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Abstract

Aggregating low numbers of mouse embryonic stem cells (MESCs) and inducing Wnt
signalling generates ‘gastruloids; self-organising complex structures that display an
anteroposterior organisation of cell types derived from all three germ layers. Current
gastruloid protocols display considerable heterogeneity between experiments in terms of
morphology, elongation efficiency, and cell type composition. We therefore investigated
whether altering the mESC pluripotency state would provide more consistent results. By
growing three mESC lines from two different genetic backgrounds in different intervals of
ESLIF and 2i medium the pluripotency state of cells was modulated, and mESC culture
as well as the resulting gastruloids were analysed. Microscopic analysis showed a pre-
culture-specific effect on gastruloid formation, in terms of aspect ratio and reproducibility.
RNA-seq analysis of the mESC start population confirmed that short-term pulses of 2i and
ESLIF modulate the pluripotency state, and result in different cellular states. Since multiple
epigenetic regulators were detected among the top differentially expressed genes, we fur-
ther analysed genome-wide DNA methylation and H3K27meg3 distributions. We observed
epigenetic differences between conditions, most dominantly in the promoter regions

of developmental regulators. Lastly, when we investigated the cell type composition of
gastruloids grown from these different pre-cultures, we observed that mESCs subjected to
2i-ESLIF preceding aggregation generated gastruloids more consistently, including more
complex mesodermal contributions as compared to the ESLIF-only control. These results
indicate that optimisation of the mMESCs pluripotency state allows the modulation of cell
differentiation during gastruloid formation.
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Introduction

The first mouse embryonic stem cell (mESC) line, derived from the inner cell mass of the
pre-implantation blastocyst, was established in 1981 [1,2]. Over the past decades, these plu-
ripotent cells have become a powerful tool for studying and understanding cellular differen-
tiation during embryonic development. This is illustrated by the fact that an ever growing
number of specific cell types can now be generated through directed differentiation [3-5].

In addition to the commonly used two-dimensional differentiation, it is well established that
aggregation of mESCs into three-dimensional (3D) spheres termed embryoid bodies (EBs),
causes their spontaneous differentiation into structures containing cell types derived from
all three embryonic germ layers [6,7]. Although EBs are mostly unorganised, a small fraction
spontaneously breaks symmetry in a stereotypical manner and acquires a spatial organisa-
tion that resembles gastrulating embryos [8]. This remarkable capacity to self-organise can
be more consistently achieved by aggregating 300-600 mESCs followed by incubation with a
Whnt-activator (Chiron) from 48 - 72 hrs [9-11]. At 120 hrs, the resulting structures, termed
‘gastruloids’ indeed contain cell types derived from all three germ layers, organised into three
body axes and contain collinear Hox gene expression [12-16]. Their amenability to genetic
and chemical perturbations, single cell sequencing approaches and imaging has made gastru-
loids an increasingly popular tool for studying poorly understood aspects of early mammalian
embryogenesis in vitro.

Although gastruloids have already yielded important insights, there is a need to improve
the current models. Next to the lack of extra-embryonic tissues, gastruloids are largely devoid
of organised anterior structures such as anterior mesoderm and brain precursors [12,14,15].
However, through the addition of signalling molecules, gastruloids can be directed to form
these cell types. For instance, anterior structures can be induced through the addition of FGF
and Activin A and replacement of Wnt-activation with Wnt-inhibition. Similarly, early stages
of heart development can be modelled by including cardiogenic factors FGE, ascorbic acid,
and VEGF [17,18]. Lastly, through embedding gastruloids in matrigel before the elongation
stage, tissue structures such as somites, the neural tube, and the gut tube are more faithfully
reproduced [15,19-21]. Together these studies demonstrate that by optimising culture condi-
tions, a wider variety of cell types and tissue structures can be induced in gastruloids.

In addition to a lack of anterior and extra-embryonic cell types, gastruloid formation using
current protocols can be highly variable within experiments. This results in unpredictable
frequencies of cells belonging to specific lineages and also in variable spatial organisation [22].
Such inter-gastruloid heterogeneity poses obvious challenges with respect to interpretation
of results and reproducibility and therefore warrants further exploration and optimisation.
Inter-gastruloid variability seems, at least in part, caused by culture conditions used prior to
gastruloid formation, which we term “pre-culture”. Generally, mESCs are maintained in a
medium containing serum, termed ESLIF medium, which gives rise to a heterogeneous pool
of cells in terms of their transcriptional state [23]. ESLIF-grown cells are most comparable to
peri-implantation epiblast cells and are commonly referred to as being in a naive pluripotency
state [24]. Alternatively, cells can be maintained in serum-free medium containing Glyco-
gen Synthase Kinase 3-beta (GSK3b) and MAPK/ERK kinase (MEK) inhibitors, commonly
referred to as 2i medium. Cells grown in 2i are more homogeneous and correspond to stem
cells found in the inner cell mass of the pre-implantation embryo, commonly referred to as
ground-state pluripotency [23,25]. The main differences between ESLIF and 2i-grown mESCs
are related to their epigenome. In particular, DNA methylation and the histone modification
H3K27me3, indicative of a repressive chromatin state, show variable distributions between
the two conditions. 2i-grown mESCs show a genome-wide DNA methylation level of approx-
imately 30% and a general spread of H3K27me3 across the genome [25-27]. In contrast, in
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serum-grown mESCs, DNA methylation covers 80% of the genome, and H3K27me3 shows
more focused distributions around promoter regions [25,28-31]. The epigenome and there-
fore the pluripotency states are dynamic and ES cells can transition from one state to another
through intermediate states [32]. Thus, optimising pre-culture conditions and linking these
conditions to their epigenetic and transcriptional states will likely result in a more robust
gastruloid model. Here, we explored pre-culturing mESC using different combinations of 2i
and ESLIF culture media, profiled their pluripotency state, and studied the effects on gastru-
loid differentiation and lineage contributions. Our data highlight the importance of carefully
considering pre-culture conditions in relation to the mESC line used.

Materials and methods
Cell culture and gastruloid generation

129S1/Svim]/ C57BL/6 (B6; [33]), 129/Ola E14-IB10 (IB10; [34]) and E14-triple reporter
(TR; [35]) mESCs were cultured in a humidified incubator (5% CO2, 37 °C) on 0.1% (B6) or
0.15% (IB10, TR) gelatin-coated 6-well plate cell culture dishes in ESLIF medium (GMEM
(B6; Gibco) or DMEM (IB10, TR; Gibco) containing 10% (B6) or 15% (IB10, TR) fetal
bovine serum (FBS, Sigma F7524 (B6), Bodinco #5010 (IB10, TR)), 1 mM Sodium Pyruvate,
1% non- essential amino acids (Gibco), 1% GlutaMAX supplement (Gibco), 1% penicillin-
streptomycin (Gibco), 0.1 mM b-mercaptoethanol, and 1000 units/mL mouse leukaemia
inhibitory factor (mLIF, ESGRO (B6) or home made (IB10, TR)). Cells were split every second
day at 80% density by washing with PBSO (PBS without calcium or magnesium), dissociating
with TrypLE (B6; Gibco, 12605010) or 0.05% trypsin-EDTA (IB10, TR, B6 stainings in S1]
Fig; Gibco, 25300096) for ~ 5 mins at 37 °C, centrifuging at 300 g for 3 mins, and replating
the pellet 1:5 (B6) or 1:10 (IB10, TR) on gelatinised plates. Pre-culture conditions consisted of
different pulse timings and lengths with 2i medium (For B6 cells: 48.1% DMEM/F12 (Gibco)
and 48.1% Neurobasal (Gibco) containing 0.5% N-2 supplement (Gibco, # 17502048), 1%
B-27 supplement (Gibco, # 17504044), 1% GlutaMAX, 1.1% penicillin-streptomycin, 0.1 mM
b-mercaptoethanol, 1000 units/mL mouse leukaemia inhibitory factor (mLIF, ESGRO), 3
uM chiron (CHIR99021, Tocris # 4423) and 1 uM PD032509 (Sigma, # PZ0162), for IB10
and TR cells: NDiff 227 (Takara, Y40002), 1% penicillin-streptomycin (Gibco), 3 pM Chiron
(CHIR99021, Selleckchem S1263), 1 uM PD032509(Selleckchem, S1036) and mLIF (home
made)). During pre-culture conditions, cells were split at day 1 and 3; medium was refreshed
at day 2 and 4. All cell lines were routinely tested and confirmed to be free of mycoplasma.
Gastruloids were generated as described before [12,15] with the following adaptations for
B6 cells: two days before aggregation, cells were plated in a series of 1:10 to 1:3 dilution, and
at the time-point of aggregation the cells with 80% confluency were chosen. Further, N2B27
medium (Takara) was passed through a.22 um filter before use and 600 cells were used for
aggregation instead of 300. For gastruloids developed for immunofluorescence stainings (S1]
Fig), N2B27 medium was made as follows: 48.1% DMEM/F12 (Gibco) and 48.1% Neurobasal
(Gibco) containing 0.5% N-2 supplement (Gibco, # 17502048), 1% B-27 supplement (Gibco,
#17504044), 1% GlutaMAX, 1.1% penicillin-streptomycin, 0.1 mM b-mercaptoethanol. For
IB10 and TR cells, gastruloids were generated with the following adaptations: live cells were
counted by using 0.2% Trypan Blue solution (Gibco) and a LUNA-FX7 cell counter (Logos
biosystems) and 300 live cells were used for aggregation.

Bright-field microscopy and analysis

B6 gastruloids were kept in 96-well plates and imaged using the Leica THUNDER Imager Live
Cell & 3D Cell Culture & 3D Assay with a 10x dry lens. During imaging, the temperature was
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kept at 37 °C and the CO2 level at 5%. IB10 and TR gastruloids were imaged in 96-well plates
using a Zeiss Axio Vert.A1 with a 5x objective. For B6 gastruloids, multiple Z-stacks were
taken of each gastruloid with an interval of 5 pm and Z-stacks were focused using the Image]
data processing package Fiji (v.2.1.0/1.53c) plug-in Stack Focuser. For all cell lines, images
were subsequently analysed by creating a mask of the gastruloid in Fiji (v2.14.0). The pictures
and masks were loaded into the MOrgAna software [36] for gastruloid quantifications of the
major and minor axis length. Each gastruloid was straightened and the aspect ratio was deter-
mined by dividing the major and minor axis lengths. Statistics were calculated with statannot’s
add_stat_annot (v0.2.3). For comparison of 2 conditions an independent T-test was used, and
for more than two conditions the Mann-Whitney-Wilcoxon two-sided test with Bonferroni
multiple testing correction was used.

Immunofluorescence and confocal microscopy

Gastruloids were harvested, fixed in 4% PFA and stored in PBST (PBS, 0.1% Tween20) until
further processing. For immunofluorescent staining, gastruloids were washed three times
for 5 minutes in PBST, followed by blocking for 1h in blocking buffer (BB; PBS, 10% fetal
bovine serum (FBS), 0.2% Triton). Gastruloids were incubated overnight at 4°C with Rabbit
anti-TBXT (1:300, Abcam, #ab209665) or Goat anti-TBXT (1:300, R&D systems, #AF2085)
and Rat anti-SOX2 (1:300, ThermoFisher, #14-9811-82) primary antibodies in BB. Antibody
specificity was determined by omitting primary antibodies. Stained gastruloids were washed
three times for 10 minutes in BB followed by incubation with Donkey anti-Rabbit AF647
(1:500, Invitrogen, A31573) or Donkey anti-Goat AF568 (1:500, Invitrogen, #A11057) and
Donkey anti-Rat AF488 (1:500, Invitrogen, #A21208) secondary antibodies in BB for 2 hours
at RT. After a single wash in PBST for 5 minutes, gastruloids were counterstained with DAPI
(1:5000, Invitrogen, D1306) in PBST for 15 minutes at RT, and mounted onto Superfrost
microscope slides (Epredia, # 16261541) using Mowiol mounting medium.

Gastruloids were imaged using the Leica SP8 confocal microscope equipped with a Fluotar
VISIR 25x NA0.95 water long distance objective. Multiple z-stack images were acquired at
1024x1024px or 512x512px resolution with a step size of either 4 or 7 um. LAS X and Fiji were
used for image visualization and processing.

FACS analysis of pooled TR gastruloids

At 120h AA, TR gastruloids were pooled and washed with PBS0, followed by dissociation
with 0.5% trypsin-EDTA for ~5 mins at 37 °C. Single cells were resuspended with a P200
pipette, spun down at 200 g for 5 mins and resuspended in 500 uL PBS0. 7-AAD (Invitrogen,
00-6993-50) was added in a 1:1000 dilution to stain dead cells. Cell fluorescence of the three
reporters was measured on an 8-color MACSQuant (Miltenyi Biotec) and analysed with
Flow]Jo software (v10).

Dissociation, FACS sorting and scRNA-seq of B6 mESCs and single
gastruloids

mESCs were dissociated as described, re-suspended in PBSO (PBS without calcium or magne-
sium) supplemented with 5% FBS, and filtered through a 35 pm filter (Falcon, 352235). Single
gastruloids were washed with PBS0, followed by incubation with 50 uL trypsin without phenol
red (Gibco) for ~5 mins at 37 °C. Gastruloids were mechanically broken up into a single-cell
suspension by pipetting with a P200 pipette, diluted to 1 mL with PBS0 supplemented with

5% FBS, and filtered through a 35 pm filter (Falcon, 352235). Prior to fluorescence-activated
cell sorting (FACS) using an Influx machine, DAPI was added to the cell suspension to assess
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cell viability. Dissociated single cells were sorted into two 384-well plates for each pre-culture
mESC condition, resulting in a total of 768 cells per condition. For each individual gastruloid,
one 384-well plate was sorted and processed, and 5 gastruloids were sorted per condition.
Libraries were prepared following the CEL-seq2 protocol [37]. The libraries were sequenced
with the Illumina NextSeq 500 with a 2 x 75bp or 1 x 75bp kit (26 bp at read 1 and 61 bp at
read 2).

sortChIC and bisulfite sequencing of mESCs

H3K27me3 and DNA methylation was assayed in bulk from the same cell suspension as used
for CEL-seq2. For bisulfite sequencing, cells were pelleted after dissociation by centrifuging

at 300 g for 3 mins, followed by DNA extraction using the Qiagen DNeasy Blood & Tissue

Kit (69504) according to the manufacturer’s guidelines. DNA yield was quantified with Qubit
dsDNA HS Assay Kit (10616763) and 100 ng DNA was used as input for the Zymo Research
Pico Methyl-Seq Library Prep Kit (D5456). Abundance and quality of the final library were
assessed by Qubit dsSDNA HS Assay Kit (10616763) and Agilent Bioanalyzer HS DNA kit
(5067-4626) and sequenced paired-end 2 x 150 bp using an Illumina NextSeq 500. For sort-
ChIC, dissociated cells were ethanol-fixed and incubated with 1:100 anti-H3K27me3 antibody
(NEB, 9733S) as described previously [38]. 1000 cells were sorted in a tube and processed as
described, with all single-cell volumes multiplied by 100 [38]. Samples were sequenced paired-
end 2 x 100 bp on an I[llumina NovaSeq 6000.

Transcriptome analysis

Raw fastq files were processed into count tables using the transcriptome Snakemake [39]
pipeline of the SingleCellMultiOmics package (see https://github.com/BuysDB/SingleCell-
MultiOmics/wiki/Transcriptome-data-processing, version 0.1.30). The pipeline performs
demultiplexing for CEL-Seq2 barcodes with a hamming distance of 0 using SingleCellMul-
tiOmics’ demux.py and trimming with cutadapt [40] (version 4.1), followed by mapping with
STAR [41] (version 2.5.3a) to the 129/B6 SNP-masked GRCm38 mouse genome (Ensembl
97). Feature counting was performed with featureCounts [42] (version 1.6.2) and reads were
tagged and deduplicated, then transformed to a.csv file. Downstream analysis was performed
with Scanpy [43] (version 1.8.1). Cells with less than 500 reads or less than 100 genes detected
were filtered out. Genes detected in less than 2 cells were also removed. Cells with more than
40% or more than 20% mitochondrial reads were excluded for mESCs and gastruloid cells,
respectively. Mitochondrial reads, Malatl, and ribosomal reads were excluded from further

analysis. Counts were normalised to 500 transcripts per cell and logarithmized. The number
of counts, percentage of mitochondrial reads, and cell cycle phase were regressed out and
each gene was scaled to unit variance with a maximum of 10. Principal component analysis
was performed with 10 neighbours and either the 30 or 40 highest principal components were
used to generate the UMAP for mESCs or gastruloid cells, respectively. The data was clustered
using the Leiden algorithm (scanpy.tl.leiden, resolution set to 0.5). Differentially expressed
genes between clusters were determined using Scanpy’s Wilcoxon rank-sum test. Differen-
tially expressed genes between ESLIF and 2i pre-culture states were determined by grouping
pre-culture conditions into pseudobulks with decoupler (version 1.6.0) followed by pydeseq2
(version 0.4.4)

To match the preculture scRNAseq dataset with a reference gastruloid time-course dataset
from 72h AA until 168h AA [44], scanpy’s PCA-based integration called ingest was used and
the lineage, pseudotime and sampling time labels were integrated (sc.tl.ingest(adata, adata_ref,
obs=[“lineage”, pseudotime’ hour’])).
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H3K27me3 and DNA methylation data analysis

WGBS-seq data was mapped using the snakePipes [45] WGBS mapping workflow (v 1.3.1) to
GRCm38 (mm10) genome with default parameters. WGBS workflow applies paired-end trim-
ming using fastp [46] (v0.20) with options -q 5 -1 30 -M 5, mapping using bwa mem [47] with
options -T 40 -B 2 -L 10 -CM -U 100 -p and bwa-meth [48] (v0.2.2) for methylation encod-
ing, followed by CpG methylation calling using methyldackyl (https://github.com/dpryan79/
MethylDackel, v0.5.0) with options -mergeContext -maxVariantFrac 0.25 -minDepth 4. ChIC-
seq data was mapped using the ChIC Snakemake pipeline [39] of the SingleCellMultiOmics
package (version 0.1.30). The CPM-normalised coverage was computed in 100 bp bins using
deepTools [49] (v3.0) bamCoverage with options -normalizeUsing CPM -skipNAs -ignore

X MT. We used the mm10 gencode [50] (v23) annotation to define promoter (TSS +- 10kb),
gene body (signal > 10kb downstream of TSS, only on genes longer than 10kb), intergenic
regions and repbase database (2022) to define repeat regions. WGBS signal (CpG methylation
ratio) and ChIC signal (counts) were then aggregated on these grouped features. In order to
compare ChIC signal between features, we additionally normalised the ChIC signal to the
total length of the feature groups using FPM (features per million) defined as FPM = A * (1/
(sum(A))) * 10 x 10%, where A = feature counts/kb. Finally, to classify genes based on the
ChIC signal at the promoters, we aggregated counts on promoter regions using computeM-
atrix with options -bs 200 -missingDataAsZero -skipZeros, followed by plotHeatmap with
options -kmeans 4 to get the 4 gene clusters. The normalised counts per cluster was then
calculated as CPM = A/ (sum(A) * 10 x 10°), where A = feature counts.

Results

Different intervals of 2i exposure during mESC culture affect the
reproducibility of gastruloid formation

To test the impact of preculture-defined mESC states on gastruloid composition, we applied
different combinations of 2i and ESLIF culture media to mESCs and studied the effects on
gastruloid formation (Fig 1A). First, we tested three mESC lines from two different genetic
backgrounds: E14 cells containing a triple germ layer reporter (TR), a wild-type E14-IB10 line
(IB10), and wild-type 129SV/BIl6 (B6) cells. We included two control conditions: one with
ESLIF only (1) and one with 2i only (2), representing naive and ground state pluripotency,
respectively, and show the expected morphologies, with flat and connected colonies in ESLIF
medium and dome-shaped disconnected colonies in 2i medium (Figs 1A, S1A). Because it
was previously reported that some cell lines benefit from a pulse of 2i for gastruloid formation
(reviewed in [51]), we hypothesised that short-term pulses of 2i could modulate the mESCs
differentiation potential, thereby affecting gastruloid formation. To this end, we tested 2
intermediate states by culturing the mESCs in ESLIF with a pulse of 2i for the last 48 (3) or 24
(4) hours before aggregation. The morphologies of mESCs subjected to the different pulses are
in between the ESLIF and 2i state, with condition 3 forming ESLIF-type colonies with round
edges and condition 4 resembling the ESLIF control (Fig 1A).

For all three cell lines and pre-culture conditions, mESCs were aggregated into gastruloids
following the standard protocol which uses a Wnt-activation pulse between 48 h and 72h after
aggregation (AA) through the addition of chiron [12,15]. Gastruloids display morphologi-
cal variation at 120h AA depending on the mESC pre-culture condition used (S1B Fig). To
characterise these morphological differences for all cell lines and conditions in a high number
of gastruloids in parallel, we performed a gastruloid elongation screening, which is indicative
for efficient symmetry breaking and early lineage commitment of cells towards the three germ
lines. In short, we imaged all gastruloids generated, extracted the major and minor axis length
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Fig 1. Variations in mESC culture conditions affect gastruloid elongation length, efficiency, and consistency across replicates. (A) Schematic overview of six differ-
ent pre-culture conditions, with varying times of ESLIF or 2i culture medium, and (&) corresponding bright-field images showing cell morphologies for all conditions.
All cells were routinely maintained in ESLIF medium on gelatin, with the exception of the 2i control (condition 2) in the TR and IB10 cell lines, which underwent full 2i
reprogramming for 2 weeks. (B-C) Aspect ratio (B) and major axis length (C) of gastruloids from three different genetic backgrounds. (D-E) Aspect ratio (D) and major
axis length (E) of gastruloids from B6 cell line, separated by replicate. The most efficient timing of chiron pulse and read-out was chosen for each condition (see S1IF-G
Fig). For condition 3, this was 24 h delayed (chiron pulse at 72-96 h AA, read-out at 144 h AA), for all other conditions, this was the standard protocol (chiron pulse at
48-72h AA, read-out at 120 h AA). Statistical significance between replicates A and B was calculated with an independent t-test.

https://doi.org/10.1371/journal.pone.0317309.g001
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of each individual gastruloid using MOrgAna [36], and used these to calculate the aspect ratio
(S1C Fig). Comparing results obtained for the 4 conditions showed a significant difference in
gastruloid formation efficiency as measured by the aspect ratio (AR) and major axis length
(Fig 1B-C). The gastruloids generated from the TR line displayed modest elongation and did
not show significant differences between pre-culture conditions. In contrast, the IB10 and B6
gastruloids were affected by pre-culture conditions but with opposing effects. For IB10 gastru-
loids, 2i culture conditions resulted in a significant increase in AR whereas for B6 gastruloids,
ESLIF culture conditions gave rise to the highest AR. These data demonstrate the variability of
gastruloid formation between cell lines, and the requirement of different pre-culture condi-
tions for gastruloid formation dependent on the cell line.

To see if pre-culture conditions affect lineage distribution in gastruloids, we further
analysed formed gastruloids from the TR cell line for pre-culture conditions 1 and 2 by
FACS measurement of the fraction of cells containing germ layer-specific expressed fluo-
rescent proteins. We noticed variations in the ratio of cells expressing each marker (S1D-E
Fig). While both conditions had similar fractions of endodermal cells, ESLIF pre-cultured
gastruloids contained more ectodermal cells, while 2i pre-cultured gastruloids were mostly
composed of mesodermal cells for both replicates tested (S1D-E Fig). We next separated
the replicates in the AR and major axis length quantification for pre-cultures 1 and 2. We
observed that the TR line remains consistent across replicates, the IB10 line replicates its
pattern of a higher AR in pre-culture condition 2 than 1, and the B6 line shows the largest
variation between replicates (S1F Fig). We decided to study the effect of all pre-culture condi-
tions in more detail in the B6 cell line to see if other conditions could lead to more consistent
results across replicates.

Because the altered pluripotency state of the different pre-culture conditions could have
an effect on symmetry breaking during the gastruloid protocol, we subjected all conditions
additionally to a delayed chiron pulse from 72h - 96h AA, and assessed them at 120h or 144h
AA (S1G-I Fig). We only observed a significant increase of the aspect ratio for pre-culture
condition 3 with a 24h delay of the chiron pulse and read-out (S1H-I Fig). Therefore, we sub-
jected condition 3 pre-cultured cells to a 72h - 96h AA chiron pulse and read-out at 144h AA,
while for all other pre-culture mESCs we used the default gastruloid protocol. To investigate
what causes this difference between pre-cultures, we assessed the time point of Brachyury (T)
induction and polarisation between pre-cultures (S1]-K Fig). We found that while condition
1 results in polarised structures at 72h AA, conditions 2 and 3 display a delay in T induction
and polarisation. Condition 4 pre-cultured gastruloids display similar symmetry breaking as
compared to condition 1, but with a lower overall expression of T. At 96h AA, all pre-culture
conditions result in elongated structures with polarised expression of T.

To refine our intermediate pluripotent states we introduced two additional pre-culture
conditions before aggregation. mESCs were cultured in ESLIF with a 48-hour (5) or 24-hour
(6) 2i pulse followed by a 48-hour (5) or 24-hour (6) ESLIF pulse before aggregation (Fig 1A).
When we split the data by experiment, we observed a high degree of heterogeneity between
replicates except for conditions 4 and 6 (Fig 1D-E). Gastruloids generated from pre-culture
conditions 5 and 6 show the least variation in AR and major axis length across the two repli-
cates (Fig 1D-E).

To conclude, the pre-culture conditions to which mESCs are exposed indeed affect the for-
mation of gastruloids. For the wild-type cell lines tested, variations in mESC pre-culture result
in gastruloids with different morphologies and elongation scores (Fig 1). Finally, pre-culture
conditions of mESCs affect reproducibility of gastruloid generation, with pre-cultures 5 and 6
generating the most reproducible results for the B6 line, while for TR and IB10 pre-cultures 1
and 2 were tested and found to be reproducible (Figs 1D-E, S1F).
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mESC pre-culture conditions display two distinct transcriptional and
epigenetic signatures

Next, we wondered if the observed phenotypic variability during gastruloid formation is
already reflected in the mESC state during aggregation. Single-cell RNA sequencing analysis
of the mESCs showed a clear segregation between cells from conditions 1, 5, and 6 (ESLIF
conditions) on the one hand, and pre-culture conditions 2, 3, and 4 (2i conditions) on the
other (Fig 2A). We confirmed that this difference is not due to plate effects (S2A Fig) or other
technical aspects, such as the total genes profiled, total counts recovered, or the percentage of
mitochondrial reads per cell (S2B-D Fig). In contrast to the observed variability in gastruloid
formation, mESCs within each condition were relatively homogenous as they segregated into
distinct groups without distinguishable sub-clusters (Fig 2A). Next, we clustered the cells into
cell states and determined the top differentially expressed genes for each cluster using the
Wilcoxon rank-sum test. Cell state clusters are largely dominated by cells from the same pre-
culture condition, with the exception of one cluster shared by pre-cultures 5 and 6, and two
outlier clusters (Fig 2B). These two clusters also show a lower S-phase score compared to the
other clusters, indicating a low cell division rate (S2E Fig). We classified one of the two outlier
clusters as ’Endoderm Progenitors; due to high and specific expression of endoderm-related
genes including Foxa2, Sox17, Sox7, Gata4, and Gata6 (S2F Fig) [52]. The second outlier clus-
ter shows expression of mesoderm specification genes, such as Mesp2, Notchl, and mesoder-
mal allantois marker Tbx4 [15,19,53], indicative of Mesoderm Progenitors (S2E-F Fig).

Next, we looked at known markers for core, ground state, naive, and primed pluripotency
[23,52,54-58]. The majority of the cells display high expression of core pluripotency genes
including Sox2, Esrrb, Nanog, Dppa5a and Tdgf1 (Cripto) (S2F Fig) [27,54,56,58]. However, we
could discern differences between pluripotency states. 2i-grown mESCs (condition 2) show
high expression of Ground State Pluripotency genes Nanog, Epha4, Mt1, Mt2, and Tex19.1
[15,56,59], while condition 3 cells exhibit a Naive Pluripotency signature with KIf4 expression
[23,52,56], and mESCs grown in pre-culture conditions 5 and 6 show a Primed Pluripo-
tency signature [27,55,56] with expression of Tet2, Dusp6, Sox1, Lefty2, and Bmp4 (S2F Fig).
Condition 4 mESCs resemble Epiblast-like cells with up-regulation of Igfbp2, Tubala, and Fos
[23,57,60], and condition 1 mESCs show expression of factors associated with Sonic Hedge-
hog(Shh) signalling, such as Gbx2, Ptchl, Sox11, and Leftyl [61-66], indicative of ectodermal
priming (S2F Fig) [67-69]. Calculated correlation scores confirmed the difference between
pre-culture conditions (S2G Fig) and confirmed Endoderm Progenitors and Mesoderm Pro-
genitors as outlier populations that likely represent a small fraction of differentiated cells (Figs
2B, S2H). To analyse the transcriptional changes underlying this split between the pre-culture
conditions in more detail, we performed differential gene analysis between ESLIF conditions,
compared to 2i conditions. Top differentially expressed genes include known pluripotency
factors as well as epigenetic factors such as Utfl, Jarid2, and Phcl (Fig 2C). To determine
whether intermediate states of pre-culture conditions display different transcriptome signa-
tures which could explain their variations in gastruloid formation, we next determined dif-
ferentially expressed genes within the ESLIF and 2i conditions. Top upregulated genes in the
ESLIF control (condition 1) compared to conditions 5 and 6 included Ptchl, Chd7 and Foxpl
with enriched GO analysis terms for biological regulation, system development and neuro-
genesis, confirming priming towards ectoderm (Fig 2D-E). In contrast, top upregulated genes
in the 2i control (condition 2) compared to conditions 3 and 4 included pluripotency genes
such as Tex19.1, and downregulated genes were enriched for the terms multicellular organism
development and system development, indicating that conditions 3 and 4 display a later stage
of pluripotency than condition 2 (Fig 2F-G).
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Fig 2. Specific pulses of culture media result in distinct transcriptome profiles and differential gene expression of epigenetic marker genes in B6 mESCs. (A)
UMAP clustering of single-cell transcriptomes (n = 4,147) of mESCs cultured using pre-culture conditions defined in Fig 1. (B) UMAP coloured by cell type states:
Primed Pluripotency (n = 1,396), Ectoderm Priming (n = 658), Mesoderm Progenitorst (n = 28), Endoderm Progenitors (n = 45), Epiblast-like cells (n = 602), cells in
Ground State Pluripotency (n = 771), and Naive Pluripotency (n = 647). Cell typing is based on marker gene expression displayed in S2F Fig and [15,18,19]. (C) Vol-
cano plot indicating downregulated genes (left, blue) and upregulated genes (right, red) in ESLIF pre-culture conditions (conditions 1, 5, 6) compared to 2i pre-culture
conditions (conditions 2, 3, 4). (D-G) Volcano plots indicating downregulated genes (left, blue) and upregulated genes (right, red) within ESLIF and 2i pre-culture
conditions. The ESLIF control (condition 1) was compared to condition 5 (D) and condition 6 (E), and the 2i control (condition 2) was compared to condition 3 (F)
and condition 4 (G). Below: the top 5 GO analysis terms for upregulated (red) and downregulated (blue) genes. (H) Heatmap showing differential expression between
the pre-culture conditions of Polycomb-associated genes (Jarid2, Eed, Phcl, Phc2, Ringl, Suv39h2), DNA methylation factors (Dnmt3a, Dnmt3b, Dnmt3l, Tet1), and
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Trithorax-associated genes (Setdla, Setd3, Setdb2, Setd?7, Setd1b). (I) H3K27me3 abundance in a 20 kb window around the TSS of genes grouped by differential gene
clusters. Differential gene clusters were identified based on their H3K27me3 TSS coverage across the six conditions (J) Percentage of DNA methylation on promoter
CpGs, grouped per pre-culture condition and gene cluster determined based on H3K27me3 data.

https://doi.org/10.1371/journal.pone.0317309.9002

Epigenetic changes between 2i-grown and ESLIF-grown mESCs are well studied, in terms
of DNA methylation and chromatin modifications [24-31]. While H3K27me3 is deposited by
the Polycomb Repressive Complex (PRC), H3K4me3 is regulated through Trithorax Group
Proteins (TxG). Indeed, when we analysed gene expression patterns of Polycomb, Trithorax
and DNA methylation factors, we observed an up-regulation of PRC factors in conditions 1, 5,
and 6, but not in 2, 3, and 4 (Fig 2H). This same pattern is to a lesser extent replicated in DNA
methylation factors, but not in TxG factors (Fig 2H).

To look further into epigenetic differences between the conditions, we profiled DNA
methylation with Whole Genome Bisulfite Sequencing (WGBS) and H3K27me3 distribution
across the genome with Sort-Assisted Chromatin Immunocleavage (sortChIC) [38]. First, we
assessed distribution of both modifications across different genomic regions. While repeat
regions are generally highly covered by H3K27me3, gene bodies and promoters contain a
lower amount of this mark (S3A Fig). DNA methylation is generally highest in intergenic
regions and lowest in promoter regions (S3B Fig). We observed the largest variation between
pre-culture conditions in promoter regions, and therefore focused the following analyses on
these (S3B Fig). We assessed coverage of H3K27me3 in a 20kb window around individual
transcription start sites (TSS) and identified four gene clusters with variable H3K27me3 distri-
bution dynamics (Fig 2I). To assess the effects of these epigenetic differences on gene expres-
sion, we grouped the scRNA-seq dataset generated before according to the same gene clusters
and analysed the average expression per pre-culture condition and gene cluster (S3C Fig).
Around 20% of the genes classified to clusters 1 and 2 are differentially expressed between the
ESLIF and 2i conditions, with more genes being downregulated (14.5% and 12.4%, resp.) than
upregulated (8.3% and 9.4%, resp., S2E Fig).

Generally, gene cluster 1 shows variability in the amount of DNA methylation and
H3K27me3 coverage between pre-culture conditions, but not when assessing gene expression
(Figs 2I-], S3C). GO analysis reveals that the variable gene cluster 1 is associated with terms
like system development, multicellular organism development, and cell differentiation (S3D-E
Fig). In contrast, while genes classified in cluster 2 show generally high levels of H3K27me3
coverage, DNA methylation across these gene promoters is low with levels below 20% (Fig
21-]). Genes classified to gene clusters 1 and 2 are generally lowly expressed, consistent with
their silencing through H3K27me3 (Figs 21-], S3C). Genes classified to cluster 3 follow the
inverse pattern with DNA methylation levels reaching 80%, intermediate levels of expression
and corresponding lack of H3K27me3. Genes classified to cluster 4 show lower levels of both
DNA methylation and H3K27me3 coverage, consistent with generally high levels of gene
expression (Figs 2I-], S3C). Lastly, we asked whether differentially expressed genes undergo
epigenetic changes. For this, we compared the gene-wise H3K27me3 promoter abundance in
the different pre-culture conditions and labelled differentially expressed genes (S3F Fig). This
showed a clear loss of H3K27me3 on transcriptionally upregulated genes of the same condi-
tion. Importantly, differentially expressed genes show overall relatively low H3K27me3 levels
in all pre-culture conditions, which get further reduced during gene activation.

mESC pre-culture conditions affect lineage contribution in gastruloids

To study the effect of different mESC pre-culture conditions on the differentiation poten-
tial, we generated gastruloids from pre-culture conditions 1, 5, and 6 as described above.
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Pre-culture condition 1 was selected as a control, and conditions 5 and 6 were selected
because they gave the most consistent results with higher AR scores in previous assays (Figs
1-2, S1-S3). Considering their similar mESC profile and gastruloid morphologies upon
differentiation, we hypothesised that conditions 5 and 6 would also yield comparable cell

type compositions, while condition 1 might show a bias towards ectoderm consistent with its
priming through Shh signalling in mESCs (S1A, 2B, S2F Figs). For each pre-culture condition,
we selected 5 single gastruloids and subjected them to single-cell RNA sequencing to evaluate
reproducibility. After excluding low-quality cells (see Methods), the remaining 4,637 single
cells were used for UMAP embedding (Figs 3A, S4A). Gastruloids from every condition con-
tain cell types derived from all three germ layers, with mesoderm contributing the highest and
endoderm contributing the lowest number of cells (Figs 3B-C, S4B). Quality metrics includ-
ing the total number of genes profiled, total counts recovered, and percentage of mitochon-
drial reads per cell are comparable between conditions and cell types (S4C Fig). Cell types
were annotated based on established marker genes shown in [14,15,18,19].

When we assessed the ratio of cell types for each gastruloid derived from each condition,
we observed that condition 1 is skewed towards an ectodermal fate and generates a signifi-
cantly higher ratio of Spinal Cord cells (Figs 3D-E, S4D-F). This is consistent with ectoderm
priming in condition 1 mESCs, identified by upregulation of Shh signalling factors (Figs 2B,
S2F). In contrast, gastruloids derived from conditions 5 and 6 generate a significantly higher
fraction of mesoderm cells, with a bias towards Somites and Early Somites, respectively (Figs
3D-E, S4D-F). Lastly, while condition 1 gastruloids produce the rare ectodermal cell type
Neural Tube Progenitors, condition 5 and 6 gastruloids generate Endothelium (S4E-F Fig). Of
note, these results are consistent with the FACS observations from gastruloids generated from
the TR cell line (S1D Fig).

To discard a delay in differentiation as a cause for differential lineage contribution, we
integrated this dataset with published data profiling gastruloids from 72h until 168h AA with
24h intervals [44]. We chose this dataset because it was generated using the same cell line, and
gastruloids were generated from mESCs grown according to pre-culture condition 5. Upon
integration, gastruloids from pre-culture conditions 1, 5, and 6 mainly corresponded to the
expected 120h AA sampling time point (Figs 3F, S4G-H) and displayed a similar distribution
across pseudotime (Fig 3G). In contrast, when comparing the lineage contributions defined by
the reference dataset, the bias of condition 1 gastruloids towards ectoderm and that of condi-
tions 5 and 6 towards mesoderm was confirmed (Fig 3H). Observing these clear differences in
differentiation, we set out to determine whether the epigenetic state of the pre-culture mESCs
already gives an indication of the observed bias. To evaluate this, we determined differentially
expressed genes in the three germ layers based on the reference dataset [44]. Plotting the
H3K27me3 count distributions over these gene sets in mESCs showed different enrichment
between gene sets and conditions (S4I Fig). While endodermal genes are low on H3K27me3
in all 3 pre-culture conditions, both ectodermal and mesodermal genes show overall lower
H3K27me3 levels in condition 1 relative to condition 5 and 6. Lastly, pre-culture conditions
display comparable expression of Hox genes across different germ layers and pre-culture

conditions (54] Fig).

Discussion

Here, we show that by modulating the mESC state through pre-culture media composition,
the elongation length and reproducibility of gastruloid formation is affected. We first tested
three different cell lines of various genetic backgrounds and noticed that the pre-culture
condition resulting in the highest AR differs per cell line, highlighting the need for cell line-
specific optimisation of the gastruloid protocol. While the B6 background yielded the lowest
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Fig 3. Pre-culture conditions affect lineage contribution in gastruloids generated with B6 mESCs. (A) UMAP showing clustering of single-cell RNA
sequencing data of five individual gastruloids for conditions 1 (n = 1,529), 5 (n = 1,532), and 6 (n = 1,576), sampling a total of 4,637 cells. (B) UMAP
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coloured by recovered cell types: Primordial Germ Cell-like Cells (PGC-like, n = 419); Allantois cells (n = 96); Endodermal cells (n = 134); mesodermal cell
types, including Early Somites (n = 903), Somites (n = 1,111), Presomitic Mesoderm (n = 563), and Differentiation Frontt (n = 467), Endothelium (n = 62),
Caudal Epiblast containing NMPs (n = 529); and ectodermal cell types including Spinal Cord (n = 344), and Neural Crest (n = 9). Cell type annotation is
based on localised expression of established marker genes (see Fig C) [14,15,18,19]. (C) Dot plot showing the expression of marker genes in all cell types. Dot
colour represents the mean expression of marker genes in specific groups, and dot size represents the fraction of cells within the group that show expression of
the gene. (D) Cell type distributions across 5 individually sampled gastruloids from condition 1 (1A-E), condition 5 (5A-E), and condition 6 (6A-E). (E) Aver-
age cell type distributions from (D) between conditions 1, 5, and 6. (F) Integration of gastruloid preculture dataset with gastruloid time-course dataset from
72h AA until 168h AA [44]. (G) Pseudotime distributions of integrated dataset split into preculture conditions 1, 5, and 6, and reference dataset. (H) Ratios of
lineage contributions of integrated dataset split into preculture conditions 1, 5, and 6, and reference dataset.

https://doi.org/10.1371/journal.pone.0317309.¢g003

AR of gastruloids after 2i culture, this was not replicated in the TR and IB10 cell lines. In addi-
tion, another study using E14 mESCs reported increased efficiency of elongation after mESCs
were maintained in 2i medium, and some cell lines require a 2i pulse for gastruloid formation
[51,54]. It is therefore plausible that different cell lines require alternative pre-treatments to
achieve the same receptive state as required for symmetry breaking during gastruloid forma-
tion. Additional experimental variations between studies, such as alterations in media compo-
sition and variations in the cell culture protocol, could also influence the reported differences.
In addition, we observe that shifting the time point of the Wnt activation pulse could improve
gastruloid elongation depending on the pre-culture condition used, and propose to take this
into consideration when performing the gastruloid protocol with untested cell lines.

Next, we suggest that modulating the pluripotency state can also affect downstream lineage
potential upon differentiation, consistent with current literature [70]. Concerning gastruloid
differentiation, a study reporting mESC maintenance in ESLIF medium identified a high ratio
of ectoderm cells, while another study routinely maintained mESCs in ESLIF supplemented
with 2i and reported faithful emergence of endoderm cells [15,20]. Since the impact of such
long term 2i treatment on ES cell differentiation state and gastruloid formation was already
thoroughly studied, in this work we focused on shorter 2i pulses to adjust and synchronise
their cellular states. The gastruloid protocol was also reported to result in inter-gastruloid
heterogeneity, with individual gastruloids being biased towards either an ectoderm or a
mesoderm fate [22]. This bias in specification was caused by differences in response strength
to the Wnt-activation pulse. To take inter-gastruloid variability into account, we profiled 5
individual gastruloids per pre-culture and compared lineage contributions between repli-
cates and between conditions. We did not observe similar inter-gastruloid heterogeneity in
this dataset. Future studies are required to shed further light on how cellular heterogeneity in
responsiveness to extracellular signals contributes to lineage decisions. In our study, synchro-
nising mESCs with a 2i-pulse before exposing them to ESLIF followed by aggregation yielded
a higher fraction of mesoderm compared to the ESLIF-only control. Maintenance of mESCs
in ESLIF produced a higher ratio of ectodermal cells in gastruloids, consistent with ectodermal
priming through Shh signalling observed under these conditions. This indicates that a higher
ratio of ectoderm cells upon differentiation is already visible by early activation of Shh sig-
nalling in mESCs, and can be identified by targeted screening for the differentially expressed
genes. However, overall differences between mESCs in the pre-culture conditions tested are
low, both in their transcriptome and epigenetic profiles. Generally, mESC pre-cultures that
generated more consistent gastruloids in the B6 cell line were marked by upregulation of
epigenetic regulators of DNA methylation and H3K27me3, corresponding with differential
coverage of these marks across promoter regions of developmental regulators. However, this
signature did not explain the difference in cell fate composition between pre-culture 1 and
pre-cultures 5 and 6. In addition, genes activated in the ectoderm and mesoderm lineages
during gastruloid formation display reduced coverage by H3K27me3 in condition 1 compared
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to condition 5 and 6 pre-cultured mESCs. It remains to be determined why higher H3K27me3
coverage on both gene sets favours mesodermal differentiation, while lower H3K27me3 levels
promote ectodermal differentiation. Future work looking at multiple states along differentia-
tion might show clearer and more predictive differences.

Importantly, building upon previous work to systematically improve gastruloid efficiency
and complexity [71,72], we present an unbiased screening approach to assess the efficiency
of gastruloid formation. Through imaging of whole gastruloid plates and the quantification
of morphological properties including aspect ratio and absolute measures of the major and
minor axis length, the effect of different treatments can be easily assessed. Selected conditions
are then further characterised in detail to identify the impact on ES cell state and gastuloid cell
type composition. Using this approach, we envision that gastruloid culture can be system-
atically optimised for reproducibility in a wide variety of cell lines and genetic backgrounds,
before a more detailed analysis of the resulting cell composition is assessed.

Supporting information

S1 Fig. Variations in mESC pluripotency state affects gastruloid morphology, percep-
tiveness to chiron pulse, elongation length and efficiency of symmetry breaking . (A)
Bright-field images showing mESC morphologies of condition 1 (serum) and condition 2 (2i)
pre-cultures for all three cell lines. (B) Examples of gastruloid morphologies generated from
the different pre-culture conditions for the three different cell lines. (C) Workflow for quanti-
fication of major axis length, minor axis length and aspect ratio of gastruloids. 96-well plates
with gastruloids were imaged, and images of gastruloids were loaded into Fiji. Images were
segmented using Ilastik, MOrgAna [36] was used to calculate the major and minor axis length.
The aspect ratio was calculated by dividing the major axis length by the minor axis length of
each gastruloid. (D-E) FACS plots (D) and quantification (E) of gastruloids formed using the
TR line for condition 1 (serum) and condition 2 (2i). Mt1:BFP marks ectoderm (ect), T:GFP
mesoderm (mes), and Sox17:RFP endoderm (end). (F) Aspect ratio and major axis length of
gastruloids after condition 1 (serum) and condition 2 (2i) pre-cultures from all three cell lines,
separated by replicate. Statistical significance between replicates A and B was calculated with
an independent t-test. (G) Schematic overview of chiron pulse and read-out optimisation.

For each pre-culture condition, the effect of conventional timing of the chiron pulse (48-72h
AA: light orange, dark orange) and a delayed chiron pulse (72-96h AA: light purple, dark
purple) on gastruloid formation were assessed. Gastruloid formation was assessed at 120h
AA and 144h, and the aspect ratio (H) and major axis length (I) were calculated. Statistical
significance of the differences in chiron pulse and read-out within conditions were calculated
with Mann-Whitney U test with Bonferroni multiple testing correction. (J) Sox2 (green) and
T (magenta) stainings and quantification (K) of pre-cultured gastruloids at 48h, 72h, and 96h
AA. ES cell cultures were pre-treated with ESLIF (c1) or 2i from 96h (c2), 48h (c3) or 24h (c4)
prior to the start of the gastruloid protocol. Depicted are maximum projections of represen-
tative gastruloids. In the right bottom corner, the proportion of representative gastruloids
over the total sample size is indicated (n=2, with the exception of C3-96h AA (n=1)). White
arrowheads point to hard-to-see positive cells. Scale bar = 100pum. Images were obtained using
a Leica SP8 confocal microscope.

(TIF)

S2 Fig. Specific pulses of mESC culture media result in distinct transcriptome profiles
in B6 mESCs. (A) UMAP coloured by plate distribution, insert: ratios of cell type states per
plate. (B-D) Distribution of total count distribution (B), mitochondrial gene expression (C),
and total gene count distribution (D) per cell. (E) S-phase scores per cell type. (F) Dot plot
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showing expression of marker genes used for determination of cell type states displayed in Fig
2B. Dot colour represents the mean expression of marker genes in specific groups, and dot
size represents the fraction of cells within the group that show expression of the gene. (G-H)
Correlation maps between conditions (G) and between cell type states (H).

(TIF)

S3 Fig. Specific pulses of culture media result in distinct epigenetic profiles in B6 mESCs.
(A) Normalised H3K27me3 abundance across different genomic regions for all six mESC
pre-culture conditions tested. Counts are normalised for features per million (FPM), which
takes into account the variable sequencing depth across samples and the variation in genome
size of the different features. (B) Percentage of CpG methylation across different genomic
regions for all six mESC pre-culture conditions tested. (C) Average level of transcriptome
reads derived from scRNAseq dataset, grouped per pre-culture condition and gene cluster
determined based on H3K27me3 data. (D) Volcano plots corresponding to Fig2C separated
by identified gene clusters, indicating down regulated genes (left, blue) and upregulated genes
(right, red) in ESLIF pre-culture conditions (conditions 1, 5, 6) compared to 2i pre-culture
conditions (conditions 2, 3, 4). (E) Top 10 GO terms associated with gene cluster 1. (F) Scat-
terplots showing H3K27me3 counts (CPM normalised), found in 15kb TSS windows com-
paring different pre-culture conditions. Coloured dots represent genes differentially expressed
between indicated conditions, with red indicating genes upregulated and blue downregulated
in the condition shown on the x-axis. Coloured numbers in the corners indicate the fraction
of differentially expressed genes showing reduced H3K27me3 in the indicated condition.
(TIF)

S4 Fig. Variations in pluripotency state affect cell type composition of gastruloids gen-
erated with B6 mESCs. (A) Distribution of replicates across transcriptome UMAP. Five
individual gastruloids were included for pre-culture conditions 1, 5, and 6. (B) Transcriptome
UMAP separated by germ layers - endoderm (n = 230), mesoderm (n = 3,106), ectoderm (n
= 882) - and pluripotency cells (n = 419). (C) Distribution of mitochondrial gene expression
(left), total count distribution (middle), and total gene count distribution (right) per cell. (D)
Ratio of germ layer contributions across 15 individually sampled gastruloids from condition

1 (1A-E), condition 5 (5A-E), and condition 6 (6A-E) (left) and between conditions 1, 5, and
6 (right). (E-F) Boxplots of cell type (E) and lineage (F) percentages per condition. Statistical
significance between conditions was calculated with Wilcoxon rank-sum test with Bonferroni
multiple testing correction. (G) Density plots of pre-culture dataset separated into condi-
tions 1, 5, and 6, and the reference dataset. (H) Ratios of sampling times mapped onto the
pre-culture dataset separated into conditions 1, 5, and 6, and the reference dataset. (I) Histo-
grams showing H3K27me3 counts per TSS (CPM normalised), split by group of differentially
expressed genes in gastruloids. (J) Heatmap of Hox gene expression across germ lines and
conditions.

(TIF)

Acknowledgments

The authors thank A. van Oudenaarden for supporting this study. We thank V. van Batenburg
for help with the imaging experiments and for useful discussions. J. Verity-Legg assisted with
bisulfite sequencing experiments. We are grateful to S. van den Brink and S. de Vries for shar-
ing their cell culture expertise, and to D. Turner for providing useful information and discus-
sions. We thank the Hubrecht Sorting Facility (HSP) and Utrecht Sequencing Facility (USEQ)
for cell sorting and sequencing. We thank the ENW XL consortium “Stochasticity” for their

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0317309 March 26, 2025 16/20



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317309.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317309.s004

PLOS ONE

Stem cell culture conditions affect in vitro differentiation potential and mouse gastruloid formation

suggestions on the cell lines and conditions. We also thank R. van Amerongen for help with
revisions. We thank the laboratory of Iftach Nachman (Tel Aviv University) for sharing the

dual BRA/SOX17 reporter cell line, and Suzan Stelloo for sharing the triple reporter line as

generated from this double reporter. The 12951/SvIm]/ C57BL/6 mESC line was a gift from
Matyas Flemr and Marc Biihler.

Author contributions
Conceptualization: Marloes Blotenburg.
Data curation: Marloes Blotenburg, Lianne Suurenbroek, Danique Bax, Joelle de Visser.

Formal analysis: Marloes Blotenburg, Lianne Suurenbroek, Danique Bax, Joelle de Visser,
Vivek Bhardwaj.

Funding acquisition: Hendrik Marks.

Investigation: Marloes Blotenburg, Lianne Suurenbroek, Danique Bax, Joelle de Visser.
Methodology: Marloes Blotenburg, Lianne Suurenbroek, Danique Bax, Joelle de Visser.
Project administration: Hendrik Marks.

Resources: Luca Braccioli, Elzo de Wit.

Supervision: Marloes Blotenburg, Elzo de Wit, Antonius van Boxtel, Hendrik Marks, Peter
Zeller.

Validation: Marloes Blotenburg, Lianne Suurenbroek, Danique Bax, Joelle de Visser, Hendrik
Marks, Peter Zeller.

Visualization: Marloes Blotenburg, Peter Zeller.
Writing - original draft: Marloes Blotenburg, Lianne Suurenbroek, Peter Zeller.

Writing - review & editing: Marloes Blotenburg, Lianne Suurenbroek, Danique Bax,
Antonius van Boxtel, Hendrik Marks, Peter Zeller.

References

1. Evans MJ, Kaufman MH. Establishment in culture of pluripotential cells from mouse embryos. Nature.
1981;292(5819):154—6. https://doi.org/10.1038/292154a0 s: 7242681

2. Martin GR. Isolation of a pluripotent cell line from early mouse embryos cultured in medium con-
ditioned by teratocarcinoma stem cells. Proc Natl Acad Sci U S A. 1981;78(12):7634-8. https://doi.
org/10.1073/pnas.78.12.7634 PMID: 6950406

3. Gouon-Evans V, Boussemart L, Gadue P, Nierhoff D, Koehler Cl, Kubo A, et al. BMP-4 is required
for hepatic specification of mouse embryonic stem cell-derived definitive endoderm. Nat Biotechnol.
2006;24(11):1402—-11. https://doi.org/10.1038/nbt1258 PMID: 17086172

4. Wichterle H, Lieberam I, Porter JA, Jessell TM. Directed differentiation of embryonic stem cells into motor
neurons. Cell. 2002;110(3):385-97. https://doi.org/10.1016/s0092-8674(02)00835-8 PMID: 12176325

5. Schmitt TM, de Pooter RF, Gronski MA, Cho SK, Ohashi PS, Zudniga-Pflicker JC. Induction of T cell
development and establishment of T cell competence from embryonic stem cells differentiated in vitro.
Nat Immunol. 2004;5(4):410-7. https://doi.org/10.1038/ni1055 PMID: 15034575

6. Doetschman TC, Eistetter H, Katz M, Schmidt W, Kemler R. The in vitro development of blastocyst-
derived embryonic stem cell lines: formation of visceral yolk sac, blood islands and myocardium. J
Embryol Exp Morphol. 1985;87:27—45. PMID: 3897439

7. Brickman JM, Serup P. Properties of embryoid bodies. WIREs Dev Biol. 2017;6(2)

8. ten Berge D, Koole W, Fuerer C, Fish M, Eroglu E, Nusse R. Wnt signaling mediates self-organization
and axis formation in embryoid bodies. Cell Stem Cell. 2008;3(5):508—18. https://doi.org/10.1016/].
stem.2008.09.013 PMID: 18983966

9. Turner DA, Rué P, Mackenzie JP, Davies E, Martinez Arias A. Brachyury cooperates with Wnt/B-catenin
signalling to elicit primitive-streak-like behaviour in differentiating mouse embryonic stem cells. BMC
Biol. 2014;12:63. https://doi.org/10.1186/s12915-014-0063-7 PMID: 25115237

PLOS ONE | https://doi.org/10.1371/journal.pone.0317309 March 26, 2025 17/20



https://doi.org/10.1038/292154a0
https://doi.org/10.1073/pnas.78.12.7634
https://doi.org/10.1073/pnas.78.12.7634
http://www.ncbi.nlm.nih.gov/pubmed/6950406
https://doi.org/10.1038/nbt1258
http://www.ncbi.nlm.nih.gov/pubmed/17086172
https://doi.org/10.1016/s0092-8674(02)00835-8
http://www.ncbi.nlm.nih.gov/pubmed/12176325
https://doi.org/10.1038/ni1055
http://www.ncbi.nlm.nih.gov/pubmed/15034575
http://www.ncbi.nlm.nih.gov/pubmed/3897439
https://doi.org/10.1016/j.stem.2008.09.013
https://doi.org/10.1016/j.stem.2008.09.013
http://www.ncbi.nlm.nih.gov/pubmed/18983966
https://doi.org/10.1186/s12915-014-0063-7
http://www.ncbi.nlm.nih.gov/pubmed/25115237

PLOS ONE

Stem cell culture conditions affect in vitro differentiation potential and mouse gastruloid formation

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Turner DA, Hayward PC, Baillie-Johnson P, Rué P, Broome R, Faunes F, et al. Wnt/B-catenin and FGF
signalling direct the specification and maintenance of a neuromesodermal axial progenitor in ensem-
bles of mouse embryonic stem cells. Development. 2014;141(22):4243-53. https://doi.org/10.1242/
dev.112979 PMID: 25371361

Turner D, Glodowski C, Hayward P. Interactions between Nodal and Wnt signalling drive robust
symmetry-breaking and axial organisation in gastruloids (embryonic organoids). bioRxiv. 2016. https://
doi.org/10.1101/051722

van den Brink SC, Baillie-Johnson P, Balayo T, Hadjantonakis A-K, Nowotschin S, Turner DA, et al.
Symmetry breaking, germ layer specification and axial organisation in aggregates of mouse embry-
onic stem cells. Development. 2014;141(22):4231-42. https://doi.org/10.1242/dev. 113001 PMID:
25371360

Turner DA, Girgin M, Alonso-Crisostomo L, Trivedi V, Baillie-Johnson P, Glodowski CR, et al. Antero-
posterior polarity and elongation in the absence of extra-embryonic tissues and of spatially localised
signalling in gastruloids: mammalian embryonic organoids. Development. 2017;144(21):3894-906.
https://doi.org/10.1242/dev.150391 PMID: 28951435

Beccari L, Moris N, Girgin M, Turner D, Baillie-Johnson P, Cossy A. Multi-axial self-organization prop-
erties of mouse embryonic stem cells into gastruloids. Nature. 2018;562(7726):272—6.

van den Brink SC, Alemany A, van Batenburg V, Moris N, Blotenburg M, Vivié J, et al. Single-cell and
spatial transcriptomics reveal somitogenesis in gastruloids. Nature. 2020;582(7812):405-9. https://doi.
org/10.1038/s41586-020-2024-3 PMID: 32076263

Baillie-Johnson P, van den Brink S, Balayo T, Turner D, Martinez Arias A. Generation of aggregates
of mouse embryonic stem cells that show symmetry breaking, polarization and emergent collective
behaviour in vitro. J Visual Exp. 2015;105:1-10. https://doi.org/10.3791/e53252

Girgin MU, Broguiere N, Mattolini L, Lutolf MP. Gastruloids generated without exogenous Wnt activa-
tion develop anterior neural tissues. Stem Cell Reports. 2021;16(5):1143-55. https://doi.org/10.1016/].
stemcr.2021.03.017 PMID: 33891872

Rossi G, Broguiere N, Miyamoto M, Boni A, Guiet R, Girgin M. Capturing cardiogenesis in gastruloids.
Cell Stem Cell. 2021;28(2):230-240.€6.

Veenvliet JV, Bolondi A, Kretzmer H, Haut L, Scholze-Wittler M, Schifferl D, et al. Mouse embry-
onic stem cells self-organize into trunk-like structures with neural tube and somites. Science.
2020;370(6522):eaba4937. hitps://doi.org/10.1126/science.aba4937 PMID: 33303587

Vianello S, Lutolf M. In vitro endoderm emergence and self-organisation in the absence of extraem-
bryonic tissues and embryonic architecture. bioRxiv. 2020.

Hashmi A, Tlili S, Perrin P, Martinez-Arias A, Lenne P. Cell-state transitions and collective cell
movement generate an endoderm-like region in gastruloids. bioRxiv. 2020;2020(2020.05.21.105551).
https://doi.org/10.1101/2020.05.21.105551

Rosen L, Stapel L, Argelaguet R, Barker C, Yang A, Reik W. Inter-gastruloid heterogeneity revealed by
single cell transcriptomics time course: implications for organoid based perturbation studies. bioRxiv.
2022. https://doi.org/10.1101/2022.09.27.509783

Kolodziejczyk AA, Kim JK, Tsang JCH, llicic T, Henriksson J, Natarajan KN, et al. Single Cell
RNA-sequencing of pluripotent states unlocks modular transcriptional variation. Cell Stem Cell.
2015;17(4):471-85. https://doi.org/10.1016/j.stem.2015.09.011 PMID: 26431182

Seisenberger S, Andrews S, Krueger F, Arand J, Walter J, Santos F, et al. The dynamics of genome-
wide DNA methylation reprogramming in mouse primordial germ cells. Mol Cell. 2012;48(6):849-62.
https://doi.org/10.1016/j.molcel.2012.11.001 PMID: 23219530

Habibi E, Brinkman A, Arand J, Kroeze L, Kerstens H, Matarese F, et al. Whole-genome bisulfite
sequencing of two distinct interconvertible DNA methylomes of mouse embryonic stem cells. Cell
Stem Cell. 2013;13(3):360-9.

Ficz G, Hore T, Santos F, Lee H, Dean W, Arand J. FGF signaling inhibition in ESCs drives
rapid genome-wide demethylation to the epigenetic ground state of pluripotency. Cell Stem Cell.
2013;13(3):351-9.

Marks H, Kalkan T, Menafra R, Denissov S, Jones K, Hofemeister H, et al. The transcriptional
and epigenomic foundations of ground state pluripotency. Cell. 2012;149(3):590-604. https://doi.
org/10.1016/j.cell.2012.03.026 PMID: 22541430

Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, Cuff J, et al. A bivalent chromatin structure
marks key developmental genes in embryonic stem cells. Cell. 2006;125(2):315-26. https://doi.
org/10.1016/j.cell.2006.02.041 PMID: 16630819

Azuara V, Perry P, Sauer S, Spivakov M, Jargensen HF, John RM, et al. Chromatin signatures of
pluripotent cell lines. Nat Cell Biol. 2006;8(5):532-8. https://doi.org/10.1038/ncb 1403 PMID: 16570078

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0317309 March 26, 2025 18/20



https://doi.org/10.1242/dev.112979
https://doi.org/10.1242/dev.112979
http://www.ncbi.nlm.nih.gov/pubmed/25371361
https://doi.org/10.1101/051722
https://doi.org/10.1101/051722
https://doi.org/10.1242/dev.113001
http://www.ncbi.nlm.nih.gov/pubmed/25371360
https://doi.org/10.1242/dev.150391
http://www.ncbi.nlm.nih.gov/pubmed/28951435
https://doi.org/10.1038/s41586-020-2024-3
https://doi.org/10.1038/s41586-020-2024-3
http://www.ncbi.nlm.nih.gov/pubmed/32076263
https://doi.org/10.3791/e53252
https://doi.org/10.1016/j.stemcr.2021.03.017
https://doi.org/10.1016/j.stemcr.2021.03.017
http://www.ncbi.nlm.nih.gov/pubmed/33891872
https://doi.org/10.1126/science.aba4937
http://www.ncbi.nlm.nih.gov/pubmed/33303587
https://doi.org/10.1101/2020.05.21.105551
https://doi.org/10.1101/2022.09.27.509783
https://doi.org/10.1016/j.stem.2015.09.011
http://www.ncbi.nlm.nih.gov/pubmed/26431182
https://doi.org/10.1016/j.molcel.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/23219530
https://doi.org/10.1016/j.cell.2012.03.026
https://doi.org/10.1016/j.cell.2012.03.026
http://www.ncbi.nlm.nih.gov/pubmed/22541430
https://doi.org/10.1016/j.cell.2006.02.041
https://doi.org/10.1016/j.cell.2006.02.041
http://www.ncbi.nlm.nih.gov/pubmed/16630819
https://doi.org/10.1038/ncb1403
http://www.ncbi.nlm.nih.gov/pubmed/16570078

PLOS ONE

Stem cell culture conditions affect in vitro differentiation potential and mouse gastruloid formation

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

Boyer LA, Plath K, Zeitlinger J, Brambrink T, Medeiros LA, Lee TI, et al. Polycomb complexes repress
developmental regulators in murine embryonic stem cells. Nature. 2006;441(7091):349-53. https:/
doi.org/10.1038/nature04733 PMID: 16625203

van Mierlo G, Dirks R, De Clerck L, Brinkman A, Huth M, Kloet S. Integrative proteomic profiling
reveals PRC2-dependent epigenetic crosstalk maintains ground-state pluripotency. Cell Stem Cell.
2019;24(1):123-137.e8.

Smith A. Formative pluripotency: the executive phase in a developmental continuum. Development.
2017;144(3):365-73. https://doi.org/10.1242/dev. 142679 PMID: 28143843

Flemr M, Bihler M. Single-step generation of conditional knockout mouse embryonic stem cells. Cell
Rep. 2015;12(4):709-16.

Robanus-Maandag E, Dekker M, van der Valk M, Carrozza ML, Jeanny JC, Dannenberg JH,

et al. p107 is a suppressor of retinoblastoma development in pRb-deficient mice. Genes Dev.
1998;12(11):1599-609. https://doi.org/10.1101/gad.12.11.1599 PMID: 9620848

Stelloo S, Alejo-Vinogradova MT, van Gelder CAGH, Zijlmans DW, van Oostrom MJ, Valverde JM, et
al. Deciphering lineage specification during early embryogenesis in mouse gastruloids using multilay-
ered proteomics. Cell Stem Cell. 2024;31(7):1072-1090.e8. https://doi.org/10.1016/j.stem.2024.04.017
PMID: 38754429

Gritti N, Lim JL, Anlas K, Pandya M, Aalderink G, Martinez-Ara G, et al. MOrgAna: accessible quanti-
tative analysis of organoids with machine learning. Development. 2021;148(18)

Hashimshony T, Senderovich N, Avital G, Klochendler A, de Leeuw Y, Anavy L, et al. CEL-Seq2:
sensitive highly-multiplexed single-cell RNA-Seq. Genome Biol. 2016;17:77. https://doi.org/10.1186/
513059-016-0938-8 PMID: 27121950

Zeller P, Yeung J, Vihas Gaza H, de Barbanson BA, Bhardwaj V, Florescu M, et al. Single-cell sort-
ChIC identifies hierarchical chromatin dynamics during hematopoiesis. Nat Genet. 2023;55(2):333—
45. https://doi.org/10.1038/s41588-022-01260-3 PMID: 36539617

Késter J, Rahmann S. Snakemake — a scalable bioinformatics workflow engine. Bioinformatics.
2012;28(19):2520-2. https://doi.org/10.1093/bioinformatics/bts480 PMID: 22908215

Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J.
2011;17(1):10.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-
seq aligner. Bioinformatics. 2013;29(1):15-21. hitps://doi.org/10.1093/bicinformatics/bts635 PMID:
23104886

Liao Y, Smyth GK, Shi W. FeatureCounts: An efficient general purpose program for assigning
sequence reads to genomic features. Bioinformatics. 2014;30(7):923-30.

Wolf FA, Angerer P, Theis RJ. SCANPY: large-scale single-cell gene expression data analysis.
Genome Biol. 2018;19(1):15. https://doi.org/10.1186/s13059-017-1382-0 PMID: 29409532
Zeller P, Blotenburg M, Bhardwaj V, Barbanson B de, Salmén F, Oudenaarden A van. T-ChIC: multi-

omic detection of histone modifications and full-length transcriptomes in the same single cell. bioRxiv.
2024. https://doi.org/10.1101/2024.05.09.593364

Bhardwaj V, Heyne S, Sikora K, Rabbani L, Rauer M, Kilpert F, et al. snakePipes: facilitating flexi-
ble, scalable and integrative epigenomic analysis. Bioinformatics. 2019;35(22):4757-9. https://doi.
org/10.1093/bioinformatics/btz436 PMID: 31134269

Chen S, Zhou Y, ChenY, Gu J. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics.
2018;34(17):i884-90. hitps://doi.org/10.1093/bicinformatics/bty560 PMID: 30423086

Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. Arxiv. 2013:1-3.

Pedersen B, Eyring K, De S, Yang IV, Schwartz D. Fast and accurate alignment of long bisulfite-seq
reads. Arxiv. 2014:1-2.

Ramirez F, Ryan D, Griining B, Bhardwaj V, Kilpert F, Richter A. deepTools2: a next generation web
server for deep-sequencing data analysis. Nucleic Acids Res. 2016;44(W1):W160-5.

Frankish A, Diekhans M, Ferreira A-M, Johnson R, Jungreis |, Loveland J, et al. GENCODE reference
annotation for the human and mouse genomes. Nucleic Acids Res. 2019;47(D1):D766-73. hitps://doi.
org/10.1093/nar/gky955 PMID: 30357393

Anlas K, Baillie-Benson P, Arat6 K, Turner DA, Trivedi V. Gastruloids: embryonic organoids from
mouse embryonic stem cells to study patterning and development in early mammalian embryos.
Methods Mol Biol. 2021;2258:131-47. hitps://doi.org/10.1007/978-1-0716-1174-6_10 PMID: 33340359

Morgani S, Nichols J, Hadjantonakis A-K. The many faces of Pluripotency: in vitro adaptations of a
continuum of in vivo states. BMC Dev Biol. 2017;17(1):7. hitps://doi.org/10.1186/s12861-017-0150-4
PMID: 28610558

PLOS ONE | https://doi.org/10.1371/journal.pone.0317309 March 26, 2025 19/20



https://doi.org/10.1038/nature04733
https://doi.org/10.1038/nature04733
http://www.ncbi.nlm.nih.gov/pubmed/16625203
https://doi.org/10.1242/dev.142679
http://www.ncbi.nlm.nih.gov/pubmed/28143843
https://doi.org/10.1101/gad.12.11.1599
http://www.ncbi.nlm.nih.gov/pubmed/9620848
https://doi.org/10.1016/j.stem.2024.04.017
http://www.ncbi.nlm.nih.gov/pubmed/38754429
https://doi.org/10.1186/s13059-016-0938-8
https://doi.org/10.1186/s13059-016-0938-8
http://www.ncbi.nlm.nih.gov/pubmed/27121950
https://doi.org/10.1038/s41588-022-01260-3
http://www.ncbi.nlm.nih.gov/pubmed/36539617
https://doi.org/10.1093/bioinformatics/bts480
http://www.ncbi.nlm.nih.gov/pubmed/22908215
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1186/s13059-017-1382-0
http://www.ncbi.nlm.nih.gov/pubmed/29409532
https://doi.org/10.1101/2024.05.09.593364
https://doi.org/10.1093/bioinformatics/btz436
https://doi.org/10.1093/bioinformatics/btz436
http://www.ncbi.nlm.nih.gov/pubmed/31134269
https://doi.org/10.1093/bioinformatics/bty560
http://www.ncbi.nlm.nih.gov/pubmed/30423086
https://doi.org/10.1093/nar/gky955
https://doi.org/10.1093/nar/gky955
http://www.ncbi.nlm.nih.gov/pubmed/30357393
https://doi.org/10.1007/978-1-0716-1174-6_10
http://www.ncbi.nlm.nih.gov/pubmed/33340359
https://doi.org/10.1186/s12861-017-0150-4
http://www.ncbi.nlm.nih.gov/pubmed/28610558

PLOS ONE

Stem cell culture conditions affect in vitro differentiation potential and mouse gastruloid formation

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Scialdone A, Tanaka Y, Jawaid W, Moignard V, Wilson NK, Macaulay IC, et al. Resolving early meso-
derm diversification through single-cell expression profiling. Nature. 2016;535(7611):289-93. https:/
doi.org/10.1038/nature 18633 PMID: 27383781

Cermola F, DAniello C, Taté R, De Cesare D, Martinez-Arias A, Minchiotti G. Gastruloid development
competence discriminates different states of pluripotency. Stem Cell Rep. 2021;16(2):354—69.

Nichols J, Smith A. Naive and primed pluripotent states. Cell Stem Cell. 2009;4(6):487-92. https://doi.
org/10.1016/j.stem.2009.05.015 PMID: 19497275

Kalkan T, Olova N, Roode M, Mulas C, Lee HJ, Nett |, et al. Tracking the embryonic stem cell tran-
sition from ground state pluripotency. Development. 2017;144(7):1221-34. https://doi.org/10.1242/
dev.142711 PMID: 28174249

Boroviak T, Loos R, Lombard P, Okahara J, Behr R, Sasaki E, et al. Lineage-specific profiling delin-
eates the emergence and progression of naive pluripotency in mammalian embryogenesis. Dev Cell.
2015;35(3):366—-82. https://doi.org/10.1016/j.devcel.2015.10.011 PMID: 26555056

Galonska C, Ziller MJ, Karnik R, Meissner A. Ground state conditions induce rapid reorganiza-
tion of core pluripotency factor binding before global epigenetic reprogramming. Cell Stem Cell.
2015;17(4):462—70. https://doi.org/10.1016/j.stem.2015.07.005 PMID: 26235340

Argelaguet R, Clark SJ, Mohammed H, Stapel LC, Krueger C, Kapourani C-A, et al. Multi-omics
profiling of mouse gastrulation at single-cell resolution. Nature. 2019;576(7787):487-91. https://doi.
org/10.1038/s41586-019-1825-8 PMID: 31827285

Klein AM, Mazutis L, Akartuna |, Tallapragada N, Veres A, Li V, et al. Droplet barcoding for single-cell
transcriptomics applied to embryonic stem cells. Cell. 2015;161(5):1187-201. https://doi.org/10.1016/j.
cell.2015.04.044 PMID: 26000487

Pillai-Kastoori L, Wen W, Wilson SG, Strachan E, Lo-Castro A, Fichera M, et al. Sox11 is required to
maintain proper levels of Hedgehog signaling during vertebrate ocular morphogenesis. PLoS Genet.
2014;10(7):e1004491. https://doi.org/10.1371/journal.pgen.1004491 PMID: 25010521

Ingham PW, Nakano Y, Seger C. Mechanisms and functions of Hedgehog signalling across the meta-
zoa. Nat Rev Genet. 2011;12(6):393-406.

Zhang XM, Ramalho-Santos M, McMahon AP. Smoothened mutants reveal redundant roles for Shh
and lhh signaling including regulation of L/R asymmetry by the mouse node. Cell. 2001;105(6):781—
92. https://doi.org/10.1016/s0092-8674(01)00385-3 PMID: 11440720

Kiecker C, Lumsden A. Hedgehog signaling from the ZLI regulates diencephalic regional identity. Nat
Neurosci. 2004;7(11):1242-9.

Vieira C, Garda A-L, Shimamura K, Martinez S. Thalamic development induced by Shh in the chick
embryo. Dev Biol. 2005;284(2):351-63. https://doi.org/10.1016/j.ydbio.2005.05.031 PMID: 16026780

Vue TY, Bluske K, Alishahi A, Yang LL, Koyano-Nakagawa N, Novitch B, et al. Sonic hedge-

hog signaling controls thalamic progenitor identity and nuclei specification in mice. J Neurosci.
2009;29(14):4484-97.

Wu SM, Choo ABH, Yap MGS, Chan KK-K. Role of Sonic hedgehog signaling and the expression
of its components in human embryonic stem cells. Stem Cell Res. 2010;4(1):38—49. https://doi.
0rg/10.1016/j.scr.2009.09.002 PMID: 19836325

Ericson J, Rashbass P, Schedl A, Brenner-Morton S, Kawakami A, van Heyningen V, et al. Pax6
controls progenitor cell identity and neuronal fate in response to graded Shh signaling. Cell.
1997;90(1):169-80. https://doi.org/10.1016/s0092-8674(00)80323-2 PMID: 9230312

Chiang C, Litingtung Y, Lee E, Young KE, Corden JL, Westphal H, et al. Cyclopia and defective axial
patterning in mice lacking Sonic hedgehog gene function. Nature. 1996;383(6599):407—-13. https://doi.
org/10.1038/383407a0 PMID: 8837770

Ghimire S, Van Der Jeught M, Neupane J, Roost M, Anckaert J, Popovic M. Comparative analysis
of naive, primed and ground state pluripotency in mouse embryonic stem cells originating from the
same genetic background. Sci Rep. 2018;8(1):1-11.

Tischler J, Swank Z, Hsiung H-A, Vianello S, Lutolf MP, Maerkl SJ. An automated do-it-yourself
system for dynamic stem cell and organoid culture in standard multi-well plates. Cell Rep Methods.
2022;2(7):100244. https://doi.org/10.1016/j.crmeth.2022.100244 PMID: 35880022

Suppinger S, Zinner M, Aizarani N, Lukonin |, Ortiz R, Azzi C, et al. Multimodal characterization of

murine gastruloid development. Cell Stem Cell. 2023;30(6):867—-884.e11. hitps://doi.org/10.1016/.
stem.2023.04.018 PMID: 37209681

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0317309 March 26, 2025 20/20



https://doi.org/10.1038/nature18633
https://doi.org/10.1038/nature18633
http://www.ncbi.nlm.nih.gov/pubmed/27383781
https://doi.org/10.1016/j.stem.2009.05.015
https://doi.org/10.1016/j.stem.2009.05.015
http://www.ncbi.nlm.nih.gov/pubmed/19497275
https://doi.org/10.1242/dev.142711
https://doi.org/10.1242/dev.142711
http://www.ncbi.nlm.nih.gov/pubmed/28174249
https://doi.org/10.1016/j.devcel.2015.10.011
http://www.ncbi.nlm.nih.gov/pubmed/26555056
https://doi.org/10.1016/j.stem.2015.07.005
http://www.ncbi.nlm.nih.gov/pubmed/26235340
https://doi.org/10.1038/s41586-019-1825-8
https://doi.org/10.1038/s41586-019-1825-8
http://www.ncbi.nlm.nih.gov/pubmed/31827285
https://doi.org/10.1016/j.cell.2015.04.044
https://doi.org/10.1016/j.cell.2015.04.044
http://www.ncbi.nlm.nih.gov/pubmed/26000487
https://doi.org/10.1371/journal.pgen.1004491
http://www.ncbi.nlm.nih.gov/pubmed/25010521
https://doi.org/10.1016/s0092-8674(01)00385-3
http://www.ncbi.nlm.nih.gov/pubmed/11440720
https://doi.org/10.1016/j.ydbio.2005.05.031
http://www.ncbi.nlm.nih.gov/pubmed/16026780
https://doi.org/10.1016/j.scr.2009.09.002
https://doi.org/10.1016/j.scr.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19836325
https://doi.org/10.1016/s0092-8674(00)80323-2
http://www.ncbi.nlm.nih.gov/pubmed/9230312
https://doi.org/10.1038/383407a0
https://doi.org/10.1038/383407a0
http://www.ncbi.nlm.nih.gov/pubmed/8837770
https://doi.org/10.1016/j.crmeth.2022.100244
http://www.ncbi.nlm.nih.gov/pubmed/35880022
https://doi.org/10.1016/j.stem.2023.04.018
https://doi.org/10.1016/j.stem.2023.04.018
http://www.ncbi.nlm.nih.gov/pubmed/37209681
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

