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Deciphering lineage specification during early
embryogenesis in mouse gastruloids using
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In brief

Stelloo et al. applied mass spectrometry-
based proteomics technologies on
gastruloids and mouse embryos to
characterize global protein expression
dynamics during early mouse embryonic
development. Using P300 proximity
labeling, they identified gastruloid-
specific enhancer-binding proteins.
Subsequent investigation revealed a role
for ZEB2, a gastruloid-specific
transcription factor, during mouse and
human somitogenesis.
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SUMMARY

Gastrulation is a critical stage in embryonic development during which the germ layers are established. Ad-
vances in sequencing technologies led to the identification of gene regulatory programs that control the
emergence of the germ layers and their derivatives. However, proteome-based studies of early mammalian
development are scarce. To overcome this, we utilized gastruloids and a multilayered mass spectrometry-
based proteomics approach to investigate the global dynamics of (phospho) protein expression during gas-
truloid differentiation. Our findings revealed many proteins with temporal expression and unique expression
profiles for each germ layer, which we also validated using single-cell proteomics technology. Additionally,
we profiled enhancer interaction landscapes using P300 proximity labeling, which revealed numerous gas-
truloid-specific transcription factors and chromatin remodelers. Subsequent degron-based perturbations
combined with single-cell RNA sequencing (scRNA-seq) identified a critical role for ZEB2 in mouse and hu-
man somitogenesis. Overall, this study provides a rich resource for developmental and synthetic biology
communities endeavoring to understand mammalian embryogenesis.

INTRODUCTION

In recent years, the significance of embryo-like structures gener-
ated from mouse embryonic stem cells (NESCs) has become
increasingly apparent.' One of these models, gastruloids,
recapitulate critical aspects of early embryogenesis, including
the formation of the three germ layers. Thus far, the specification
of different cell types within gastruloids has extensively been
characterized using imaging, bulk and single-cell RNA
sequencing (scRNA-seq), and epigenomics technologies,*™
while proteomics-based studies of early mammalian develop-

ment are scarce.'®'® Proteomics-based studies are important
because the integration of transcriptome and proteome data
has revealed that global protein and mRNA expression levels
do not correlate well."*~"” In addition, posttranslational modifica-
tions can significantly impact protein levels and function. How-
ever, to date, mass spectrometry-based proteomics analyses
on post-implantation embryos or stem-cell-based models of
embryo development (stembryos) have not been conducted.

In this study, we profiled the dynamic (phospho) proteome of
mESCs during gastruloid differentiation and in equivalent mouse
embryo stages. Furthermore, using a triple fluorescent germ

Cell Stem Cell 37, 1-19, July 5, 2024 © 2024 The Authors. Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:s.stelloo@science.ru.nl
mailto:michiel.vermeulen@science.ru.nl
https://doi.org/10.1016/j.stem.2024.04.017
http://creativecommons.org/licenses/by/4.0/

Please cite this article in press as: Stelloo et al., Deciphering lineage specification during early embryogenesis in mouse gastruloids using multilayered
proteomics, Cell Stem Cell (2024), https://doi.org/10.1016/j.stem.2024.04.017

¢? CellPress

2

OPEN ACCESS

A

proteome

Time (h) 0 48 72 96 120

Chi
Proteomics |—H—|—|

5 time points
20pg/sample

Quantified: 5,079 proteins
Significant: 3,409 proteins

c Em ,

420 2 4
Row Z-Score

E

retinoic acid metabolic o

process
embryonic limb morphogenesis 1 [ ]
embryonic appendage ™Y
morphogenesis
cell-cell signaling by wnt
regulation of Wnt signaling

pajeAnoe

athwa
central nen/ou?systerx
development
cell projection morphogenesis 1

head development

regulation of defense
response to virus
responspe to Fenﬁ(emlfa
i’-lhibitorg factor

cellular response to
leukemia inhibitory factor
import into cell

sperm-egg recognition{ @

H RNA
r>028&<0.2

pessaiddns

regulation of localization
defense response to other
organism

immune response

02 04 06 08

GeneRatio
Count p.adjust
. % 6e-05
. 80 4e-05
. 120
2e-05

@ «

Cell Stem Cell

30 4

N
o
1

—
)
o
c
o
@
> ]
9]
104 8 °
=
9]
s ]
© L)
N
[N
(6] ®e
o
®
-10 ’
°© &
& °
—204] e8]
T T T T T T
-20 -10 0 10 20 30
PC1 (33 % of the variance)
O 0h O 48h @ 72h @ 96h @ 120h
D Cluster 1 Cluster 2
1

» 0

2

=

2

o -1

2

£

(¢

s

- Cluster 3 Cluster 4

=]

.‘é’ EZH2

‘©

£ 1

=

<]

c

0

-2 2
Row Z-Score

-2 2
Row Z-Score

Cell Stem Cell 31, 1-19, July 5, 2024

Protein

0 48IIIIII 0 48

-3
Row Z-Score

48 72 96 120 0O 48 72 96 120
time (h)
ribonucleoprotein complex q
biogenesis
ncRNA metabolic process ® | count
regulation of cellular amide @ 50
metabolic process ° : 38
chromatin organization [ ] @0
p.adjust
regulation of translation 6.22e-15
4.660-15
histone modification Y ?;;ej:
o
regulation of DNA metabolic ° 4.16e-31
process
gene silencing

0.04 0.05 0.06 0.07
GeneRatio

ribonucleoprotein complex q
biogenesis

RNA splicing [ ]

non-membrane-bounded °
organelle assembly

chromosome segregation

ribonucleoprotein complex Y p.adjust
subunit organization 8e-08

6e-08
4e-08

2e-08

ribonucleoprotein complex
assembly
mitotic nuclear division

ribosome assembly Je

0.030.040.050.060.070.080.09
GeneRatio

-3 3
Row Z-Score

(legend on next page)



Please cite this article in press as: Stelloo et al., Deciphering lineage specification during early embryogenesis in mouse gastruloids using multilayered
proteomics, Cell Stem Cell (2024), https://doi.org/10.1016/j.stem.2024.04.017

Cell Stem Cell

layer reporter line, we sorted mesoderm, ectoderm, and endo-
derm from gastruloids and characterized their proteome. We
further implemented the CellenOne platform, which allowed us
to quantify single-cell proteomes in gastruloids to a depth of
~1,500 proteins per cell. To identify chromatin-associated pro-
teins and transcription factors that may be involved in lineage
specification, we made use of P300 proximity labeling in mESCs
and gastruloids. Gastruloid-specific P300-proximal transcription
factors were functionally investigated using a dTAG degron
approach. Targeted degradation of ZEB2 during gastruloid
formation revealed that a loss of ZEB2 impairs differentiation to
neuromesodermal progenitor (NMP) cells, which concomitantly
results in an increased proportion of ectoderm cells compared
with wild-type cells. Collectively, integrative multi-omics and
perturbation-based analyses provide insights into lineage-spe-
cific transcriptional programs during early mammalian embryo-
genesis. These omics datasets can be explored through a
Rshiny web application: https://mouse-gastruloids-omics.
shinyapps.io/gtishiny/.

RESULTS

Time-resolved proteome of mESC differentiation

toward gastruloids

To assess proteome dynamics during gastruloid formation, we
conducted two biological experiments, collecting samples at
five time points from undifferentiated mESCs to 120 h gastru-
loids, following a previously described protocol (Figure 1A)."® La-
bel-free quantification (LFQ) mass spectrometry identified 5,079
proteins across both experiments. An overlap of 87% and 95%
proteins was observed across the two biological replicates (Fig-
ure S1A). The correlation between the samples was high (Pear-
son r > 0.9) (Figure S1B). Principal component analysis (PCA)
separates the samples by time points, revealing distinct protein
expression patterns during differentiation (Figure 1B). To investi-
gate protein expression dynamics in time, we performed differ-
ential expression analysis using hierarchical clustering
(Figures 1C and 1D). Differentially expressed proteins display a
similar protein abundance distribution compared with all quanti-
fied proteins, and highly abundant proteins are enriched in trans-
lation and RNA processing (Figure S1C). Proteins in cluster 3
were mainly downregulated upon differentiation and include
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SOX2 and members of the PRC2 complex. Proteins in cluster
4, such as OCT4 and DNMT3A, showed the highest expression
in 48 and 72 h gastruloids. Cluster 1 contains proteins (e.g.,
CTNNB1, NES, and T) that get upregulated during gastruloid dif-
ferentiation, while proteins in cluster 2 were downregulated at
48 h followed by a strong induction at later time points. As ex-
pected, Gene Ontology (GO) enrichment analysis revealed sup-
pression of “cellular response to leukemia inhibitory factor (LIF)”
in 120 h gastruloids, while animal organ morphogenesis, Wnt
signaling, and terms related to neuron development were en-
riched (Figure 1E).

To explore the relationship between global mRNA and protein
expression dynamics, we generated RNA sequencing (RNA-
seq) libraries of all time points. Comparison of our RNA-seq
data to previously published gastruloid RNA-seq data* revealed
highly concordant transcriptome profiles (Figures S1D and
S1E). The expression of specific genes associated with distinct
embryonic stages was evident (Figure S1F). A subset of differ-
entially expressed proteins showed similar dynamics at the pro-
tein and transcript level (Spearman correlation of 0.6, Fig-
ure S1G), which is consistent with previous studies.'*'®
Genes that show a strong correlation between protein and
mRNA expression dynamics (Spearman mRNA-protein correla-
tion > 0.8, n = 1,220) are enriched for GO terms associated with
metabolic and epigenetic processes (Figures 1F and 1G). By
contrast, genes showing a low correlation (r > —0.2 and < 0.2)
are enriched for biological processes associated with ribonu-
cleoprotein complex and cell cycle (n = 418; Figures 1H and
1l; Table S1). The identification of genes that show a discor-
dance between mRNA and protein expression levels during dif-
ferentiation represents a valuable resource for studying the intri-
cate regulation of mMRNA and protein expression dynamics
during early embryonic development.

Comparison of temporal protein expression profiles
between mouse gastruloids and natural embryos

To date, proteomics-based profiling of mouse embryos has
exclusively been performed using pre-implantation embryos.
Given that mouse gastruloids mimic key aspects of post-im-
plantation development, comparative proteomics-based
profiling of gastruloids and post-implantation mouse embryos
is imperative (Figure 2A). We selected embryonic day (E)7.5 to

Figure 1. Time-resolved proteome profiling of mESC differentiation toward 120 h gastruloids

(A) Schematic overview. Proteomes were profiled at 0, 48, 72, 96, and 120 h during gastruloid differentiation. Phase contrast images of representative mESC
cultures and gastruloids at different time points. The lower image of mMESCs (0 h) is a higher magnification of the top image. Scale bars, 100 pm. Summary of the
number of proteins quantified and significant using ANOVA multiple sample test with Benjamini-Hochberg correction.

(B) PCA using the LFQ intensities of overlapping proteins (5,079). Different blue tints denote the different time points.

(C) Heatmap of significantly expressed proteins across time points. Hierarchical cluster assignment is denoted by the right-side color bar on the heatmap. Cluster
1, 994 proteins; cluster 2, 899 proteins; cluster 3, 1,021 proteins; and cluster 4, 495 proteins.

(D) Plot of differentially expressed proteins per cluster. Scaled mean expression for each protein is shown and one protein per cluster is highlighted in black.
(E) gseGO results showing the top 8 suppressed and activated biological processes in 120 h gastruloids. Dot size indicates the number of enriched genes in each
term. Dot color represents the adjusted p value.

(F) Row-matched heatmaps showing the relative mRNA (left) and protein (right) expression of significantly changing proteins for which sample-wise mRNA-
protein correlation was higher than 0.8.

(G) GO terms enriched for transcripts and proteins exhibiting high sample-wise mRNA-protein correlation (shown in F).

(H) Row-matched heatmaps showing the relative mRNA (left) and protein (right) expression of significantly changing proteins for which sample-wise mRNA-
protein correlation was lower than 0.2.

(I) GO terms enriched transcripts and proteins exhibiting low sample-wise mMRNA-protein correlation (shown in H).

See also Figure S1 and Table S1.
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E9.5 embryos as previous transcriptome profiling revealed that
gastruloid differentiation roughly corresponds to cell popula-
tions from EB6.5 (24 h gastruloids), E7.5-8.0 (72 h gastruloids),
and E8.5-9.5 (120 h gastruloids) embryos. Given that gastru-
loids exhibit developmental features and organization compara-
ble to the posterior part of the embryo, mouse E8.5 and 9.5 em-
bryos were dissected into anterior and posterior portions
(lacking the head region) or only posterior portions, respectively.
In total, we identified 5,998 proteins in mouse embryos. PCA of
all quantified proteins revealed a time-dependent separation on
component 1 accurately reflecting embryonic developmental
time (Figure S2A). The observed differential expression of em-
bryonic globin proteins and myosin heavy chains proteins,
particularly expressed at E9.5, is indicative of processes asso-
ciated with erythropoiesis and cardiac muscle development,
respectively (Figures 2B and 2C). Mining public scRNA-seq
data from E6.5 to 8.5 mouse embryos confirmed increased
expression of embryonic globin genes, particularly at later
time points during embryonic development (Figure S2B). In
E7.5 embryos, we observed the expression of pluripotency-
associated proteins such as POU5F1, DNMT3B, and UTF1.
Principal component 2 captures the differences between ante-
rior and posterior samples (Figure S2A). Differentially expressed
proteins include known posterior (CDX4 and HOXB9) and ante-
rior proteins (DDX10) (Figure 2D). Particularly significant is the
anterior expression of RPL38, a protein involved in axial skeletal
patterning by specifically controlling the translation of Hox
mRNA (Figure 2E)."®

We then compared the proteomic profiles of mouse embryos
with gastruloids. In total, 4,736 proteins were detected in both
mouse gastruloids and mouse embryo datasets. Proteins de-
tected exclusively in mouse embryos are enriched for GO terms
related to pattern specification processes, immune response,
and heart development (Figures S2C and S2D). PCA illustrated
separation based on developmental stage, E7.5 mouse embryo
proteomes most closely resemble mESCs and 48 h gastruloid
proteomes, E8.0-8.5 mouse embryos resemble 72 h gastruloids,
and E9.5 mouse embryos align best with 96-120 h gastruloids
(Figures 2F and S2E). Similar changes in the expression of spe-
cific proteins associated with pluripotency, neuronal develop-
ment, and somitic differentiation were observed (Figures 2G
and 2H). In conclusion, proteomic profiling reveals a good over-
lap in protein expression profiles between mouse gastruloids
and mouse embryos.
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Time-resolved phosphoproteome of mESC
differentiation toward gastruloids

To identify dynamic signaling pathways during gastruloid for-
mation, we profiled the phosphoproteome of undifferentiated
mESCs, 72 h gastruloids, and 120 h gastruloids (Figure 3A).
We identified 20,380 phosphorylation sites, of which 11,695
sites were identified in at least three replicates of one condition
with a localization probability score > 0.75 (Figures 3B and 3C).
Nearly 6,000 significantly regulated phosphorylation sites were
identified on 2,366 unique proteins, the majority of which are
phosphorylated in undifferentiated mESCs (Figure 3D). We
next assessed the overlap between the proteome and phos-
phoproteome to account for those changes in phosphosite
abundances due to changes in total protein abundance.
~30% of the phosphorylated proteins were not quantified in
whole proteomes. Among the overlapping proteins, 1,151 pro-
teins show differential expression and phosphorylation, while
412 proteins undergo phosphorylation changes, irrespective
of changes in protein abundance (Figure S3A; Table S2).
Analyzing signaling pathways in gastruloids revealed that shear
stress signaling is repressed in 120 h gastruloids while signaling
pathways related to RNA splicing and embryonic development
are active (Figures S3B and S3C). Interestingly, differential
splicing patterns are known to be associated with embryonic
stem cell differentiation.”®*" Next, we employed the kinase
enrichment analysis (KEA2) tool to identify upstream kinases
responsible for protein phosphorylations in mESCs and
gastruloids. This revealed increased activity of CDK2, CDK1,
GSK3B, P38-MAPK14, and DYRK2 in undifferentiated mESCs
compared with gastruloids (Figure 3E). The decreased activity
of GSK3B is expected given that gastruloids are cultured with
CHIR99021, a GSK3B inhibitor, for 24 h (between time points
48 and 72 h).

We identified more phosphorylated transcription factors in
120 h gastruloids compared with 72 h gastruloids and undiffer-
entiated mESCs (9.2% versus 4.1% and 3.0%, respectively; Fig-
ure 3F). Most of these belong to the C2H2-type zinc-finger tran-
scription factor family, which is the largest transcription factor
family in the mouse genome (Figures 3G and 3H). For example,
phosphorylated residues for members of the Kriippel-like family
(KLF), known pluripotency regulators,®® were detected in undif-
ferentiated mESCs. We also observed several proteins to be
phosphorylated on multiple sites, including SALL1. Phosphory-
lation of SALL1 inhibits its interaction with NuRD and affects its

Figure 2. Proteomic profiling of mouse embryos and comparison to mouse gastruloids

(A) Schematic overview. Proteomes were profiled across four embryonic stages.

(B) Volcano plot showing the protein expression level changes between mouse embryos at E7.5 and 9.5. The log, fold change of LFQ intensities was plotted
against the adjusted —log+q (p value). Proteins with a log, fold change > 2 and p value < 0.05 are colored in red.

(C) gseGO results showing the top 8 enriched biological processes in E7.5 or 9.5 mouse embryos. Dot size indicates the number of enriched genes in each term.
Dot color represents the adjusted p value.

(D) Volcano plot showing the protein expression level changes between anterior and posterior samples from E8.5 mouse embryos. The log, fold change of LFQ
intensities was plotted against the adjusted —logyo (o value). Proteins with a log, fold change > 2 and p value < 0.05 are colored in red.

(E) gseGO results showing the top 8 enriched biological processes in anterior or posterior halves of E8.5 mouse embryos. Dot size indicates the number of
enriched genes in each term. Dot color represents the adjusted p value.

(F) PCA using the LFQ intensities of overlapping proteins (4,736 proteins). The different blue tints denote the different time points of gastruloids, while the green
tints correspond to the different mouse embryo stages. Different shapes distinguish mouse embryos from gastruloids.

(G) Heatmap of scaled expression of proteins associated with embryonic development in mouse gastruloids.

(H) Heatmap of scaled expression of proteins associated with embryonic development in mouse embryos.

See also Figure S2.
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Figure 3. Time-resolved phosphoproteome profiling of mESC differentiation toward 120 h gastruloids
(A) Schematic overview. Phosphoproteomes were profiled at 0, 72, and 120 h during mESC differentiation toward gastruloids. Summary of the number of
phosphopeptides identified, quantified, and significant as assessed using ANOVA multiple sample test with Benjamini-Hochberg correction.
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transcriptional ability.”* Additionally, we identified differential
phosphorylation on CTCF (S402), which is known to reduce the
affinity of CTCF for DNA.?® In contrast to stem-cell-specific tran-
scription factor phosphorylation, several members of the home-
odomain-containing transcription factor family were found to be
specifically phosphorylated in 120 h gastruloids (Figures 3G and
3l). Exceptions include NANOG, phosphorylated in mESCs and
MIXL1, phosphorylated in 72 h gastruloids, which corresponds
to their total protein expression dynamics (Figure S3D, NANOG
only detected at 0 h but not quantified). The preferential phos-
phorylation of homeodomain-containing transcription factors in
late-stage gastruloids is consistent with their established role
as important regulators of cell fate switches during early
mammalian embryogenesis.

The three germ layers exhibit distinct protein
expression profiles

To identify germ layer-specific proteomes, we generated a re-
porter line in which the germ layers are distinguishable by
different fluorophores (Figure 4A). We inserted TagBFP,
encoding for a blue fluorescent protein, at the C terminus of the
MT1 gene in a previously established mESC line expressing
BRA-GFP and SOX17-mStrawberry (RFP)? (Figure S4A). In gas-
truloids, the BRA-GFP gene is expressed in mesodermal cells
(mesodermal precursor cells and presomitic mesoderm [PSM]),
SOX17-RFP in endoderm, and MT1-BFP in primordial-germ-
cell-like or extra-embryonic ectoderm (here referred to as ecto-
derm for simplicity) (Figure S4B). Triple-negative cells mainly
correspond to differentiated mesoderm and neuroectoderm.
Analysis of 120 h gastruloids revealed ~4% RFP* cells, ~6%
BFP* cells, and >20% GFP* cells (Figure 4B), and subsequent
RNA expression analysis of the fluorescence-activated cell sort-
ing (FACS)-purified populations confirmed expression of germ
layer-specific marker genes (Figure S4C). Using proteomics,
we identified 4,795 proteins of which 2,708 were differentially ex-
pressed between the four cell populations (Figure 4C, ANOVA
test, p value < 0.05). Proteomic profiling of FACS-sorted cell pop-
ulations from the dual reporter cell line revealed that the introduc-
tion of the third reporter had no discernible effects on the pro-
teomes of the RFP* and GFP* cell populations (Figures S4D
and S4E). PCA of the 1,000 most variable-expressed proteins re-
vealed distinct clustering (Figure S4F). The triple-negative popu-
lation and the BRA-GFP+ cells cluster close to each other, which
is consistent with the fact that the majority of cell types in gastru-
loids correspond to mesodermal subtypes (clusters 1-7, Fig-
ure S4B). To further explore the cell-type-specific proteomes,

¢ CellP’ress

OPEN ACCESS

we plotted the differentially expressed proteins, which revealed
differential expression of known markers of endoderm (CLDN6
and FOXA2), ectoderm (POU5F1 and UTF1), and mesoderm
(MEST and ALDH1A2) (Figure 3C). Next, we explored protein
expression of the differentially expressed genes for clusters 6/7
(mesoderm), 10 (endoderm), and 12 (ectoderm) as previously
identified with scRNA-seq of 120 h gastruloids.® The majority of
the corresponding proteins are upregulated in the expected cell
populations (Figures S4G-S4l). Additionally, we explored the bio-
logical processes and signaling pathways associated with the
four isolated cell populations (Figures S4J-S4M). As expected,
mesodermal and retinoic acid signaling are enriched in BRA-
GFP* cells. Gene sets related to cell junctions and cell motility
are enriched in SOX17-RFP™ cells and terms related to neurode-
velopmental processes in the triple-negative population. Further-
more, we observed the enrichment of metabolic processes,
response to LIF, and histone methyltransferase complex in
MT1-BFP* cells. Next, we further assessed which members of
other protein complexes are co-regulated. Besides increased
protein abundances for members of the PRC2 complex, mini-
chromosome maintenance complex, prefoldin complex, T com-
plex protein 1, and elF3 complex were observed in MT-BFP+
cells (Figure 4D). For SOX17-RFP* cells, we observed an
increased abundance for the members of the mitochondrial
membrane ATP synthase complex, vacuolar ATPase complex,
and actin-related protein 2/3 complex (Figure 4E).

SCP captures germ layer-specific cellular heterogeneity

We next applied single-cell proteomics (SCP) on SOX17-RFP+,
BRA-GFP+, MT1-BFP+ cells, and undifferentiated mESCs
(Data S1). In total, 560 single cells passed quality control, result-
ing in 2,259 identified proteins with at least two unique peptides,
with an average of 1,541 proteins per single cell (Data S1). PCA of
675 differentially expressed proteins (ANOVA, q < 0.01) revealed
clear separation of the different cell populations on the first
component (Figure 5A), and this separation is independent of
the tandem mass tag (TMT) label (Figure S5A). However, the
clustering does reflect the TMT multiplexing to some extent,
possibly due to the non-random distribution of the cell types
on the proteoCHIPs (Figures S5B and S5C). Among the top 15
proteins contributing to principal component 1 are proteins
involved in RNA processing (e.g., NSRP1, GTPBP1, and UTP6)
and transcriptional regulation, including CHD8 and CARM1
(Table S3). Expression of selected proteins is displayed on
PCA projections (Figure 5B). The predominant expression of
ANXA5 in SOX17-RFP* cells is concordant with scRNA-seq

(B) Number of phosphosites detected according to the localization probability score, which refers to the likelihood that a particular phosphorylation site on a

peptide is correctly assigned to a specific amino acid residue.

(C) Distribution of phosphosites identified among serine, threonine, and tyrosine residues.
(D) Hierarchical clustering of significantly changing phosphosites (ANOVA, Benjamini-Hochberg correction, FDR 0.05).

(E) Predicted upstream kinases based on significantly changing phosphosites (t test 72 h gastruloids or 120 h gastruloids versus 0 h, log, FC >2 and p
value < 0.05).

(F) Venn diagram illustrating the overlap between significantly detected phosphoproteins and 1,611 transcription factors from the AnimalTFDB v4.0 database.?”
(G) Scatterplot showing the fraction of transcription factors identified as significantly phosphorylated in 120 h gastruloids and mESCs. Dot size depicts the
number of phosphorylated transcription factors in each transcription factor family for 120 h gastruloids. Dot color depicts the number of phosphorylated tran-
scription factors in each transcription factor family for undifferentiated mESCs.

(H) Heatmap of significantly detected phosphosites on transcription factors belonging to the C2H2 zinc-finger (C2H2-ZF) family of transcription factors.

(I) Heatmap of significantly detected phosphosites on transcription factors belonging to the homeodomain transcription factor family.

See also Figure S3 and Table S2.
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Figure 4. The three germ layers exhibit distinct protein expression profiles

(A) Schematic representation of the fluorescent reporter mESC line. T2A-TagBFP followed by a BGH poly(A) signal, and a bleomycin resistance cassette was
inserted at the endogenous Mt1 gene locus in the dual BRA-GFP, SOX17-RFP reporter mESC line.?® Upon differentiation of mESCs to gastruloids, the three
reporter proteins are expressed. Scale bars, 100 pm.

(B) Flow cytometry gating strategy to isolate the fluorescent reporter cells and a triple-negative cell population. Single cells were gated after doublet discrimi-
nation to further gate on mStrawberry* (P1) and mStrawberry~ cells (P2). The mStrawberry negative cells are further gated into BFP* cells (P3), GFP* cells (P4),
and a triple-negative cell population (P5).

(C) Heatmap of 2,708 significantly expressed proteins (ANOVA multiple-sample test with Benjamini-Hochberg correction) in the triple-negative (gray), BRA-GFP*

(green), SOX17-RFP* (red), and MT1-TagBFP* (blue) cell populations.

(D) Heatmap selecting significantly expressed subunits belonging to the same protein complex, which show higher expression in MT1-TagBFP* cells.
(E) Heatmap selecting significantly expressed subunits belonging to the same protein complex, which show higher expression in SOX17-RFP* cells.

See also Figure S4.

data, which showed high ANXAS5 expression in SOX17* endothe-
lial cells.® Furthermore, SOX17 protein expression was detected
in 89 out of 144 SOX17-RFP™ cells. mESCs express higher levels
of ESRRB, NDUFV1, and NEDD8, and mesodermal cells express
higher levels of TGM1. After successfully identifying unique pro-
tein expression profiles in sorted cell populations, we conducted
an unbiased SCP analysis utilizing unsorted dissociated gastru-
loids (Data S1). We identified 2,088 proteins with an average of
1,424 proteins per single cell (Data S1). Integration of both exper-
iments depended on the use of an identical carrier proteome
(equal ratio of mESCs, RFP*, GFP*, BFP*, and unsorted cells).
Within a uniform manifold approximation and projection
(UMAP) projection, a clear separation of undifferentiated mESCs
and germ layer cell clusters can be observed (Figures 5C and
S5D). To assess the robustness of the clustering, we randomly
shuffled the input matrix and performed UMAP analysis. The
lack of structure in the randomized data suggests that the iden-
tified clustering in the original data is biologically meaningful (Fig-
ure S5E). Importantly, just a few gastruloid-derived single cells
cluster with mESCs, while the majority of the gastruloid-derived

8 Cell Stem Cell 31, 1-19, July 5, 2024

cells cluster with BRA-GFP* cells, indicating that these are likely
cells of mesodermal origin (Figure 5C). This corresponds to the
predominant presence of mesodermal cell subtypes in gastru-
loids.® We conducted another SCP experiment exclusively with
BRA-GFP™ cells to profile more GFP* cells. To boost cell-type-
specific protein identification, we used a carrier proteome con-
taining only BRA-GFP* cells.?” In total, 363 single cells passed
quality control, resulting in 1,822 identified proteins with at least
two unique peptides, with an average of 1,605 proteins per single
cell (Figure S5F). We identified three subcellular populations
within the BRA-GFP* cell population (Figures 5D and S5G).
Aggregated protein expression of gene markers derived from an-
notated cell types of gastruloid scRNA-seq data® distinguishes
PSM, somite, and NMP cellular subtypes (Figure 5D). Comparing
SCP data with proteins previously identified as highly expressed
in BRA-GFP* cells (Figure 4C, bulk proteomics data), we
observed an overlap of 40 proteins (Table S4), 13 of which are
overlapping with RNA-based mesodermal markers. Although a
considerable number of proteins detected in BRA-GFP* cell
proteomes overlap with published scRNA-seq data, we have
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Figure 5. SCP captures germ layer-specific cellular heterogeneity

(A) PCA plot showing the distribution of cells based on the expression of 675 proteins. Each dot represents a single cell, and the color indicates the cell type as
in (C).

(B) PCA embedding colored by the expression of ANXA5, NEDD8, SOX17, ESRRB, NDUFV1, and TGM1. Color indicates normalized reporter intensity.

(C) UMAP projection of integrated datasets of the sorted and unsorted SCP experiments.

(D) UMAP projection of BRA-GFP* cells based on the expression of 1,822 proteins. Upper left: each cell colored according to K-means clustering. Other three
UMAPs show the Z score normalized and aggregated log, abundances of proteins of which the corresponding RNA is identified as a marker for neuromesodermal
progenitors (TRHAP3, SUMO1, CBX5, CYCS, HMGN2, and NDUFA12), pre-somitic mesoderm (PAFAH1B3, ALDH1A2, NACA, and RAB8B), and somite (YBX3,
RFC5, HMGA2, ANXA2, and DSP) in scRNA—seq.8

See also Figure S5, Data S1, and Tables S3 and S4.

also identified numerous novel protein markers specific to BRA-
GFP* cell subtypes (Figure S5H). Another notable observation is
the evident enrichment of keratins within one of the clusters
(cluster 1, Figure S5I). Keratins are often excluded in scRNA-
seq analysis and labeled as contaminants in proteomics exper-

significance of keratins within a specific subset of mesodermal
cells, potentially facilitating their adaptation to the growth and
morphogenesis changes in gastruloids.

Identifying enhancer-associated proteins reveals

iments. However, the detection of unique peptides specific to
mouse keratins confirms their presence and rules out contami-
nation (Figure S5J). This suggests a possible functional

gastruloid-enriched transcription factors
Next, to facilitate the identification of transcription factors that
may be important to drive cell-type specification in gastruloids,
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Figure 6. Enhancer proteomic profiling identifies transcriptional regulators in mESCs and gastruloids
(A) CRISPR-Cas9-mediated endogenous gene tagging of the C terminus of Ep300 gene with V5-miniTurbolD followed by a cleaving peptide (T2A) and puromycin

coding sequence.
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we aimed to identify global enhancer interactomes in mESCs
and gastruloids. P300 acetylates H3K27 at active enhancers.
We therefore reasoned that P300 proximity biotinylation would
facilitate the identification of enhancer-interacting proteins,
including stage-specific transcription factors, in mESCs and
gastruloids. We endogenously tagged the C terminus of P300
with a V5 tag and the biotin ligase miniTurbolD (Figure 6A), suc-
cessfully creating a homozygous knockin cell line, which was
further characterized by western blotting and immunofluores-
cence (Figures S6A-S6D). We mapped active enhancers in
undifferentiated mESCs and gastruloids by performing V5 chro-
matin immunoprecipitation sequencing (ChlP-seq) experiments.
Reassuringly, the genomic binding sites of tagged P300 in
mESCs correlate with published P300 ChIP-seq datasets (Fig-
ure S6E). In mESCs and gastruloids, we detected 31,100 and
53,474 P300 binding sites, respectively (Figure 6B). As ex-
pected, P300 binding occurs mainly at introns and distal inter-
genic regions in both conditions (Figure S6F). Next, the P300 re-
gions were classified into three region sets: (1) enriched in
mESCs, (2) shared, and (3) enriched in gastruloids (Figure 6C).
Shared peaks had a higher average ChlIP-seq signal than peaks
enriched in gastruloids or mESCs only (Figure 6D). As expected,
motif analysis revealed pluripotency transcription factor motifs
(NANOG, SOX2, and POU5F1) at mESC-enriched P300 sites
(Figure 6E). By contrast, gastruloid-enriched P300 sites show
an overrepresentation of homeodomain motifs. Other motifs en-
riched at P300 binding sites in gastruloids include ZIC1/3/4,
TCF7L2, SOX6, and Forkhead box proteins. Next, we employed
ANANSE (ANalysis Algorithm for Networks Specified by
Enhancers) to determine the influence of each transcription fac-
tor on gastruloid differentiation (Figures S6G and S6H).®
ANANSE integrates genome accessibility from P300 binding
sites, motif enrichment at these sites, and the differential expres-
sion of the proximal target genes and transcription factor.
ANANSE predicted well-known transcription factors important
in stem cell maintenance (Figure S6G). Moreover, HOX transcrip-
tion factors were identified as essential for gastruloid formation
(Figure S6H). Additionally, atrial markers like HEY1, NR2F2,
and NR2F1 and less well-studied factors such as RFX4 were pre-
dicted to be important for gastruloid differentiation.

The presence of a transcription factor motif does not neces-
sarily indicate protein binding. Additionally, proteins that do not
rely on sequence-specific binding will be missed. P300 proximity

¢ CellP’ress

OPEN ACCESS

labeling coupled with quantitative mass spectrometry provides
an opportunity to map the protein composition at enhancers in
their native context in an unbiased manner. In total, 250 proteins
were identified as P300 proximal proteins in mESCs (Figure 6F).
Expectedly, P300-miniTurbolD was the most highly enriched
protein in biotin-treated mESCs (Figure 6F). We also observed
enrichment of Mediator, SWI/SNF complex members, and
numerous transcription factors, including SALL4, NANOG,
TCF7L1, and KLF4. For one of the interactors, PAXIP1, we per-
formed a reciprocal proximity labeling experiment using mESCs
expressing endogenous PAXIP1-miniTurbolD (Figures S6I-
S6K). Proximity labeling in gastruloids yielded 161 P300 proximal
proteins (Figure 6G). P300 protein itself was not as highly en-
riched in gastruloids as compared with mESCs, which is likely
due to self-biotinylation caused by endogenous biotin in the
Ndiff227 medium used to culture gastruloids. Without exoge-
nous biotin stimulation, more P300 peptides were detected in
gastruloids (80 peptides) compared with untreated mESCs
(<10 peptides). We identified 64 gastruloid-specific, P300 prox-
imal proteins, 39 of which were only detected proximal to P300 in
gastruloids (no peptides in mESCs) (Figures 6H and 6l). The ma-
jority of these gastruloid-specific P300 proximal proteins
showed equal or higher expression in gastruloids compared
with mESCs (Figure S6L). We identified two gastruloid-specific
P300 proximal SWI/SNF complex subunit proteins, SMARCD3
and GLTSCR1. SMARCD3 is a subunit of the neural progeni-
tors-specific chromatin remodeling complex (npBAF) and
neuron-specific chromatin remodeler complex (nBAF).?%*°
GLTSCR1 has been identified as a subunit of the subcomplex
GBAF that binds to promoter regions marked with H3K4me3 in
mESCs.?"**? Although GLTSCR1 was only identified and quanti-
fied as P300 proximal interactor in gastruloids, we hypothesize
that GBAF may redistribute from promoters to enhancers during
differentiation, as GBAF has been shown to bind enhancers in
other cell types.®*° Other gastruloid-specific P300 proximal
proteins include all members of the putative chromatin-associ-
ated complex known as PRTH or PHF14 complex, which is asso-
ciated with neurodevelopmental disorders.®’>° Notably, just a
few homeodomain transcription factors were enriched in gastru-
loids. Specifically, ZEB2 and NANOG exhibited a log, FC > 2 and
p value < 0.05, while HOXB9, CDX2, EVX1, and ADNP showed a
log> FC > 1. However, based on the ANANSE results, we ex-
pected more HOX proteins proximal to P300 in gastruloids

(B) Venn diagram of overlap between P300 binding sites in undifferentiated mESCs and gastruloids. Peaks identified in both replicates were used.

(C) Snapshots of P300 chromatin binding at three example loci in mESCs (light green) and 120 h gastruloids (dark green). The genomic coordinates are
chr6:122700035-122709083 (left), chr15:61977635-61986007 (middle), and chr11:69115928-69125218 (right). y axes indicate the ChlP-seq signal in fragments
per kilobase per million (FPKM) reads mapped.

(D) Heatmap visualizing P300 ChIP-seq signal (FPKM) in mESC and 120 h gastruloids. Data are centered at P300 peaks, depicting a 5-kb window around the
peak. Binding events are subdivided into mESC-enriched sites (17,437 sites), shared mESC- and gastruloid-binding sites (shared, 13,663 sites), and gastruloid-
enriched sites (39,811 sites). Average signal (FPKM) of P300 for all sites (bottom).

(E) Motif enrichment at mESC and gastruloid-enriched P300 binding sites. Font size represents the Z score (the smaller the Z score, the more enriched, the larger
the font size), and colors represent transcription factor families.

(F) Volcano plot of proteins identified in P300 proximity labeling experiments in undifferentiated mESCs. Enrichment of P300 and proximity interactors is shown as
log, fold enrichment of LFQ intensities of biotin treatment over LFQ intensity of untreated (x axis) plotted against the —log4q p value. Selected proteins are colored
and labeled with gene symbols.

(G) Volcano plot of proteins identified in P300 proximity labeling experiments in gastruloids.

(H) Overlap in significantly enriched P300 proximal proteins (log, FC > 2 and p value < 0.05) between mESCs and gastruloids.

(I) STRING protein-protein interaction network of 39 proteins, which are only detected proximal to P300 in 120 h gastruloids.

See also Figure S6 and Data S1.
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(Figure S6H). To assess the cause of this discrepancy, we as-
sessed HOX protein expression in gastruloids. DNA affinity puri-
fications with HOX-motif-containing oligos in gastruloid extracts
efficiently pulled down homeodomain transcription factors,
including MEIS2, HOXB9, HOXA5, CDX2, MEOX1, and three
PBX proteins (Data S1). The PBX proteins are known to serve
as heterodimeric binding partners for HOX proteins. To further
confirm the expression of HOX proteins in gastruloids, we per-
formed immunofluorescence for HOXC8 and HOXB4. Both ap-
proaches confirm the expression of HOX proteins in gastruloids
(Figure S6M). Finally, we observed the enrichment of a variety of
transcription regulators involved in notch signaling (NOTCH1
and MAML2/3), Wnt signaling (PYGO1 and SP5), and less well-
characterized proteins (ZFP608, ZBTB39, and ICE1) as proximal
to P300 in gastruloids. Further experiments are required to inves-
tigate a putative role for these proteins in gastrulation.

Perturbing transcription factor expression during
gastruloid formation

To examine whether perturbation of P300 proximal transcription
factors impacts gastruloid formation, we endogenously tagged
three candidate genes (Rxra, Sp5, and Zeb2) with a hemaggluti-
nin (HA) tag and FKBP1273%V degron tag in mESCs (Data S1). SP5
and ZEB2 were selected since these were only identified as P300
proximal transcription factors in gastruloids and are known regu-
lators of Wnt signaling and cellular differentiation, respec-
tively.*®*" RXRa was selected given a described role for retinoic
acid signaling in early lineage specification.*** Following valida-
tion of the knockin lines (Data S1), we assessed the genome-wide
binding of the tagged transcription factors (Data S1). Genome
browser snapshots at three representative loci show overlap of
the transcription factors with P300 binding (Data S1). Heatmap-
based visualization revealed substantial overlap between RXRa
and P300 in mESCs and gastruloids, respectively (Data S1).
RXRa binding sites mainly map to distal intergenic regions and in-
trons in mESCs or gastruloids (Data S1). For ZEB2, the majority of
binding sites in gastruloids are also located at distal intergenic re-
gions and introns. By contrast, the majority of SP5 binding sites in
gastruloids map to promoters, whereas ~35% localize at en-
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hancers. The motifs for each transcription factor are enriched un-
derneath the ChIP-seq peaks (Data S1). Next, to assess the
importance of RXRa, SP5, and ZEB2 during early embryonic
development, we depleted these proteins at different time points
during gastruloid formation. RNA-seg-based analyses revealed
that perturbation of RXRa and SP5 during gastruloid formation
does notimpact global gene expression patterns and is not asso-
ciated with an apparent phenotype (Data S1). This was somewhat
surprising, given the recently described role for retinoic acid
signaling in gastruloid differentiation,** which we were able to
reproduce (Data S1). We therefore hypothesize that all-trans ret-
inoic acid (ATRA) signaling is likely facilitated by other members
of the RXR family or through non-canonical ATRA activities.*
By contrast, ZEB2 perturbation was associated with a clear
phenotype, which is described in detail below.

Disruption of ZEB2 impairs mouse and human
somitogenesis

Next, we investigated ZEB2’s role in gastruloid formation. ZEB2
protein expression was undetectable in undifferentiated mESCs
and is upregulated during gastruloid differentiation from 96 h on-
wards. Staining for ZEB2 protein in 120 h gastruloids revealed no
overlap with SOX17-RFP* cells (Figure 7A), which is consistent
with the absence of Zeb2 mRNA expression in the Sox17*
scRNA clusters in both gastruloids and mouse embryos
(Figures S7A and S7B). To determine the effect of ZEB2 deple-
tion on gastruloid formation, ZEB2-HA-FKBP12™®" expressing
mESC were treated with dTAG-13 at 72 h up to 120 h during (so-
mitic) gastruloid differentiation (Figures 7B and 7C). Degradation
of ZEB2 during “regular” gastruloid differentiation resulted in
more ovoid-shaped gastruloids than elongated gastruloids as
compared with untreated gastruloids (Figure 7B). ZEB2 deple-
tion in gastruloids embedded in matrigel (somitic gastruloids)
failed to elongate, whereas dTAG-13 treatment did not perturb
cell viability and differentiation in wild-type somitic gastruloids
(Figures 7C and 7D; Video S1). To further investigate this pheno-
type, we performed bulk and scRNA-seq. For scRNA-seq, we
obtained 6,529 untreated cells and 6,997 cells from ZEB2-
depleted gastruloids after quality control. Data integration and

Figure 7. Perturbation of Zeb2 expression in gastruloids

(A) Immunofluorescence staining for HA in gastruloids generated from Zeb2-HA-FKBP127% expressing mESCs. Scale bars, 100 um.

(B) Phase contrast images and perimeter quantification of regular 120 h gastruloids generated from Zeb2-HA-FKBP127%V expressing mESCs. Gastruloids were
treated with DMSO (—) or with dTAG-13 (+) at time points 72 and 96 h. Images were acquired with an IncuCyte device (4x objective). Reported p values are
determined with two-tailed t test and point shapes indicate biological replicates.

(C) Phase contrast images of somitic gastruloids generated from wild-type mESCs and Zeb2-HA-FKBP127¢V expressing mESCs. Gastruloids were treated with
DMSO (-) or with dTAG-13 (+) at time points 72 and 96 h. Scale bars, 200 um.

(D) Quantification of the perimeter and Feret’s diameter of somitic gastruloids treated without dTAG-13 (—) and with dTAG-13 (+) at 72 and 96 h. Shapes indicate
biological replicates. Reported p values are determined with two-tailed t test.

(E) UMAP colored by cells from untreated or dTAG-13-treated somitic gastruloids generated from Zeb2-HA-FKBP12F®V expressing mESCs (left) or Seurat
cluster identity (right).

(F) UMAP embedding overlay showing annotation of cell types based on label transfer from the reference mouse gastrulation atlas.*®

(G) Cell types were annotated by label transfer from publicly available mouse gastrulation scRNA-seq atlas.*®

(H) Embryonic stage annotated by label transfer from publicly available mouse gastrulation scRNA-seq atlas.*®

(I) fGSEA results showing the top 10 suppressed and activated biological processes in ZEB2-depleted somitic gastruloids. Dot size indicates the number of
enriched genes in each term. Dot color represents the adjusted p value.

(J) Phase contrast images of human somitoid development using wild-type human iPSCs (WT), homozygous (ZEB2—/-), and heterozygous (ZEB2+/—) ZEB2 KO
iPSCs. The occurrence of the different morphologies is given.

(K) Heatmap of scaled gene expression in human somitoids. The selected subset of genes comprises those identified as differentially expressed in mouse somitic
gastruloids. The log, fold changes for these genes in mouse somitic gastruloids are shown on the right.

See also Figure S7, Data S1, and Video S1.
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UMAP projection revealed 13 clusters with different proportions
of untreated and ZEB2-depleted cells (dTAG-13 treated) among
the clusters (Figure 7E; Data S1). Clusters 1 and 3 are enriched
for dTAG-13 treated cells, whereas four clusters (clusters 5, 6,
8, and 9) are enriched for untreated cells. We used the reference
atlas from mouse embryos to predict the cell types within this da-
taset.”® The majority of the cells are classified as NMPs
(Figures 7F and 7G). Expression of well-known markers for ecto-
derm (or primordial germ cell) (Pou5f1, Utf1, and Mt1), endoderm
(Sox17, Foxa2, and Epcam), cardiac (Gata6 and Kdr), mesoderm
(T/Bra, Sp5, and Tbx6), somites (DIlI1 and Hes7), and surface
ectoderm (Krt8 and Krt18) is concordant with the mapping to
the in vivo cell types (Figure S7C). Having assigned predicted
cell types, we observed that the cellular composition of ZEB2-
depleted gastruloids shifts from more NMPs and somitic meso-
derm-rich gastruloids to enrichment in surface ectoderm cells
and rostral neuroectoderm cells (Figure 7G). Further, looking at
the assignment of embryonic stage: more ZEB2-depleted cells
are assigned to embryonic stage E7.75 (22.48% ZEB2-depleted
cells versus 7.6% untreated cells), while fewer ZEB2-depleted
cells are assigned to E8.5 (16.78% ZEB2-depleted cells versus
36.87% untreated cells) (Figure 7H). Next, we performed differ-
ential gene expression analysis between untreated and dTAG-
13-treated cells. The upregulated genes in ZEB2-depleted gas-
truloids are involved in cell-cell junctions and actin cytoskeleton
organization (Figure 71). GO terms linked to suppressed path-
ways are involved in post-anal tail morphogenesis and segmen-
tation. The differentially expressed genes identified in bulk RNA-
seq were validated in scRNA-seq (Figures S7D and S7E).
Promoters of these differentially expressed genes are occupied
by P300 and ZEB2 (Figure S7F). To construct the lineage differ-
entiation trajectory of gastruloids, we used Monocle3.*” The tra-
jectory begins with cells classified as epiblast cells and Exe ecto-
derm (cluster 10), followed by a path that leads to ectodermal
lineages and then NMPs. Additionally, the trajectory splits into
three branches: one toward surface ectoderm; the second
branch encompasses endodermal lineages, such as definitive
endoderm, gut, visceral endoderm, endothelium, and hemato-
poietic progenitors; and the third branch consists of mesodermal
lineages, such as somitic mesoderm, intermediate mesoderm,
and paraxial mesoderm (Figure S7G). In conclusion, loss of
ZEB2 pushes toward an expansion of surface ectoderm and
neuroectoderm cells concomitant with a decrease in somitic
mesoderm.

Recently, a human model of somitogenesis has been devel-
oped,*® which provides an excellent opportunity to validate find-
ings from the mouse somitogenesis model to human. We gener-
ated homozygous and heterozygous ZEB2 knockout human
induced pluripotent stem cell (iPSC) lines (Data S1). When
cultured in matrigel for 24 h, wild-type human iPSCs formed
structures containing multiple somite-like structures (Figure 7J).
By contrast, the ZEB2 knockout iPSCs failed to elongate (Fig-
ure 7J; Data S1). The somitoids with heterozygous ZEB2 loss
displayed an intermediate phenotype, characterized by elonga-
tion but without segmented structures. We next assessed
whether differentially expressed genes identified in ZEB2-
depleted mouse somitic gastruloids exhibit differential expres-
sion in human somitoids. Indeed, initial validation by quantitative
reverse-transcription PCR (RT-gPCR) confirmed that four genes
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(CLDN7,SCUBE2, KRT8, and DLX5) that were found to be upre-
gulated upon ZEB2 depletion in mouse somitic gastruloids were
also upregulated in ZEB2 knockout human somitoids, whereas
the downregulated gene DMRT2 showed concordant downre-
gulation (Data S1). Somitoids with heterozygous ZEBZ2 loss
display intermediate effects on gene expression of the same
genes. RNA-seq analysis further confirmed the concordance be-
tween mouse somitic gastruloids and human somitoids, particu-
larly for those differentially expressed genes identified in mouse
somitic gastruloids (Figure 7K; Data S1). However, a higher num-
ber of differentially expressed genes was detected in wild-type
human somitoids versus ZEB2 knockout conditions (n = 1,124,
adjusted p value < 0.05 and absolute log, fold change > 2)
(Data S1). We hypothesize that these differences can be ex-
plained by the fact that we made use of a transient protein degra-
dation strategy in mouse gastruloids, whereas a full ZEB2
knockout was used in human somitoids. Nevertheless, the upre-
gulated genes in human ZEB2 knockout somitoids showed sig-
nificant enrichment for surface ectoderm marker genes, while
downregulated genes are enriched for markers of paraxial meso-
derm (Data S1), which agrees with our findings in mouse somitic
gastruloids (Figure 7G). In conclusion, ZEB2 is essential for the
formation of segmented structures during mouse and human
somitogenesis.

DISCUSSION

Here, we exploited the scalability of mouse gastruloids to profile
their dynamic (phospho) proteome in a time-resolved manner. In
addition to many well-known marker proteins, numerous less
well-characterized proteins are dynamically expressed during
gastruloid formation, providing a list of target proteins for future
experiments aimed at elucidating their putative role in gastruloid
formation. Additionally, investigating dynamic phosphorylation
sites on these proteins can shed further light on their biological
functions. We also profiled the proteomes of sorted germ layer
cells. Here, the most distinct difference was observed between
SOX17-RFP* (endoderm) and MT1-BFP™* (ectoderm) cell popu-
lations. However, discrimination between BRA-GFP* (meso-
derm) cells and triple-negative cells was less clear, likely due
to the predominance of mesodermal subtypes among the tri-
ple-negative cells. Of note, utilizing fluorescent reporter lines re-
quires time-consuming CRISPR-based genetic manipulation
and the selection of appropriate reporter genes. In some cases,
the specificity of the chosen reporter gene may be insufficient to
discriminate between different cell types. For example, SOX17 is
expressed in both endoderm and endothelial cells, and these
cells have a distinct RNA expression profile.5 Bulk proteomics
analysis of SOX17* cells thus results in a mixed proteome of
both cell types. The recent emergence of SCP technology offers
a promising solution to overcome these issues. With advance-
ments in the technology, the average number of detected pro-
teins per cell has increased from 767 proteins in the first study
to 1,500-2,000 proteins per cell using the CellenOne platform
workflow.**°° Here, this approach enabled the quantification
of >1,400 proteins in single cells, facilitating the distinction of
germ layer cell populations and mESCs resembling bulk prote-
omics. Notably, SOX17* cells exhibit two distinct clusters on
the PCA component 2, possibly reflecting endoderm and
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endothelial cells (Figures 5A and 5C). In the coming years, further
improvements in throughput and proteome depth will enhance
the ability to discriminate cell clusters and annotate cell types
without prior knowledge. A further interesting direction to
explore would be to conduct parallel profiling of the transcrip-
tome and proteome in individual cells to better understand
gene expression regulation in complex developmental biological
systems.®" Additionally, live-cell microscopy combined with
fluorescence-based methods would be a valuable and comple-
mentary approach for validating protein dynamics at single-cell
resolution.

Most gene expression studies apply sequence-based
methods to infer gene regulatory networks, which are biased to-
ward transcription factors with annotated DNA binding motifs. In
addition, transcriptional repressors are often not considered in
gene regulatory network algorithms.”®*? Tagging Ep300 with
miniTurbolD has proven here to be effective in characterizing
enhancer-bound proteins, including transcription factors and
chromatin-modifying enzymes. Follow-up experiments revealed
that ZEB2 loss during gastruloid formation results in elongation
defects. Loss of ZEB2 in somitic gastruloids results in an expan-
sion of surface ectoderm and neuroectoderm concomitant with a
decrease in somitic mesoderm. Previous studies have shown that
the surface ectoderm and somites have a complex interplay dur-
ing embryonic development, where the former provides impor-
tant signals (direct cell-cell contacts, Wnt signals) to regulate
the elongation of somitic mesoderm and somite epithelializa-
tion.>*™° Precise control in fate specification to neuroectoderm
and surface ectoderm seems to be crucial for proper somitogen-
esis. Consistently, Zeb2 knockout mice display multiple develop-
mental defects, including abnormalities in somite formation,
myogenic differentiation, neural plate, and neural crest cells.**>®
Additionally, we were able to reproduce the defective somite
phenotype in human somitoids. These findings suggest a
conserved role for ZEB2 in regulating the development of these
crucial cell types across species. Interestingly, human somitoids
generated from heterozygous ZEB2 knockout cells display an in-
termediate phenotype. Notably, in humans, haploinsufficiency of
ZEB2 has been linked to Mowat-Wilson syndrome, a neurological
disorder.”® Altogether, these discoveries highlight the importance
of ZEB2 in early embryogenesis. To investigate the importance of
other gastruloid-specific, p300 proximal proteins, a genetic
screen targeting these genes could uncover additional regulators
of early embryonic development and/or somitogenesis.

Limitations of the study

Although we provide a thorough characterization of the prote-
ome in gastruloids, this quantified proteome is not comprehen-
sive. Despite the application of various affinity enrichment
methods, key transcription factors, such as classical HOX pro-
teins, were sparsely identified in our experiments. This was un-
expected given the strong enrichment of HOX motifs in P300-
bound regions and given the prominent RNA expression patterns
of HOX genes in gastruloids. Low-abundant proteins are notori-
ously difficult to detect, but the development of new technolo-
gies, such as data-independent acquisition mass spectrometry
(DIA-MS) analysis and algorithms based on deep learning,®*®"
hold great promise for their improved detection in the future.
Finally, although gastruloids are very useful for studying key as-
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pects of early mammalian embryogenesis, particularly due to
their scalability and susceptibility of mESCs to genome engi-
neering technologies, these embryo-like structures do not (yet)
fully recapitulate the complexity and cellular diversity of natural
embryos. Systematic comparisons, such as the proteome com-
parisons presented in this study, are therefore essential to inves-
tigate similarities and discrepancies between these embryo-like
structures and natural embryos. Furthermore, these insights
could lead to advancements in generating more complex mouse
three-dimensional (3D) gastruloid models.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-HA clone 3f10 Roche 11867423001; RRID:AB_390918
anti-rat Ig/HRP Agilent Dako P0450; RRID:AB_2630354
anti-V5 Invitrogen R960CUS; RRID:AB_2792973
anti-p300 Santa Cruz sc-585; RRID:AB_2231120
Streptavidin-HRP Invitrogen S911

anti-HA Invitrogen 71-5500; RRID:AB_2533988
anti-HOXC8 Sigma HPA028911; RRID:AB_10602236
anti-HOXB4 DSHB 112; RRID:AB_2119288
FluoTag®-X2 anti-TagFP AlexaFluor647 Nanotag Biotechnologies N0502-AF647; RRID:AB_3075936
Goat anti-Rat Alexa Fluor 647 Invitrogen A-21247; RRID:AB_141778

Goat anit-Rabbit IgG Alexa Fluor 647 Invitrogen 21245; RRID:AB_141775

IRDye 680RD Donkey anti-Mouse 1gG
IRDye 800CW Goat anti-Rabbit IgG

LI-COR Biosciences
LI-COR Biosciences

926-68072; RRID:AB_10953628
926-32211; RRID:AB_621843

Chemicals, peptides, and recombinant proteins

Leukemia inhibitory factor (LIF) produced in-house N/A

Gelatin from bovine skin Sigma G9391
CHIR99021 Axon Medchem 1386
Matrigel Corning 356231
dTAG-13 Tocris Biosciences 6605
ROCK-inhibitor Sigma Y0503
All-trans-Retinoic acid Sigma R2625
SB431542 Stem cell Technologies 72232

DMH1 Stem cell Technologies 73632

bFGF PeproTech AF-100-18B
StemFit BasicO4 Complete Type Ajinomoto group N/A
Vitronectin XF Stem Cell Technologies 100-0763
NDiff227 TaKaRa Y40002
Dodecyl Maltoside (DDM) Sigma D5172

Biotin Life technologies B20656
Streptavidin Sepharose High-Performance beads Cytiva 15511301
anti-HA agarose beads Sigma A2095
Ethidium bromide Sigma E1510
Disuccinimidyl glutarate Thermo Fisher Scientific 20593
Complete protease inhibitors Roche 45-4693132001
lodoacetamide Sigma 1149

TMT18 Thermo Fisher Scientific A52045
Hydroxylamine Sigma 467804
Trypsin Promega V5113
Critical commercial assays

ProteoCHIP Cellenion CPS-1216-3
Nucleofector Lonza Kit P3 Lonza V4XP-3024
KAPA RNA HyperPrep Kit KAPA Biosystems 08105952001
KAPA RiboErase Kit KAPA Biosystems 07962274001
KAPA ChIP HyperPrep Kit KAPA Biosystems 07962363001
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Chromium Single Cell 3’ Reagent kit (v3.1 Chemistry) 10x genomics 1000128
Deposited data
Time course proteomes, germ layer proteomes, This study PXD041309
phosphoproteome and proximity labeling
Single cell proteomics This study PXD041328, PXD048347
RNA-seq, ChIP-seq and scRNA-seq This study GSE229029
Time course RNA-seq of mouse gastruloids Beccari et al.* GSE106227
P300 ChIP-seq from mESCs Creyghton et al.® GSM594600, GSM594601,
Chronis et al.”® GSM2417169,
Lee et al.* GSM3019270

scRNA-seq mouse gastruloids and embryos

Suppinger et al.®
Pijuan-Sala et al.*®
Van den Brink et al.®

GSE229513, GSE123187

Original western blot images Mendeley data Suz®® (https://doi.org/10.17632/2ypp9yfwir.1)
Experimental models: Cell lines

dual Bra-GFP/Sox17-RFP mESC reporter Pour et al.”® N/A
MML-6838-CI2 human iPSCs Hansen et al.®® N/A
Oligonucleotides

knock-in gRNA for Mt1: ACAGCACGTGCACTTGTCCG Schmid-Burgk et al.®” N/A

knock-in gRNA for Ep300: TGTCTAGTGTACTCTGTGAG N/A N/A

knock-in gRNA for Paxip1: CCATCAGTTAAATTTATAT N/A N/A

knock-in gRNA for Zeb2: GGAAACCAAATCAGACCACG Birkhoff et al.®® N/A

knock-in gRNA for Sp5: CGCGGGACCTATGAGCGCAC N/A N/A

knock-in gRNA for Rxra: GGCACCACATCAAGCCACCT N/A N/A

bacterial gRNA: GTGTTGTGGACTGCGGCGGTCGG Grand et al.?” N/A

knockout gRNA for ZEB2: CATTGGCCTCTGGCGTGCCA Guidi”® N/A

and TTGTAGCCCCGGTCGCAGTA

PCR primers Table S5 N/A
Recombinant DNA

pUB-(Bbsl)_CBh-Cas9-T2A-mCherry Chuetal.” addgene #64324

pCAS9-mCherry-Frame +2

Schmid-Burgk et al.®”

addgene #66941

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be provided by the lead contact, Michiel Vermeulen

(michiel.vermeulen@science.ru.nl).

Materials availability

Plasmids and cell lines generated in this study are available upon request.

Data and code availability

o ChlIP-seq, RNA-seq, scRNA-seq have been deposited to Gene Expression Omnibus (GEO) database: GSE229029. Single cell
proteomics data have been deposited at the ProteomeXchange Consortium via the PRIDE partner repository with the data set
identifier: PXD041328 and PXD048347 (BRA-GFP+ cells). All other mass spectrometry data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD041309. Original western blot
images have been deposited at Mendeley and are publicly available as of the date of publication. The DOl is listed in the
key resources table (https://doi.org/10.17632/2ypp9yfwir.1).

® The code to analyze single cell proteomics data is available at: https://github.com/PSobrevalsAlcaraz/SCP_Stelloo.et.al.2023.
Interactive visualization of processed datasets is available at https://mouse-gastruloids-omics.shinyapps.io/gtlshiny/.

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

Cell lines

The dual BRA-GFP (Brachyury), SOX17-RFP reporter mouse ES cell line”® was cultured on 0.15% (w/v) gelatin-coated dishes in Dul-
beccco’s modified Eagle’s medium (DMEM, Gibco, 31966) supplemented with 15% fetal bovine serum (Biowest, S1810), 2mM
GlutaMAX (Gibco, 35050038), sodium pyruvate (Gibco, 11360039), non-essential amino acids (Gibco, 11140035), 50U/mL peni-
cillin-streptomycin (Gibco, 15140122), 100uM B-mercaptoethanol (Sigma, M3148) and leukemia inhibitory factor (LIF; produced
in-house). MML-6838-CI2 human induced pluripotent stem cells®® were cultured on vitronectin coated plates in StemFit BasicO4CT
medium (Ajinomoto) supplemented with 50U/mL penicillin-streptomycin (Gibco). All lines were routinely tested for mycoplasma
contamination and copy number profiles were assessed in the derived cell lines of the triple reporter cell line (Data S1).

Generation of cell lines

For the generation of the triple reporter cell line, CRISPaint method®” was used to endogenously tag the ectoderm marker gene Mt1
with tagBFP. The CRISPaint universal donor plasmid (addgene #80970) was modified to in-frame insert T2A-tagBFP followed by a
BGH poly(A) signal and a bleomycin resistance cassette. The guide RNA near the stopcodon of Mt? (5'-ACAGCACGTG
CACTTGTCCG-3') was cloned into pU6-(Bbsl)_CBh-Cas9-T2A-mCherry vector (addgene #64324). The dual reporter cell line was
transfected with the guide RNA plasmid, donor plasmid and frame selector 2 (addgene #6694 1) using Lipofectamine 3000 according
to the manufacturer’s protocol (Invitrogen). After 10 ug/ml zeocin (Invivogen, ant-zn-1) selection, clones were validated with Sanger
sequencing.

For endogenous tagging of Ep300, a homology donor plasmid was generated containing a left homology arm of 700bp, a linker
sequence, miniTurbolD, V5, T2A-puromycin and a right homology arm of 300bp. The guide RNA used for Ep300 tagging is
5'-TGTCTAGTGTACTCTGTGAG-3'. The guide RNA 5'-CCATCAGTTAAATTTATAT-3' was used for tagging Paxip1 with miniTurbolD.
For the generation of the degron cell lines, we used homology donor plasmids with a 3x HA sequence and FKBP12F*%V flanked by
150bp homology arms. The target guide RNAs used are 5-GGAAACCAAATCAGACCACG-3' for Zeb2,°® 5-CGCGGGACCTAT
GAGCGCAC-3 for Sp5 and 5-GGCACCACATCAAGCCACCT-3' for Rxra. Cells were transfected with the donor plasmid, target
guide RNA, and a bacterial guide RNA (5'-GTGTTGTGGACTGCGGCGGTCGG-3')%° to linearize the donor plasmid. Two days after
transfection, mCherry* cells were single cell-sorted into 96 well plates, expanded and genotyped. Primers used for verification of
edited loci in single clones are listed in Table S5.

To generate a ZEB2 knockout in MML-6838-CI2 iPSCs, we applied the same strategy as described previously.”® In brief, MML-
6838-Cl2 iPSCs were transfected with two guides (5'-CATTGGCCTCTGGCGTGCCA-3’' and 5-TTGTAGCCCCGGTCGCAGTA-3'
cloned in addgene plasmid #48139) using an Amaxa nucleofector Il device with program DS-137 and nucleofector Lonza Kit P3. Me-
dium was supplemented with 10uM Y-27632 ROCK-inhibitor (Sigma, Y0503) for 24 h. At 48 h post transfection, the cells were treated
with 0.25pg/mL puromycin (Invivogen, ant-pr-1) for 24h. Single cell derived clones were screened with primers listed in Table S5.

Mouse embryos
All animals were housed and bred according to institutional guidelines, and procedures were performed in compliance with Stan-
dards for Care and Use of Laboratory Animals with approval from the Hubrecht Institute ethical review board.

METHOD DETAILS

Mouse gastruloids and somites

Gastruloids were generated as previously described.®'® Briefly, 300 single cells were FACS sorted with a BD FACSMelody™ cell
sorter into U-bottomed 96 wells (Greiner Bio-one; 650185) containing 40uL NDiff227 (Takara, Y40002). After 48 h, the aggregates
were treated with 3uM CHIR99021 (Axon 1386) and medium was refreshed every day with pre-equilibrated NDiff227. For gastruloids
embedded in matrigel, four ‘96 h gastruloids’ were transferred with a P1000 pipette with the tip cut-off to 1.5mL Eppendorf tubes and
resuspended in 10% matrigel (Corning, 356231) and transferred to a 48-well Greiner Bio-one; 677180). For time lapse imaging, plates
were placed in a temperature and CO, chamber (37°C and 5% CO,) and brightfield images were acquired with 10 min intervals for
~24 h using an Okolab 2.0. Brightfield images were acquired with a Zeiss Axiophot microscope (10x objective) with an Axiocam cam-
era connected to a computer running Zen software. For degradation of the FKBP127®" degron tagged transcription factors, cell lines
were treated with 100nM dTAG-13 (Tocris Biosciences, 6605) or DMSO as control. For experiments with all-trans-Retinoic acid
(ATRA, Sigma, R2625), ATRA was added to Ndiff227 medium at 0 h, 48 h, 72 h and 96 h during gastruloid differentiation at the indi-
cated concentrations.

Mouse embryoid bodies (EBs)

mESCs were cultured in medium without LIF in bacterial dishes at a density of 1 million cells/dish. Medium was changed every other
day and cells were harvested at day 6. Pelleted cells were lysed in 5 volumes (cell pellet size) of RIPA buffer (150mM NaCl, 50mM Tris
pH 8.0, 1ImM EDTA, 10% glycerol, 1% NP40, 1imM DTT and complete protease inhibitors (CPI, Roche)) and further processed as
described for HA pulldown below.
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Human somitoids

Human somitoids were generated as previously described.”® iPSCs were sorted with a BD FACSMelody™ cell sorter into
U-bottomed 96 wells (Greiner Bio-one; 650970) (350cells/well) containing 50ul somitoid induction medium (NDiff227 (Takara) supple-
mented with 10uM SB431542 (Stem cell Technologies, 72232), 10uM CHIR99021 (Axon 1386), 2uM DMH1 (Stem cell technologies,
73632), and 20ng/ml bFGF (PeproTech, AF-100-18B) with 10uM Y-27632 ROCK-inhibitor (Sigma, Y0503). After sorting, the plates
were centrifuged for 2 min at 150g. Twenty four hours after sorting, 150ul somitoid medium was added and medium was refreshed
with NDiff227 at 48 h and 72 h. At 96 h, medium was replaced with NDiff227 medium containing 10% matrigel (Corning, 356231).
Brightfield images were acquired with a Zeiss Axiophot microscope (10x objective) with Axiocam camera connected to a computer
running Zen software.

Mouse embryo isolation

Mice were housed in a standard condition with 12:12 h light:dark cycle in temperature-controlled rooms with food and water ad li-
bitum. All mouse embryos were isolated after timed mating of F1 WT strain males and females. 12.00 on the day of an observed
vaginal plug was considered as E0.5. During isolation extraembryonic tissues and membranes were removed with tweezers. For em-
bryo collection at E8.5 and E9.5 surgical cuts were made posterior to the heart and only tissues posterior to the cut were collected,
while at E7.5 whole embryonic tissue was isolated. For E7.5 embryos, a total of 47 embryos were collected from 6 pregnant mice and
distributed into three replicates. The three replicates comprised 16, 11, and 20 embryos. For E8.0, two replicates were conducted,
with 19 and 11 tails/trunks analyzed in each, derived from three pregnant mice. Sixteen E8.5 embryos (posterior material), derived
from two pregnant mice, were distributed evenly across four replicates. All anterior material of E8.5 embryos were pooled together.
For E9.5 stage, individual embryos were harvested from one pregnant mouse. Upon collection in 1.5ml Eppendorf tubes, all liquid
was removed with a 30G needle and samples were snap frozen in liquid nitrogen for further processing.

(Phospho)proteomics

To harvest gastruloids for (phospho)proteomics experiments, 96-well plates were flipped upside down in 3D printed collection plates
and centrifuged for 3 min at 300g. The gastruloids were washed twice with ice-cold PBS, snapfrozen with liquid nitrogen and stored at
-80°C. Concurrently with harvesting gastruloids for one of the time course experiments, we collected gastruloids for RNA-seq. For
germ layer specific proteomes, the collected gastruloids were dissociated by pipetting up and down with pre-warmed trypsin-EDTA.
Trypsin was inactivated with DMEM supplemented with 15% FBS. Subsequently, cells were washed twice with ice-cold PBS and
resuspended in PBS. Sorting was performed on a BD FACSAria™ instrument and 100,000 cells per replicate were collected in protein
LoBind tubes (Thermo scientific, 90410) containing 200uL PBS. Sorted cells were centrifuged at 4°C for 10 min at 300xg and super-
natant was removed with a 30-gauge needle with syringe.

Frozen pellets were lysed with SDS lysis buffer (4% SDS, 1mM DTT, 100mM Tris pH 7.5) and incubated for 3 min at 95°C. Samples
were sonicated for five cycles (30 s on/30 s off, Bioruptor Pico). Filter Aided Sample-Preparation (FASP)’? was performed on a total of
20ug of protein per sample for whole proteomes or 50ug of protein per sample for phosphoproteomes. Cell lysates were mixed with
Urea buffer (8M urea, 0.1M Tris pH 8.5, 5mM DTT) and loaded onto Centrifugal Filters (Microcon, MRCFORO030). Filters were washed
twice with Urea buffer, incubated with 0.05M iodoacetamide in Urea buffer for 10 min, and washed three times more with Urea buffer
followed by three washes with 0.05M ammonium bicarbonate (Fluka Analytical, 09830). Samples were digested overnight with
trypsin (0.1png/ml, 1:100) at 37°C. For whole proteomes, peptide solutions were acidified with trifluoroacetic acid (TFA) and desalted
using C18 Stagetips.”® For phosphoproteomics, phosphorylated peptides were enriched using Fe(lll)-NTA 5L cartridges on the
AssayMap BRAVO platform (Agilent Technologies).”*

Streptavidin pulldowns

Cells were treated with 50uM biotin (B20656, Life technologies) for 1 h at 37°C. Cells were harvested by scraping and gastruloids by
centrifugation. Pelleted cells were washed twice with PBS and resuspended in five volumes of RIPA buffer (150mM NaCl, 50mM Tris
pH 8.0, 1mM EDTA, 10% glycerol, 1% NP40, 1mM DTT and CPI). Lysates were rotated for 1 h at 4°C and centrifuged for 5 min at
21,000g at 4°C. The supernatant was collected and protein concentration was measured using BCA protein assay (Thermo Flsher
Scientific). Approximately 500pg of protein per reaction was incubated with 15ul prewashed Streptavidin Sepharose High-
Performance beads (15511301, Cytiva) and 2ul of ethidium bromide (Sigma, E1510) for 2 h in a rotation wheel at 4°C. The beads
were washed twice with RIPA buffer, twice with PBS + 1% NP40 and twice with PBS. Beads were resuspended in Laemmli buffer
(120mM Tris, 20% Glycerol, 4% SDS, 100mM DTT and CPI) and boiled for 10 min at 95°C for western blot. Antibodies used are strep-
tavidin-HRP (Invitrogen, S911), P300 (Santa Cruz Biotechnology, sc-585), V5 (Invitrogen, R960), IRDye secondary antibodies (LI-
COR Biosciences, 926-68072 and 926-32211). As described previously, for mass spectrometry, beads were resuspended in 50ul
elution buffer (2M Urea, 100mM Tris pH 8.0, 10mM DTT) and incubated for 20 min in a thermo shaker at 1,250rpm at room temper-
ature.”® lodoacetamide (50mM) was added to the beads and further incubated for 10 min in a thermo shaker at 1,250rpm in the dark.
Then, 0.25ug trypsin was added, followed by incubation in a thermo shaker at 1,250rpm for 2 h at room temperature. The supernatant
was collected to new tubes and further digested overnight at room temperature with an additional 0.1ug of trypsin. Peptide solutions
were acidified with TFA and desalted using C18 Stagetips. For visualization of P300 proximity labeling data in the ShinyApp, we used
the code provided on https://github.com/FredHutch/interactiveVolcano.git.
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DNA pulildown

DNA oligonucleotides containing the HOX motif or a mutated HOX motif with the forward strand containing a 5’- biotin moiety were
ordered from Integrated DNA Technologies (Table S5). The forward oligo (20uM) and 30uM of the complementary reverse oligo were
mixed in annealing buffer (10mM HEPES pH 8.0, 50mM NaCl and 1mM EDTA). Oligos were annealed by heating to 95°C for 10 min
before cooling to room temperature. Subsequently, 10pmol of annealed oligo were incubated with prewashed 1-3ul streptavidin se-
pharose beads for 30 min in a rotation wheel at 4°C. Two C18 discs were inserted into a 200uL pipette tip, which was then placed onto
a homemade adapter. The following steps were performed as previously described for one-tip pulldowns.’® Steps: (1) conditioning
the C18 with 60l of MeOH at 1000g for 1 min; (2) blocking the C18 with 60l of 2% (w/w) SDS at 15009 for 1 min; (3) loading the DNA
oligos coupled onto the streptavidin beads at 1500g for 1 min; (4) twice 50ug protein lysate loading at 100g for 30 min or longer when
necessary; (5) washing with 60pl of NP40 buffer (1% NP40, 50 mM Tris pH 7.4, 150 mM NaCl) at 1500g for 5 min for four times; (6)
activation of C18 with 60l of Buffer B (80% (v/v) acetonitrile and 0.1% (v/v) formic acid) at 1500g for 1 min; (7) reduction by loading
20uL of 10mM TCEP and 50mM triethylammonium bicarbonate buffer (TEAB, Sigma #T7408) for 15 min at room temperature (RT)
and then discarding the solution at 1000g for 30s; (8) digestion and alkylation by loading 2ul of digestion buffer containing
0.25 pg/ul of trypsin (Promega #V5113), 20mM chloroacetamide, and 50mM TEAB for 1 h at 37°C; (9) washing with 60ul buffer A
(0.1% formic acid) at 1500g for 1 min; (10) dimethyl labeling twice with 150ul of labeling reagent (16.2ul 37% CH20 (light) or
30.0 pL 20% CD20 (medium) plus 6mg sodium cyanoborohydride in 3mL of labeling buffer (10mM NaH2PO4, 35mM Na2HPO4)
at 15009 for 10 min; (11) washing with 60uL buffer A (0.1% formic acid) at 1500g for 1 min. Labeled samples were eluted with Buffer
B while combining the respective light and medium labeled pairs into the same tube.

LC-MS/MS and downstream analysis

Phosphoproteomics samples were analyzed using an Ultimate 3000 uHPLC system coupled to an Orbitrap Exploris 480 (Thermo
Fisher Scientific). Peptides were separated using a nanoflow rate of 300 nL/min on an analytical column (ID of 75um and 50cm length;
packed in-house with 2.7um Poroshell EC-C18 particles (Agilent)). We used a two-system buffer consisting of solvent A (0.1% Formic
Acid in water) and B (0.1% Formic Acid in 80% ACN). A 98 min gradient from 9% to 36% of solvent B, followed by 5 min wash with
99% solvent B and a 10 min column equilibration with 9% solvent B was used. MS1 scans were acquired from 375 to 1600 m/z at
60,000 resolution (at 200 m/z). RF lens (%) was set to 40 and the AGC target was set to ‘standard’ with the maximum injection time
mode set to ‘auto’. A minimum intensity threshold of 50,000 was used to trigger an MS2 scan. Precursors were selected for fragmen-
tation with an isolation window of 1.4 m/z. AGC target and injection window were also set as ‘standard’ and ‘auto’ for MS2 scans.
Precursors were fragmented with an HCD collision energy of 28%. MS2 scans were acquired from 120 m/z with a 30,000 resolution at
200 m/z. Precursors were added to the dynamic exclusion list for 16 seconds after being fragmented once. Raw MS spectra from
phosphoproteomics samples were searched using MaxQuant software (version 2.0.1.0) against a mouse UniProt database (fasta
file downloaded 201708). The default settings were used, with the following exceptions: methionine oxidation, protein N-term acet-
ylation and phosphorylation of serine, threonine and tyrosine were set as variable modifications. Cysteine carbamidomethylation was
set as a fixed modification. ‘Match between runs’ was enabled with the default parameters, and fractions were set so that matching
was only done between replicates. Phosphosite data was analyzed using Perseus software. Potential contaminants, reverse se-
quences (decoys), and phosphorylation sites with <0.75 localization probability score were filtered out. Only phosphosites quantified
in at least three replicates from the same condition were kept for further analysis, and missing values were replaced from a normal
distribution using the default settings. Intensities were log, transformed and subjected to ANOVA multiple sample test with
Benjamini-Hochberg correction. Significantly changing phosphosites were z-scored for visualization. Significantly downregulated
and upregulated sites (based on t-test results with a log, fold change cutoff of > 2 and a student t-test p-value of <0.05) were sub-
mitted to KEA2.”” A list of transcription factors was obtained from the AnimalTFDB v4.0 database.?”

Whole proteomes, proximity labeling experiments and DNA pulldowns were analyzed using an online Easy-nLC 1000 (Thermo
Fisher Scientific) coupled to an Orbitrap Exploris 480 (Thermo Fisher Scientific). MS1 spectra were acquired at 120,000 resolution
with a scan range from 350 to 1300 m/z, normalized AGC target of 300% and maximum injection time of 20ms. The top 20 most
intense ions with a charge state 2-6 from each MS1 scan were selected for fragmentation by HCD. MS2 resolution was set at
15,000 with a normalized AGC target of 75%. Raw MS spectra were analyzed using MaxQuant software (version 1.6.0.1) with stan-
dard settings. For dimethyl labelled samples, the respective built in N-terminal and lysine modification for dimethyl labeling was spec-
ified under “labels”. Data was searched against the mouse UniProt database (fasta file downloaded 201706) using the integrated
search engine. Potential contaminants, reverse sequences, ‘only identified by site’ and proteins identified by only one peptide
were excluded from the analysis using Perseus software. Proteins quantified in all triplicates of at least one sample group were
considered for downstream analysis. Next, missing LFQ values were imputed for statistical analysis using ‘replace missing values
from normal distribution’ function with default settings. Data obtained from the two biological time course experiments, each
comprising three technical replicates per timepoint, were merged and subjected to the “removeBatchEffect” function in limma
Rpackage before statistical analysis. Statistical analysis was performed using ANOVA multiple sample test with Benjamini-
Hochberg correction for multiple hypothesis testing and Student’s t-test for proximity labeling experiments. Gene ontology analysis
was performed using the gseGO and enrichGO functions of R package clusterProfiler.”®
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Single cell proteomics

50nI of master mix (0.2% DDM (Cayman Chemical Company), 100mM TEAB (Sigma-Aldrich), 10ng/ul LysC&Trypsin (Promega)) was
dispensed in each nanowell of a proteoCHIP (Cellenion, France) using the cellenONE (Cellenion, France), at 22°C and at 85% humid-
ity.*® Gastruloids were resuspended in degassed PBS (Sigma) and single cells with a diameter between 13 and 30um and maximum
elongation of 2.0 were dispensed in each well. A subset of gastruloids was first sorted for fluorescence expressing germ layer cells
using FACS (Aria lll), followed by further processing for single cell proteomics on the cellenONE. Morphological parameters were re-
corded during cell dispensing. Another 50nI master mix was added and the temperature of the heating block was elevated to 50°C for
2 h to allow protein digestion. For TMTpro 18 labeling, 100mM TMT (all channels except for 126 and 127C) in anhydrous acetonitrile
was deposited in each well and incubated at room temperature for 1 h. The carrier was created by mixing endoderm, ectoderm,
mesoderm, unsorted cells, and mESCs at equal ratios, and lysed following the same protocol as the single cell samples. The carrier
sample was labeled with TMT126 and a 20-cell equivalent was printed with the cellenONE to each single cell sample before mass
spectrometry analysis. The 127C channel was left empty to avoid potential contamination from the 126 carrier channel. Quenching
was performed by dispensing 50 nL of 0.5% hydroxylamine (Sigma) and incubating for 15 min. Samples were acidified and diluted
with 150nL of 2% formic acid, and pooled via centrifugation at 1,500rpm for 2 min to the proteoCHIP funnel. ProteoCHIP funnels were
incubated at 4°C to freeze the hexadecane oil layer and cleaned up. Eluted peptide mixes were vacuum-dried in and resuspended in
buffer A (0.1% formic acid) for mass spectrometry analysis.

Samples were separated on a 20-cm pico-tip column (50um ID, New Objective) packed in house with C-18 material (1.9um aqua-
pur gold, dr. Maisch) using a two-step 140 min gradient (5% to 25% ACN/0.2% FA in 85 min, and to 45% in 30 min) using an easy-nLC
1200 system (Thermo Fisher Scientific). Peptides were electro-sprayed directly into an Orbitrap Eclipse Tribrid Mass Spectrometer
(Thermo Fisher Scientific). The column temperature was maintained at 45°C using a column oven (Sonation). Spray voltage was set to
2.1kV, funnel RF level at 60, and the transfer capillary temperature at 275°C. The FAIMS device was set at standard resolution and a
carrier gas flow of 3.8, and a constant CV of -50. The MS was operated in DDA mode, and full scans were acquired in the Orbitrap with
a resolution of 120,000 and a scan range from 375-1200 m/z, with an AGC target of 3e6 and an automatically determined maximum
injection time. Up to 10 most intense precursor ions were selected for HCD fragmentation at a normalized collision energy of 32%,
after reaching the AGC target of 1e5 or maximum injection time of 118 ms. MS/MS was acquired at a resolution of 60,000, with an
exclusion duration of 120s and with a fixed first mass of 110 m/z.

RAW data files were processed using Thermo Proteome Discoverer (version 2.4) and Sequest HT search engine allowing for var-
iable methionine oxidation, protein N-terminal acetylation, and protein N-terminal methionine loss. TMTpro of peptide N-termini and
lysine residues were set as static modifications. The protein database consisted of the Uniprot TrEMBL protein database of Mus
Musculus. Enzyme specificity was set for trypsin, with a maximum of two allowed missed cleavages. The precursor mass tolerance
was set at 10ppm, and fragment mass tolerance was set to 0.02Da. TMTpro 18 reporter ion quantification was performed using the
Reporter lons Quantifier node, with a co-isolation threshold of 50% and Minimal Channel Occupancy of 0. Results were filtered using
a 1% FDR cut-off at the protein and peptide level.

The downstream analysis pipeline was adapted from SCP R Package.”® Proteins were screened to ensure they contained at least
two unique peptides. The peptide spectrum matches files were then extracted from Thermo Proteome Discoverer. Quality control
was performed by selecting peptide spectrum matches fitting the expected single cell to carrier ratio and a false discovery rate
(FDR) of 0.01. The filtered peptide spectrum matches were normalized to the sum of the single cells and combined at the peptide
level using their median. To explore the peptide data, the median relative intensity and median coefficient of variation per cell
were computed. The peptide data was normalized using median and was log transformed, and the data was aggregated to the pro-
tein level using their median. The normalized protein data was subjected to a filtering process based on missingness, where proteins
found present in at least 70% of the cells of one cell type were extracted for subsequent analysis. The remaining proteins were
imputed using random draws from a manually defined distribution relative to the original data distribution. To address batch effects,
ComBat function from the sva package (version 3.38.0) was used with proteoCHIPs serving as batch covariates and accounting for
the different known cell types in the model matrix. Imputation was performed separately for each experiment to account for the sto-
chasticity of the DDA mode. ANOVA analysis was then conducted on the imputed data, correcting for multiple testing with the
Benjamini-Hochberg method and selecting proteins with an adjusted p-value of less than 0.01. The remaining proteins were used
for the downstream analysis, including PCA and UMAP. To test robustness of clustering, the data was randomly shuffled and applied
to the same downstream analysis.

HA pulldown followed by western blotting

Approximately 500ug of protein per reaction was incubated with 15l prewashed anti-HA agarose beads (Sigma, A2095) and 2ul of
ethidium bromide (Sigma, 10mg/ml) for 90 min in a rotation wheel at 4°C. The beads were washed twice with RIPA buffer, twice with
PBS + 1% NP40 and twice with PBS. Beads were resuspended in Laemmli buffer (120mM Tris, 20% Glycerol, 4% SDS, 100mM DTT,
CPI and bromophenol blue) and boiled for 10 min at 95°C after which proteins were separated on an SDS-PAGE gel. Proteins were
transferred from the gel to a nitrocellulose membrane using wet transfer. Nitrocellulose membranes were blocked with 5% milk in
0.1% Tween-PBS for 30 min followed by 1 h primary antibody (anti-HA clone 3f10, Roche, 11867423001) and 1h secondary antibody
(anti-rat Ig/HRP, Agilent Dako, P0450). The experiment was performed once.
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ChiP-seq

Chromatin immunoprecipitations were performed as described previously.®° In brief, trypsinized gastruloids were crosslinked in so-
lution A with 2mM disuccinimidyl glutarate (Thermo Fisher Scientific #20593) for 25 min, followed by 1% formaldehyde methanol-free
(Thermo Fisher Scientific, 28906) for 20 min. Chromatin extracts were sonicated for 2-4 cycles of 30 sec on, 30 sec off using a Dia-
genode Bioruptor Pico. For each ChlIP, 4g of V5 Tag antibody (Thermo Fisher Scientific, RO60CUS) or 4ug of HA antibody (a mix of
2ug from Roche 11867423001 and 2ug from Invitrogen 71-5500) was pre-conjugated to 40ul of Protein A/G magnetic beads (Invi-
trogen, 10009D and 10008D). Immunoprecipitated DNA was processed for library preparation using the KAPA HyperPrep Kit (KAPA
Biosystems, 07962363001), barcoded with NEXTflex DNA barcodes (IDT technologies) and paired-end sequenced using an lllumina
NextSeq500. Sequence reads were processed using the seq2science pipeline (v0.7.1).%" Briefly, paired-end reads were trimmed
with fastp (v0.20.1, default settings) and aligned with bwa-mem2 (v2.2.1, options ‘-M’) to the Mus musculus genome assembly
GRCm38.p6. Aligned reads were filtered based on mapping quality (MAPQ > 30) and filtering out duplicate reads and reads in
the ENCODE blacklisted regions. Peaks were called with MACS2 (v2.2.7) with default settings in BAMPE mode. The peaks called
in both biological replicates were used for analysis. Genome browser snapshots were generated with Easeq (v1.111),% motif analysis
was performed using the SeqPos motif tool with default settings and genomic region enrichment analysis was performed with CEAS
(http://cistrome.org/ap/). Publicly available ChlP-seq data used in this study is available from GEO (GSE24164, GSE90893 and
GSE110950) and re-analyzed with the seg2science pipeline. CopywriteR Rpackage (v1.0.2) was used to obtain copy number profiles
from input and ChIP samples.®®

RNA-seq

RNA was extracted using Quick-RNA MicroPrep kit (Zymo Research, R1051) according to the manufacturer’s instruction with DNA-
sel treatment included. Libraries were generated from 40-500ng RNA with the KAPA RNA HyperPrep Kit with RiboErase (KAPA Bio-
systems, 08105952001 and 07962274001). Fragmentation and priming were performed at 94°C for 6 min. NEXTflex DNA barcodes
were used for adaptor ligation. Libraries were amplified with 6-10 PCR cycles followed by a two steps library amplification cleanup
using a 0.8x bead-based cleanup and then an 1x bead cleanup. Library size was determined using the High Sensitivity DNA bio-
analyzer kit on a Bioanalyzer 2100 system (Agilent) and concentration was measured using the dsDNA High Sensitivity Assay (De-
novix). Libraries were paired-end sequenced (42bp or 59bp) on an lllumina NextSeq500 or NextSeg2000. Sequence reads were pro-
cessed using the seg2science pipeline (v0.7.1).%" In short, paired-end reads were trimmed with fastp (v0.20.1, default settings) and
aligned with STAR (v2.7.6a, default settings) to the Mus musculus genome assembly GRCm38.p6. Aligned reads were filtered based
on a minimum mapping quality of 255 and duplicate reads and reads in the ENCODE blacklisted regions were filtered out. Sample
sequencing strandedness was inferred using RSeQC (v4.0.0) and number of reads per gene were measured with HTSeq count
(v0.12.4). Deseq2 (v1.34.0) was used for downstream analysis.®* Genes with low counts were filtered out and the IfcShrink function
was used to obtain differentially expressed genes. Publicly available RNA-seq data used in this study is available from GEO
(GSE106227) and analyzed with the seg2science pipeline.

RT-gPCR

Extracted RNA was used for cDNA synthesis using iScript cDNA Synthesis Kit (Bio-Rad, 1708891). Real-time PCR analysis was per-
formed using iQ SYBR Green Supermix (Bio-Rad, 1708886) and run on a CFX96 Real-Time system (Bio-Rad). The data were normal-
ized to housekeeping gene TBP. Primer sequences are listed in Table S5.

Ananse analysis

For gene regulatory network analysis for gastruloids and mECS the computational approach ANANSE was used (v0.4.0).?® Briefly,
the ananse binding command line was used to predict specific transcription factor binding using P300 ChiP-seq data from mESCs
and gastruloids. To build the gene regulatory networks we used 1) the output from ananse binding, 2) RNA-seq data processed to
obtain gene-level transcripts per million (TPM) values from gastruloids and mESCs (3) GRCm38 genome assembly. To obtain the
TPM files the reads from the RNA seq data were quantified using Kallisto (v0.48.0) and the index file was build using the Ensemble
mouse transcriptome GRCm38. The influence score was calculated using the gene regulatory networks from gastruloids and mESC,
to generate a differential regulatory network. The number of top edges used for this differential network was 500 (-i 500.000).

Single-cell RNA-seq

Gastruloids (~32) were harvested from matrigel with icecold PBS and spun down at 300g for 5 min at 4°C. Gastruloids were trypsi-
nized for 5 min at 37°C and resuspended in DMEM supplemented with 15% FBS. Cells were washed with cold PBS and resuspended
in PBS containing 7-AAD (Invitrogen, 00-6993-50) and 0.04% BSA. Live cells were sorted at 4°C with a BD FACSMelody™ cell sorter
in DNA LoBind tubes containing PBS with 0.04% BSA and centrifuged at 300g for 5 min. Per sample, 10,000 cells were processed
using the 10x Genomics Chromium Controller and the Chromium Single Cell 3° Reagent kit (v3.1 Chemistry) following the standard
manufacturer’s protocol. The resulting libraries were sequenced on an lllumina Nextseg500 (1x 28bp + 1x56bp + 1x8bp index). Raw
sequencing data was processed using Cell Ranger (v6.1.2, 10x Genomics)®® and further processed with Seurat (v4.1.0).%° Seurat
objects were created with the parameters min.cell=3 and min.features=200 set. In addition, cells with at least 2000 but no more
than 8000 genes detected and less than 10% mitochondrial reads were kept. To integrate the two conditions, scTransform data, us-
ing the SelectintegrationFeatures(), PrepSCTlIntegration(), FindIntegrationAnchors(), and IntegrateData() functions with default
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options were run. PCA was then run on the top 3000 variable genes and the data was then clustered (resolution = 0.5 and dimen-
sions=30). Differentially expressed genes were identified with Seurat’s PrepSCTFindMarkers. Cell type and embryo stage annotation
was performed using SeuratFindTransferAnchors and TransferData functions using the mouse gastrulation atlas as a reference (R
package MouseGastrulationData).’® Monocle3 was used to order single cells along pseudotime.”” For visualization of the scRNA
data in the ShinyApp, we used the ShinyCell R package.®’

Immunofluorescence

Immunofluorescence was performed as previously described.®® For gastruloids grown in matrigel, the medium was removed and the
gastruloids were harvested in icecold PBS and washed twice with PBS. Gastruloids were fixed in 4% formaldehyde in PBS while
rocking for 2 h at 4°C. Samples were incubated for 1 hin PBS containing 10% FBS and 0.2% Triton-X100 followed by 24 h incubation
with primary antibody and then secondary Alexa Fluor 647 antibody (Invitrogen, A-21247 or A-21245) at 4°C for 24 h. Preconjugated
Alexa Fluor 647 anti-TagFP (Nanotag Biotechnologies, N0O502-AF647) was used to stain TagBFP protein. The following primary an-
tibodies were used: anti-HA clone 3f10, anti- HOXC8 (Sigma, HPA028911) and anti-HOXB4 (DSHB antibodies, 112). For validation of
the P300-miniTurbolD expressing cell line, mESCs were grown on gelatin-coated coverslips for a maximum of 48h. Cells were fixed
with 4% formaldehyde for 10 min, washed twice with PBS, permeabilized with 0.3% Triton-X100 in PBS for 10 min and blocked with
0.5% BSA in PBS for 30 min. Cells were incubated with anti-V5 (Invitrogen, R960) for 1 h followed by PBS washes and 1 h incubation
with Avidin-FITC (Invitrogen, A821) and secondary Alexa Fluor 647 antibody. Excess antibodies were removed with PBS washes.
Coverslips were mounted with Fluoromount G mounting medium with DAPI (Invitrogen, 00-4959-52). Images were acquired using
a Zeiss LSM880 with ZEN software.

Perimeter quantification

Perimeter was quantified with the software MOrgAna (version 0.1.1).29 For this a training set ranging from 10 to 50 images with their
respective masks was used to train the model with default settings, downscaling of 0.25, edge size of 2, pixel extraction of 0.5 and
extraction bias of 0.5. Masks were inspected and those that showed an incorrect mask were manually mapped. The resulting data
was exported and analyzed with R.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical details of experiments can be found in the figure legends, figures, results, and method details.
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