Clack107 https://napari.org/stable/

Stardist (stardist-napari 2022.12.6) Weigert et al.54 https://github.com/stardist/stardist-napari

RegionProps (napari-skimage-regionprops 0.10.1) van der Walt et al.97 https://scikit-image.org/

Btrack (0.6.4) Ulicna et al.52 https://github.com/quantumjot/btrack

wizard (napari-animation 0.0.7) Napari https://github.com/napari/napari-animation

celltrackR (1.1.0) Wortel et al.99 https://github.com/ingewortel/celltrackR

(Continued on next page)

ll
OPEN ACCESSArticle

Cell Stem Cell 32, 1–19.e1–e8, June 5, 2025 e2

Please cite this article in press as: Lodewijk et al., Self-organization of mouse embryonic stem cells into reproducible pre-gastrulation embryo models
via CRISPRa programming, Cell Stem Cell (2025), https://doi.org/10.1016/j.stem.2025.02.015

https://doi.org/10.5281/zenodo.14511168
https://www.agilent.com/en/support/biotek-software-releases
https://www.agilent.com/en/support/biotek-software-releases
https://www.zeiss.com/microscopy/us/products/software/zeiss-zen.html
https://www.zeiss.com/microscopy/us/products/software/zeiss-zen.html
https://andor.oxinst.com/downloads/view/fusion-1.1.1-for-bc43
https://andor.oxinst.com/downloads/view/fusion-1.1.1-for-bc43
https://imagej.net/Fiji
https://www.r-project.org/
https://www.rstudio.com/
https://napari.org/stable/
https://github.com/stardist/stardist-napari
https://scikit-image.org/
https://github.com/quantumjot/btrack
https://github.com/napari/napari-animation
https://github.com/ingewortel/celltrackR


EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
Mouse (male) v6.5 embryonic stem cells (mESCs) (RRID:CVCL_C865) were cultured in 2i+Lif conditions in either ESGRO-2i medium

(MilliporeSigma, SF016-200) +1x Pen/Strep (Thermo Fisher Scientific, 15140122) or N2B27medium (Takara, Y40002) supplemented

with 1x Pen/Strep (Thermo Fisher Scientific, 15140122), 1uM PD0325901 (StemRD, PD-010), 3uM CHIR99021 (StemRD, CHIR-010)

and 1000 U/ml Lif (MilliporeSigma, ESG1107). mESCs were grown on tissue culture treated plates coated with 0.1% gelatin (Sigma

G1890). For routine passaging, cells were seeded at 5,000-10,000 cells per cm2 and passaged every 2-3 days using Accutase (Inno-

vative Cell Technologies, AT104). Cells were grown in humidified incubators at 37�C, 5% CO2 and ambient O2.

Human HEK293T (female) (RRID:CVCL_0063) cells were grown in DMEM+Glutamax (Thermo Fisher Scientific, 10566024), 1x

Pen/Strep (Thermo Fisher Scientific, 15140122) and 10% HIFBS (Thermo Fisher Scientific, 10438026), on tissue culture treated

plates. For maintaining cultures, cells were split using 0.25% Trypsin + 0.5mM EDTA (Thermo Fisher Scientific, 25200072) every

3-4 days at a subcultivation ratio of 1/10. Cells were grown in humidified incubators at 37�C, 5% CO2 and ambient O2.

METHOD DETAILS

ChIP-sequencing data analysis
Raw fastq files were downloaded from sequence data repositories (NGDC GSA CRA000297) and imported to Galaxy. Files were

trimmed using Trimmomatic using the following settings: SLIDINGWINDOW: window=4, qual=20 and MINLEN: 30. The Illuminaclip

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ggplot2 Wickham98 https://ggplot2.tidyverse.org/

ggridges Wilke Lab https://wilkelab.org/ggridges/

PlotTwist Goedhart101 https://github.com/JoachimGoedhart/PlotTwist

CRISPOR Concordet and Haeussler108 https://github.com/maximilianh/crisporWebsite

Galaxy Project The Galaxy Community109 https://usegalaxy.org/

Trimmomatic (0.39+galaxy2) Bolger et al.110 https://github.com/timflutre/trimmomatic

Bowtie2 (2.5.3+galaxy1) Langmead and Salzberg111 https://github.com/BenLangmead/bowtie2

deepTools (3.5.4+galaxy0) Ramirez et al.112 https://github.com/deeptools/deepTools

HISAT2 (2.2.1+galaxy1) Kim et al.113 https://github.com/DaehwanKimLab/hisat2

Featurecounts (2.0.8+galaxy0) Liao et al.114 https://rnnh.github.io/bioinfo-notebook/docs/

featureCounts.html

UCSC Genome Browser Perez et al.115 https://genome.ucsc.edu/

kallisto-bustools (kb_python-0.28.2) Melsted et al.102 https://www.kallistobus.tools/

Seurat (5.0.1) Hao et al.103 https://github.com/satijalab/seurat/

CellChat v2 (2.1.1) Jin et al.65 https://github.com/sqjin/CellChat

ClusterFoldSimilarity González-Velasco et al.62 https://github.com/OscarGVelasco/ClusterFoldSimilarity

Other

CYTOO� Arena A x18 CYTOO Cat#10-020-00-18

Spinal 6-Well 100mm RosetteArray� Plate Neurosetta N/A

AggreWell 400 STEMCELL Technologies Cat#34415

Anti-adherence solution STEMCELL Technologies Cat#07010

Falcon� Cell Strainers Corning Cat#087711

15mm Netwell� Insert with 74mm Mesh Size

Polyester Membrane

Corning Cat#3477

m-Slide 8 Well Glass Bottom Ibidi Cat#80827

Glycerol MilliporeSigma Cat#G2025

Clear nail polish Ted Pella Cat#114-7

Oxford Instruments Andor BC-43 Oxford Instruments N/A

Lionheart FX microscope Agilent BioTek N/A

Zeiss 880 Confocal microscope ZEISS N/A

Andor BC43 Confocal microscope Andor Technology Ltd,

Oxford Instruments

N/A
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command was specified when necessary to remove adapters from reads. Reads were mapped to mm10 reference genome using

Bowtie2 with the very sensitive end-to-end preset. BAM files were converted to Bigwig files for visualization on the UCSC Genome

Browser with deepTools bamCoverage, bin size 1, without normalizing or scaling.

RNA-sequencing data analysis
Raw fastq files were downloaded from sequence data repositories (ENA PRJNA577068) and imported to Galaxy. Fastq files were

trimmed using Trimmomatic with parameters ‘‘ILLUMINACLIP: Truseq v3, SLIDINGWINDOW: window=4, qual=20 and MINLEN:

30’’. Reads passing QC were mapped onto the mm10 reference genome using HISAT2. Raw read counts were generated with fea-

turecounts. Coverage tracks in bigwig format were made using deepTools bamCoverage with settings ‘‘bin size 1, do not normalize

or scale, ignore missing data, minimum mapping quality 1. Bigwig files were visualized on the UCSC Genome Browser and scaled

according to total read count per sample.

Introduction of the inducible CRISPRa cassette
For integrating the PB-TRE3G-dCas9-VPR cassette (dCas9-VPR) (Addgene, #63800), cells were transfected using Lipofectamine

Stem (Thermo Fisher Scientific, STEM00003), diluted in OptiMEM (Thermo Fisher, 31985062). Briefly, mESCs were seeded in

0.1% gelatin coated 6 well plates as described before, seeding 300,000 cells per well. The next day, cells were transfected with

the following plasmids diluted in OptiMEM: 200 ng PiggyBac Transposase (SBI, PB210PA-1), 800 ng PB-TRE3G-dCas-VPR

(Addgene, 63800) and 1000 ng pUC19 (NEB, N3041S). As a non-integrating control transfection, the following condition was

used: PB-TRE3G-dCas-VPR (800 ng) and pUC19 (1200 ng). Medium was replaced 6 hours after transfection. 48 hours after trans-

fection, cells with successful integration were selected by addition of 100 mg/ml Hygromycin (Mirus Bio, MIR5930) for 4 days, or until

no control cells were remaining.

Lentiviral transduction of sgRNA cassettes
The pSLQ1371-sgRNA cassette (Addgene, 121425) was integrated via lentiviral transduction. To prepare lentivirus, HEK293T cells

were seeded on 6 well plates at a density of 500,000 cells per well, in medium consisting of DMEM+Glutamax (Thermo Fisher Sci-

entific, 10566024), 1x Pen/Strep (Thermo Fisher Scientific, 15140122) and 10%HIFBS (Thermo Fisher Scientific, 10438026). The next

day, per well, medium was replaced to 2ml DMEM+Glutamax (Thermo Fisher Scientific 10566024) and 10% ESC qualified FBS

(MilliporeSigma, ES-009-B). Cells were then transfected using Turbofect (Thermo Fisher Scientific, R0531) with the following plas-

mids: 300 ng VSVG (Addgene, 12259), 450 ng DR8.74 (Addgene, 22036), 750 ng pSLQ1371-sgRNA (Addgene, 121425). 6-24 hours

after transfection, 1 ml DMEM+Glutamax (Thermo Fisher Scientific, 10566024), 3x Pen/Strep (final concentration 1x) (Thermo Fisher

Scientific, 15140122), and 10% ESC qualified FBS (MilliporeSigma, ES-009-B) was added. Lentivirus was harvested 72 hours after

transfection by collecting the medium into tubes, followed by centrifugation at 500 rcf. Next, the supernatant was filtered through a

0.45 mm filter (MilliporeSigma, SLHVM33RS) and collected into new tubes.

For lentiviral transduction, mESCs were seeded on 0.1% gelatin coated 6 well plates at a density of 50,000 cells per well. The next

day, medium was replaced with 1 ml 2i+Lif medium and 1 ml prepared lentivirus. After 24 hours of incubating the lentivirus, medium

was replaced again to 2i+Lif only medium. To select for transduced cells, 0.8 mg/ml Puromycin (Stemcell Technologies, 73342) was

added 48 hours after lentiviral transduction, and added for 4 days or until no control cells (non-transduced cells) were remaining.

Using the above methods, the 3 mESC lines were generated with a control non-targeting gRNA, Gata6 targeting gRNA and Cdx2

targeting gRNA97 (Figure S1A), for initial model establishment, and additional gRNAs targeting Elf5, Lama1, Mmp2 andMmp14 were

generated (Table S2)

To generate the dual sgCdx2+sgElf5 mESC line, the sgCdx2-Clover-NLSmESC linewas transduced again with lentivirus encoding

for sgElf5-mCherry. Dual-transduced cells were selected using fluorescence activated cell sorting (FACS) by collecting Clover+/

mCherry+ double positive cells. Collected cells were centrifuged for 5 minutes at 200rcf, replated and grown in 2i+lif conditions

as described previously.

CRISPRa validation immunofluorescence staining
For validation of the sgCtrl, sgCdx2 and sgGata6 mESC CRISPRa lines, induction of target genes was done by immunofluorescence

staining. mESCs were seeded 0.1% gelatin coated 24 well plates. Depending on experiment duration, cells were seeded at the

following densities: 24 hour treatment - 50,000 cells per well, 48 hour treatment - 25,000 cells per well, 72 hour treatment -

12,500 cells per well, 96 hour treatment - 6,250 cells per well. For each staining sgCtrl-mESC, sgGata6-mESC and sgCdx2-

mESC were seeded in duplicate to perform doxycycline and no doxycycline control treatments. Cells were seeded in standard dif-

ferentiation medium: DMEM+Glutamax, 15% ESC qualified FBS, 1x Sodium Pyruvate (Thermo Fisher, 11360070), 1x Non-essential

amino acids (Thermo Fisher, 11140050), 1x Pen/Strep and 0.1 mM beta-mercaptoethanol (Thermo Fisher, 21985023). Doxycycline

was added at 0.5 mg/ml (Millipore Sigma, D5207) in treatment wells. Medium was changed every 24 hours until ready for immuno-

fluorescence staining. Cells were prepared by adding 0.4ml of 3.6%Formaldehyde (Avantor, JTS898-7) in 1x PBS and incubating for

10 minutes at room temperature. Each well was washed twice with 1x PBS and incubated with 0.2% Triton-X100 (VWR, 97063-864)

in 1x PBS for 20 minutes. Each well was washed once with 1x PBS and incubated with 0.4 ml Blocking buffer consisting of 3%BSA +

0.1% Triton in 1x PBS (Blocking buffer) for 1 hour. Blocking buffer was removed, 0.4 ml of Primary antibody incubation solution was

added per well, consisting of 1% BSA in 1x PBS and primary antibodies (Table S3). Plates were incubated overnight at 4�C.
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The next day, Primary antibody incubation solution was removed and wells were washed twice with 0.1% Tween in 1x PBS and

washed once with 1x PBS. 0.4 ml of Secondary antibody solution was used, consisting of 1% BSA in 1x PBS and secondary anti-

bodies (Table S3). Plates were incubated at room temperature for 1 hour. Secondary antibody solution was removed and wells were

incubated with 0.5 mg/ml DAPI + 0.1% Tween (BioRad,1610781) in 1x PBS for 5 minutes. Wells were washed once with 0.1% Tween

in 1x PBS and twice with 1x PBS. For imaging, 0.5 ml of 1x PBS was added per well. All washing steps were 3 minutes each and

approximately 0.5 ml volume unless otherwise indicated.

CRISPRa validation analysis
Immunofluorescence and phase contrast images were captured using the Lionheart FX system (Agilent BioTek) with Gen5 software

(3.14). 16 images were captured per well, using phase contrast, DAPI, GFP and TexasRed channels. Images were processed in im-

ageJ. Image stacks were loaded per channel and a binarymask was created using DAPI stain for each condition, to identify individual

nuclei regions. Then, the DAPI mask was used to measure intensity of stainings in GFP and TexasRed channels. The mean intensity

per nucleus for each staining was extracted in this way for all conditions and plotted using the ggplot298 and ggridges packages in

Rstudio. The number of positive and negative cells was calculated by setting a threshold value.

Micropattern culture and immunofluorescence staining
Formicropattern culture and end-point immunofluorescence staining, Cytoo Arena Amicrochips (CYTOO, 10-020-00-18) were used.

Chips were placed into 6 well plates already containing 3 ml of 1x PBS. Then, 1x PBS was removed and 3ml of 4 mg/ml Laminin in 1x

PBS was added and placed in a cell culture incubator for 2 hours at 37�C, 5% CO2. Wells were washed by adding 6 ml 1x PBS per

well and removing 6ml solution, repeated 5 times. Then, one well at a time, complete solution was removed and 3ml 2i+Lif medium +

10uM ROCK inhibitor (Stemcell Technologies, 72304) was added. Plates were placed in the incubator until needed the same day. To

plate cells, sgCtrl-mESCs, sgGata6-mESCs and sgCdx2-mESCs were individually collected, counted, and mixed together in a 1:1:1

ratio. Then, 120,000 cells were added per well (40,000 for each line). After 2 hours, medium was replaced to standard differentiation

medium: DMEM+Glutamax, 15% ESC qualified FBS, 1x Sodium Pyruvate, 1x Non-essential amino acids, 1x Pen/Strep and 0.1 mM

beta-mercaptoethanol, and doxycycline was added to treatment wells. Medium was changed daily, one well at a time. Cells were

grown on microchips for 72 hours before immunofluorescence staining.

To prepare Cytoo Arena A microchips for immunostaining, medium was removed and wells were washed once with 1x PBS, fol-

lowed by addition of 3 ml 3.6% formaldehyde in 1x PBS per well and incubated 30 minutes at room temperature. Each well was

washed twice with 1x PBS and microchips were transferred from 6 well plates into individual 35mm plates per microchip, already

containing 3 ml 1x PBS. The solution was replaced with 3 ml 0.2% Triton in 1x PBS and incubated for 30 minutes at room temper-

ature. Each dish was washed once with 1x PBS and incubated with 3 ml Blocking buffer consisting of 3% BSA + 0.1% Triton in 1x

PBS (Blocking buffer) for 2 hours. Blocking buffer was removed, 2.5 ml of Primary antibody incubation solution was added per dish,

consisting of 1%BSA in 1x PBS, including diluted antibodies to a concentration of 1-2 mg/ml each (Table S3). Dishes were incubated

overnight at 4�C.
The next day, Primary antibody incubation solution was removed and dishes were washed twice with 0.1% Tween in 1x PBS and

washed once with 1x PBS. Dishes were incubated for 2 hours at room temperature in 2.5 ml of Secondary antibody solution, con-

sisting of 1% BSA in 1x PBS, including diluted secondary antibodies (Table S3). Secondary antibody solution was removed and

dishes were incubated with 0.5 mg/ml DAPI + 0.1% Tween in 1x PBS for 10 minutes. Dishes were washed once with 0.1% Tween

in 1x PBS and twice with 1x PBS. For imaging, 3 ml of 1x PBS was added per dish. All washing steps were 5 minutes each and

1 ml volume unless otherwise indicated. Immunofluorescence images were captured using the Zeiss LSM880 confocal laser scan-

ning microscope system.

Micropattern image segmentation and processing
For each channel, tiled image scans were stitched, followed by maximum projection intensity of z-stacks (11 image stack, 3.19um

z-intervals), in Zeiss ZEN software. The resulting images were imported into Napari per channel and segmented using StarDist (stard-

ist-napari 2022.12.6). The following settings were used: Model Type: 2D. Pre-trained model: Versatile (fluorescent nuclei). Normalize

image yes, percentile low = 1.00, percentile high = 99.80. Probability/Score threshold: 0.6. Overlap threshold: 0.5. Output type: La-

bels only. Normalization axes: ZYX. Time-lapse labels: Match to previous frame (via overlap). Individual regions were extracted and

cropped using square shape layers for each region. For each channel, the segmentation data was analyzed with RegionProps (na-

pari-skimage-regionprops 0.10.1) to extract positions, size and signal intensity of each individually segmented cell and exported to a

data table. The number and ratio of cells for each region was plotted using ggplot2. Density plots were made using the ggplot2 geo-

m_bin2d option, using 15 bins. For each region, using centroid data, the x/y coordinates were scaled between 0-1, where 0 was the

minimum pixel position where the first cell was along the x/y axis, and 1 the maximum position where the last cell was along the x/y

axis, to account for small variations in size and crops, to better capture the average pattern.

Live cell micropattern imaging
For live cell imaging and tracking of different co-cultured mESC lines, the pSLQ1371 sgRNA plasmid was modified by replacing

mCherry for either Clover or mTagBFP. The Myc nuclear localization signal (NLS) was also added to the C-terminus each fluorescent

protein (mCherry-NLS, Clover-NLS andmTagBFP-NLS). ThemESC line with stably integrated inducible dCas9-VPRwas transduced
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via lentivirus with DNA encoding for either sgCtrl-mTagBFP-NLS, sgGata6-mCherry-NLS, or sgCtrl-Clover-NLS, as described

before.

For live cell micropattern culture, RosetteArray� (Neurosetta, Spinal 6-Well 100mm RosetteArray� Plate) 6 well plates were used

with 100 um growth regions. Wells were washed once with 1x PBS, followed by incubating 3 ml of 4 mg/ml Laminin in 1x PBS for

6 hours in a cell culture incubator for 6 hours at 37�C, 5% CO2. Wells were washed once with 3 ml 1x PBS per well one well at a

time. Then, one well at a time, complete solution was removed and 2 ml standard differentiation medium was added. Plates were

placed in the incubator until needed the same day. sgCtrl-mTagBFP-NLS-mESCs, sgGata6-mCherry-NLS-mESCs and sgCdx2-

Clover-NLS-mESCs were individually collected, counted, and mixed together in a 1:1:1 ratio. Then, 400,000 cells were added per

well (133,000 for each line) in a volume of 1 ml, so the total volume per well was 3 ml. After 6 hours, doxycycline was added to treat-

ment wells. Mediumwas changed daily, one well at a time. For live cell imaging, the plate was placed in a Lionheart FX imager equip-

pedwith a humidity chamber, temperature (37�C) and CO2 (5%) control. Cells were imaged every hour for 48 hours total, using phase

contrast, YFP and TexasRed channels.

Live cell micropattern image segmentation and processing
Tiled images obtained by Lionheart FX were stitched using Gen5 3.14 software. Time-lapse data was imported into imageJ as image

stacks and individual micropattern regions were cropped and saved as individual image sequences per channel. For each micropat-

tern region, the time-lapse data was imported as stacks into Napari. Cells were segmented using StarDist with label over time option.

Next, Btrack plugin (0.6.4) was used to track individual cells in timelapse data and exported as h5 files. Default Btrack ‘‘cell’’ settings

were used, except Motion Accuracy was increased to 10. For videos of live cell data, layers were arranged and/or overlaid in Napari

and exported using wizard plugin (napari-animation 0.0.7). For detailed analysis of cell dynamics, cell displacement data was ex-

tracted from h5 files into.csv file format and further processed using CelltrackR (1.1.0).99 For division rate, cells that divided twice

ormore during the experiment were included, and time in hours between division wasmeasured. Angles were calculated in reference

to the center of eachmicropattern region between individual cell data points in the timelapse imaging data. Displacement was calcu-

lated by measuring the absolute difference between x-y positions per cell at each timepoint in their respective tracks. For distance

from center, an x-y coordinate system was calculated from minimum and maximum x-y values for each region and cells were posi-

tioned accordingly at each time point using each individual cell x-y values.

CRISPRa-programmed embryo model culture and immunofluorescence staining
To grow and differentiate mESCs in 3D structures, cells were grown in 24 well AggreWell 400 plates (Stemcell Technologies, 34415).

Each well was washed once with 1x PBS, followed by adding 0.5 ml of anti-adherence solution (Stemcell Technologies, 07010).

Plates were centrifuged 5minutes at 1,000 rcf and incubated 20minutes at room temperature. Anti-adherence solution was removed

and 1ml 1x PBS was added to each well. Plates were kept at room temperature until seeding cells. Just before seeding, 1x PBS was

removed and 1 ml of standard differentiation medium + 20 uM ROCK inhibitor was added. To treatment wells, 1 mg/ml doxycycline

was added. sgCtrl-mESCs, sgGata6-mESCs and sgCdx2-mESCs were individually collected, counted, and mixed together in a

1:1:3 ratio. Then, 32,000 cells were added per well (6,000 sgCtrl, 6,000 sgGata6 and 20,000 sgCdx2) in a volume of 1 ml, so that

the total volume per well was 2 ml, and the final concentration of ROCKi was 20 uM and doxycycline was 0.5 mg/ml. After 24 hours,

1.4 ml of medium per well was replaced using standard differentiation medium without ROCKi, and repeated once. After another

24 hours 1.4 ml of medium was replaced per well. Doxycycline was added every medium change for treatment conditions. For con-

ditions with altered cell ratios, the amount of cells was adjusted accordingly. For conditions with pre-induction of trophoblast line-

ages, sgCdx2-mESCs or sgCdx2+sgElf5 mESCs, cells were prepared 2 days prior to assembly of CPEMs, on gelatin coated plates

at a seeding density of 9,000 cells / cm2 in 6 well plates. Cells were seeded in standard differentiation medium + 0.5 mg/ml dox, which

was replaced with fresh standard differentiation medium + 0.5 mg/ml dox the next day.

After 72 hours in culture, CMEMswere prepared for immunostaining. 1.5ml of mediumwas removed per well, and 1.5ml of 1x PBS

was added. CPEMs were allowed to settle for 1 minute, then 1.5 ml of this solution was removed for each well. 0.5 ml of 1x PBS was

added per well. By tapping the plate and/or pipetting up and down, using a cut-off P1000 tip to prevent shearing, CPEMs were sus-

pended and then transferred to 6 well plates already containing 2 ml of 1x PBS. A 40 um cell strainer (Corning, 087711), with the side

tab cut off, was added to each well, so it forms a barrier to prevent update of CPEMs when aspiring solutions from the well. Alter-

natively, 74 um Netwell Inserts (Corning, 3477) were used in 12 well plates, in which all the volumes used were halved. For aspirating

solutions, the plate was tilted slightly leading to approximately 0.5 to 1 ml of solution remaining to keep CPEMs in suspension. This

way, 1x PBS was removed and each well was washed 2 ml of 3.6% formaldehyde in 1x PBS, followed by adding 2 ml of 3.6% form-

aldehyde in 1x PBS per well and incubated for 40 minutes at room temperature on an orbital shaker. For incubations, cell strainers

were removed for improved mixing of CPEMs and buffers. During washes, cell strainers were briefly removed and reinserted after

adding each wash to promote mixing of solutions. Formaldehyde solution was aspirated, then washed once with 1x PBS +

0.01% Tween + 1x Glycine (Cell Signaling Technology, #7005), and washed three times with 1x PBS + 0.01% Tween. Wells were

washed twice with 1x PBS + 0.2% Triton-X100, followed by adding 2ml of 1x PBS + 0.2% Triton X-100 and incubated for 30minutes

at room temperature on an orbital shaker. Solution was removed and washed twice with Blocking buffer (1x PBS + 3% BSA + 0.1%

Triton-X100), followed by addition of 2 ml Blocking buffer and incubated for 2-4 hours at room temperature on an orbital shaker. So-

lution was removed and washed twice with Antibody incubation buffer (1x PBS + 3% BSA), followed by addition of 2 ml of Primary

antibody incubation solution per dish containing 1-2 mg/ml antibody each (Table S3). Dishes were incubated overnight at 4�C on an

ll
OPEN ACCESSArticle

Cell Stem Cell 32, 1–19.e1–e8, June 5, 2025 e6

Please cite this article in press as: Lodewijk et al., Self-organization of mouse embryonic stem cells into reproducible pre-gastrulation embryo models
via CRISPRa programming, Cell Stem Cell (2025), https://doi.org/10.1016/j.stem.2025.02.015



orbital shaker. Primary antibody solution was removed and wells were washed four times with 1x PBS + 0.1% Tween. Wells were

washed twice with an antibody incubation buffer (1x PBS + 3% BSA), followed by addition of 2 ml of Secondary antibody incubation

solution per dish (Table S3). Dishes were incubated overnight at 4�C on an orbital shaker. Secondary antibody solution was removed

and wells were washed three times with 1x PBS + 0.1% Tween. 2ml of DAPI incubation solution was added per well, consisting of 1x

PBS + 0.01% Tween + 2 mg/ml DAPI, and incubated for 15 minutes at room temperature on an orbital shaker. Wells were washed

twice with 1x PBS, then 2 ml of 1x PBS + 0.1 sodium azide was added for storage.

For imaging, CPEMs were transferred to glass bottom 8 well chamber slides (Ibidi, 80827). 250 ml of 1x PBS + 90% glycerol (Milli-

pore Sigma, G2025) + 0.1% sodium azide was added to eachwell of the 8well chamber slide. The 6well plate containing CPEMswas

slowly swirled so CPEMs cluster in the center and 50 ml was aspirated and added into the 8 well chamber slide wells. The lid was put

on the 8 well chamber slide and sealed with clear nail polish (Ted Pella,114-7). Slides were stored overnight at 4�C to let the CPEMs

settle before imaging. CPEMs were imaged on a Zeiss 880 confocal, using a 20x long working distance objective. For optical

sectioning in the z-axis, images were taken every 3.89 um. The Oxford Instruments Andor BC-43 was used for CPEM imaging using

a 20x objective.

CPEM image segmentation and processing for 3D analysis
Full image z-stacks were loaded into imageJ, and individual CPEMs were cropped from each image stack and saved as separate

image sequences per channel. Image sequences per channel imported into Napari for each CPEMs and segmented using

StarDist (stardist-napari 2022.12.6). The following settings were used: Model Type: 2D. Pre-trained model: Versatile (fluorescent

nuclei). Normalize image yes, percentile low = 1.00, percentile high = 99.80. Probability/Score threshold: 0.6. Overlap threshold:

0.5. Output type: Labels only. Normalization axes: ZYX. Time-lapse labels: Match to previous frame (via overlap). Remaining parts

of other CPEMs in the segmentation label layers were erased, so only data for a single complete CPEMwas analyzed. For each chan-

nel, the segmentation data was analyzed with RegionProps (napari-skimage-regionprops 0.10.1) to extract positions, size and signal

intensity of each individually segmented cell and exported to a data table. Data was filtered with the following parameters: Nuclei with

mean intensities >400 (Pou5f1), >200 (Cdx2, Foxa1/2) were included in downstream analysis. Nuclei with areas >400 <16000 were

included in downstream analysis. The number and ratio of cells for each region was plotted using ggplot2. Density plots were made

using the ggplot2 geom_bin2d option, using 9 bins. For each region, using centroid data, the x/y coordinates were scaled between

0-1, where 0was theminimumpixel position where the first cell was along the x/y axis, and 1 themaximumposition where the last cell

was along the x/y axis. In the z-axis, using centroid data, the z-position was normalized to the first image in which cells were detected

for each sample. This accounted for small variations in size and crops of CPEM data, and the position in the imaging buffer during

acquisition, to better capture the average pattern. Cavity analysis was done in imageJ,100 by plotting the line intensity profile across a

center-stack image of DAPI channel per sample. Plotting and clustering was done using PlotTwist.101

CPEM image processing for comparing trophoblast cell differentiation methods
Center z-stack images from sgCdx2, sgCdx2+sgElf5, pre-induced and non-pre-induced were loaded into imageJ and individual

CPEMs were cropped from each image and saved as separate files per channel. Files were loaded as a stack in Napari and

segmented using StarDist as described before, except the Time-lapse labels were changed to ‘‘unique through time’’ to apply unique

labels per image. Segmentation was analyzed again using RegionProps. Cell ratios per CPEM were calculated based on the output

and plotted using ggplot2. To assess Pou5f1 levels in Cdx2 segmented cells in each condition, the Cdx2 segmentation labels were

instead used to measure the Pou5f1 channel and used to plot the Pou5f1 intensity.

CPEMswith an equal or above ratio of 0.1 were assigned as having a sufficient TS compartment. To analyze regional localization of

Cdx2+ cells, center z-stack images were imported in ImageJ and the intensity profiles of Pou5f1 and Cdx2 stainings were measured

along the inner compartment of CPEMs (Figure S6E). The measurements over the measurement length were binned into 20 intervals

per CPEM, containing the average signal per channel per bin. Data was plotted and clustered using the PlotTwist app.

CPEM image processing for quantification of AVE related markers
CPEM z-stack images were loaded in ImageJ and individual CPEMs were cropped from each image and saved as separate files with

the same dimensions. CPEMs were prepared for immunostaining and imaged as described before. Coordinates of Cer1, Dkk1 and

Lefty1 positive labeling were measured per CPEM. To quantify Cer1, Dkk1 and Lefty1 staining measurements, images were divided

into 4 quadrants using an X-Y coordinate system. The number of positive staining labels were counted and assigned to a quadrant

based on their position. Only CPEMs with 2 or more labels per staining were included in quadrant analysis. CPEMs with 2 day pre-

induced sgCdx2 mESCs were used in these experiments.

Analysis of basement membrane in CPEMs and CRISPRa perturbations
CPEMs were grown as described before, with 2 day pre-induced sgCdx2-mESCs. Additionally, sgCtrl-mESCs were replaced with

either sgLama1-mESCs, or an equal combination of sgMmp2- and sgMmp14-mESCs. CPEMs were prepared for immunostaining

and imaged as described before. Center z-stack images from CPEMs were loaded in ImageJ and individual CPEMs were cropped

from each image and saved as separate files. To measure basement membrane integrity based on laminin alpha 1 (Lama1) antibody

staining, images were thresholded in the Lama1 channel to create a binary signal for Lama1 positive and negative regions. The lam-

inin binary mask was measured by measuring along a line following the basement membrane per CPEM. A gap was determined as a
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minimumof 2 continuous pixels negative for Lama1 staining. The number of gapswas normalized to the length of the basementmem-

brane per CPEM. To compare between Epi andNon-Epi compartments, two separatemeasurements were done along these regions.

Tomeasure thickness, the images were also thresholded in the Lama1 channel and the area of the thresholded Lama1 staining along

the basement membrane was measured. Thickness was calculated by dividing the area by the length. These measurements were

done separately for Epi and Non-Epi domains as indicated. Axis difference was used as a measure of elongation, per CPEM, in

the center z-stack image, the longest and shortest axis was measured. The difference between axes was calculated and normalized

to overall CPEM size.

CPEM scRNA-seq sample preparation
CPEMswere grown as described before for 72 hours. 1.5ml of mediumwas removed and 1.5ml of 1x PBSwas added perwell. 1.5ml

of this solution was removed and 0.5 ml of 1x PBS was added per well and CPEMs were transferred to microcentrifuge tubes using

cut-off pipette tips. Tubes were centrifuged for 5minutes at 300 rcf. Supernatant was removed and CPEMswere gently resuspended

in 1ml of DMEM/F12 (Thermo Fisher, 11039021), followed by centrifugation for 5 minutes at 300 rcf again. Supernatant was removed

and CPEMs were resuspended in 1 ml of Trypsin-EDTA. CPEMs were pipetted up and down 3 times before incubating for 5 minutes

at 37�C. CPEMs were pipetted up and down 6 times and 200 ml of ESC qualified FBS was added to each tube, followed by centri-

fugation for 5 minutes at 300 rcf. Supernatant was removed and cells were resuspended in 0.5 ml standard differentiation medium

and transferred to a cryovial. A sample was taken to measure cell viability, samples with viability >80% were used for downstream

application. 0.5ml of 2x Freezingmedium, consisting of 85%ESCqualified FBS / 15%DMSO,was added to each cryovial and gently

mixed. Cryovials were placed into a cell freezing container and incubated at -80�C overnight, followed by storage in liquid nitrogen

(vapor phase) cell storage before single-cell RNAseq preparation. Approximately 1million cells were frozen per cryovial. An additional

vial was frozen from the same batch of CPEMs for each sample. This additional vial was thawed and assessed for cell viability again,

before preparing for single-cell RNA-sequencing.

Cryovials were delivered for processing to Novogene Co, San Jose, USA, where samples were prepared following 10X Genomics

v3 single-cell 3’ RNA-seq library preparation. 4 samples were prepared, 5,000 cells were captured for each, and parallel sequenced

(NovaSeq 6000) with 200M paired read output per sample, resulting in approximately 40,000 paired reads per cell per sample.

scRNA-seq analysis
Fastq files were aligned and gene counts and barcodes were processed using kallisto-bustools102 kb_python-0.28.2.

The resulting output matrices were filtered and converted to seurat files (Seurat 5.0.1)103 to perform data normalization and clus-

tering. The seurat files were used to prepare umap plots, featureplots and dotplots shown.

The seurat for the mixed cell CPEM sample was also used for ligand-receptor interactions using CellChat v2 (2.1.1).65

Comparative scRNA-seq data analysis
To compare CPEM scRNA-seq data with mouse embryo data, canonical correlation analysis (CCA) was done using Seurat. Raw

CPEM and mouse embryo single cell expression matrices were processed with the same parameters as described before for

CPEM data analysis. To run the correlation analysis, the RunCCA option was using the CPEM and mouse embryo objects as inputs.

For analyzing clusters in CPEMandmouse embryo data after CCA, the FindTransferAnchors optionwas usedwith themouse embryo

data as reference and the CPEM data as query. Predicted mouse embryo cell types in CPEM data were then calculated using the

TransferData option and assigned their respective cell types from the mouse embryo annotation.

To compare the CPEM, ETX andmouse embryo cell cluster gene expression profiles inmore detail, the ClusterFoldSimilarity pack-

age was used.62 Similarity tables and matrices were generated in pairwise comparisons between possible combinations of the

datasets.

For pseudo-bulk analysis of Cdx2 expression in CPEM scRNA-seq data, the average gene expression was calculated for Cdx2

expressing cells per cluster, using the CPEM-Mix and sgCdx2-only scRNA-seq from this study. This was compared with bulk

3’UTR RNA sequencing of mESCs with Cdx2 cDNA induction time-course data and established TSC line data.2 Eif1 was used as

a reference gene to calculate relative expression between datasets, as it showed stable expression across conditions and cell lines.

QUANTIFICATION AND STATISTICAL ANALYSIS

Software used and methods for analysis and quantification of each data type in this manuscript are described in the method details

section.

Figure legends show the number and type of replicates used for the represented data, as well as precision measures. Statistical

testing in Figure 7 was done using two-tailed unpaired student’s t-test (microsoft excel) to measure statistical significance (p < 0.05).
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