








Veenvliet et al., Science 370, eaba4937 (2020) 11 December 2020 4 of 7

Fig. 3. Time-resolved single-cell RNA-seq of TLSs. In total, 20,294 cells
were sampled from TLSs at 96, 108, and 120 hours (see fig. S9A for
experimental setup). (A) UMAP (uniform manifold approximation and
projection) colored by the 14 clusters identified. (B) Alluvial plot of
percentage of neuromesodermal progenitors (NMPs), posterior presomitic
mesoderm (pPSM), anterior PSM, somitic, and neural tube cells over time.
(C) NMPs coexpress Sox2 and T (top left; blending with normalized expression

threshold = 0.25) and are characterized by the highest differentiation
potential (top right; see supplementary materials for differentiation potential
calculation). NMPs coexpress T and SOX2 at 96 and 120 hours and reside
at the posterior end of the TLS (confocal sections, bottom left and
magnifications, 3D maximum-intensity projection, whole structure); white
arrowheads, NMPs. Scale bars, 50 mm for 96-hour TLS, 100 mm for 3D
maximum-intensity projection, 20 mm for magnifications.

Fig. 4. TLS differentiation trajectories. (A) UMAP colored by identified
clusters with trajectories inferred from RNA velocity. Gray arrow flows
represent calculated velocity trajectories. (B) Heatmap with scaled
expression of genes involved in somitogenesis measured in 5966 cells from
120-hour TLSs rooted in NMPs and ordered by pseudotime. (C) UMAP colored
by expression of indicated genes (left) and whole-mount in situ hybridization for
the same genes in TLS and E9.5 embryos (right). Numbers indicate the fraction of
TLSs with embryo-like expression. Scale bars, TLS, 100 mm; embryo, 200 mm.
(D) Heatmap with scaled expression of genes involved in neural development
measured in 3462 cells from 120-hour TLSs rooted in NMPs and ordered by

pseudotime (top) and UMAP colored by expression of indicated genes (bottom).
(E) Split violin plots showing expression of marker genes for primordial germ cell–
like cells (PGCLCs, left) and confocal sections of TLS showing PGCLC
specification dynamics: T/PRDM14VE double positive at 76 hours, SOX2VE-high/
DPPA3+ PGCLCs at 108 hours, and DPPA3+ cells in close contact with the TmCH+

gut-like structure at 120 hours. At 120 hours, Sox2VE-high cells in contact with
FOXA2+ gut-like domain or DPPA3+ cells in contact with TmCH+ gut-like domain
were observed in seven of nine TLSs (see also fig. S14D). Scale bars, 20 mm for
76-hour TLS, 50 mm for 108-hour TLS (20 mm for magnifications), 25 mm for
120-hour TLS. Red arrowheads, gut-like structure; white arrowheads, DPPA3+ PGCLCs.
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assembly play an important role in somite and
neural tube formation (21,22),we askedwhether
FN1, which is highly expressed in TLSs, was
retained byMatrigel, as recently shown in 2D
culture (fig. S7C) (23). FN1 protein clearly ac-
cumulatedat theTLS-Matrigel interface; thiswas
not observed in gastruloids, where FN1 likely
diffuses into themedium (Fig. 2G, fig. S7D, and
movie S10). Taken together, our data suggest
that the activation of morphogenetic programs
by Matrigel embedding is driven by ECM as-
sembly involving integrins and fibronectin.

Single-cell RNA-seq demonstrates embryo-like
dynamics of cell differentiation

Wenext focused on the TLS condition because
it produced the most in vivo–like structures.
After confirming reproducibility at the molec-
ular level (fig. S8, A to C), we performed a
time-resolved single-cell RNA-seq (scRNA-seq)
analysis on a total of 20,294 postprocessed cells
sampled from TLSs at 96, 108, and 120 hours

(fig. S9A). Clustering analysis identified 14 dif-
ferent cell states. The larger clusters corre-
sponded to derivatives of the PSM and NE that
flank putative NMPs, whereas smaller clusters
comprised endoderm, endothelial cells, and
primordial germ cell–like cells (PGCLCs) (fig.
S9B). The main clusters organized into a con-
tinuum of states recapitulating spatiotemporal
features of the developing postoccipital embryo
(Fig. 3A). Across the three time points sampled,
progenitor cells gradually decreased in favor
of more mature neural and somitic cells as
development progressed (Fig. 3B and fig. S9C).
Putative NMPs coexpressing T and SOX2, or
TmCH, Sox2VE, and CDX2, were located at the
posterior end at 96 and 120 hours (Fig. 3C
and fig. S10, A to C) (10, 24). TLS-NMPs thus
display an in vivo–like NMP signature and
have the highest differentiation potential, as
they give rise to differentiating cells of both
neural and mesodermal lineages (Fig. 3C and
fig. S10, D to F).

RNA velocity analysis revealed neural and
somitic trajectories rooted in theNMPs, further
suggesting that the TLS recapitulates the de-
velopmental dynamics observed in the mid-
gestational embryo (Fig. 4A and fig. S11A) (25).
In vivo, NMPs and their descendants are ar-
ranged in order of progressive maturity along
the posterior-to-anterior axis (8). Accordingly,
ordering of TLS-derived cells along a pseudo-
temporal trajectory showed that the somitic
trajectory reflects the genetic cascade observed
in the embryo (Fig. 4B and fig. S12A). For
example, the trajectory from Fgf8+ NMPs and
PSM, through the determination front marked
by Mesp2, to Meox1+ somites, was faithfully
recapitulated, and the embryo-like spatial ar-
rangement was confirmed by whole-mount in
situ hybridization (Fig. 4C) (8). Likewise, the
genetic cascade from NMPs to neural progen-
itors reflected the in vivo differentiation path
in space and time (Fig. 4D). Subclustering of the
neural cells demonstrated that TLSs generate
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Fig. 5. TLS cell states are embryo-like and Tbx6–/– TLSs recapitulate the
embryonic knockout phenotype. (A) Schematic of our comparative tran-
scriptome analysis of TLSs with postoccipital E7.5 and E8.5 embryos at the
single-cell level. (B) TLS UMAP colored by assigned embryonic cell states. TLS
clusters are projected as corresponding colored contours. Blue font, TLS
clusters; red font, embryo clusters. (C) Split heatmap with percentage of
assigned cells (dark gray) and certainty score (orange) for TLS cells from
the indicated cluster upon unbiased mapping to the in vivo counterpart. Font
colors as in (B). (D) Alluvial plot of percentage of cells assigned to the indicated

in vivo clusters in 96-, 108-, and 120-hour TLSs. (E) Simplified schematics of
Tbx6–/– in vivo phenotype and knockout/reporter constructs. (F) Quantification
of segmentation phenotype in TLS-Tbx6–/–. Data represent three different
experiments performed with two independent mESC lines of each genotype.
(G) Formation of ectopic neural tubes in TLS-Tbx6–/–. Ectopic neural tubes are
identified as SOX2+/Tbx6VE+ tubular structures flanking the main SOX2+-only
neural tube. Green, SOX2; magenta, Tbx6VE. White arrowheads indicate
Tbx6VE+ somites in the wild type (WT) and Tbx6VE+/SOX2+ ectopic neural tubes
in Tbx6–/–. Scale bars, 50 mm.
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both dorsal and ventral neural subtypes, with
dorsal subtypes beingmore prevalent (fig. S12B)
(13). The analysis ofHox gene expression at con-
secutive time points showed in vivo–like collin-
ear activation, as described for gastruloids (fig.
S12C) (3). To test whether TLS somites establish
cell states segregated along the dorsal-ventral
(D-V) and anterior-posterior (A-P) somite axes in
vivo, we reclustered all somitic cells. At 96 hours,
we detected two main groups corresponding
to the Uncx+ posterior and Tbx18+ anterior
somite domains, in line with the A-P polarity
established during segmentation (fig. S13, A
and B) (6, 8). At 120 hours, we found distinct
clusters of Pax3+ (putative dorsal dermomyo-
tomal) and Pax1+ (putative ventral sclerotomal)
cells, as well as a small cluster of Lbx1+/Met+

putative migratory limb muscle precursors
(fig. S13, C to F) (8, 26). In addition, Scx+

syndetome cells were detected (fig. S13G),
and Uncx and Tbx18 expression were anti-
correlated (fig. S13H).
Primordial germ cell (PGC) specification in

the embryo occurs between embryonic day (E)
6.0 and E6.5 via T-mediated activation of
Blimp1 and Prdm14, and at E7.5, nascent
PGCs can be identified as a group of DPPA3+

cells in the posterior primitive streak, which
later migrate along the hindgut to the gonads
(27, 28). We assigned PGCLC identity using
marker genes characteristic for PGCs and
identified their location in the TLS (Fig. 4E
and fig. S14). At 76 hours, roughly correspond-
ing to stage E6.5, we detected T/Prdm14VE–
coexpressing cell clusters (Fig. 4E and fig. S14,
A and B). At 108 hours, we found a group of
Sox2VE-high cells that coexpressed DPPA3 (Fig.
4E and fig. S14C). At 120 hours, Sox2VE-high

cells were detected in contact with FOXA2+

cells, and DPPA3+ cells in contact with a TmCH+

gut-like epithelial structure (Fig. 4E and fig.
S14D). These data show that TLSs contain cells
displaying characteristics typical for PGCs.

TLSs display a high complexity of cell states
that match their in vivo counterparts

Single-cell comparison of 120-hour gastruloids
with 120-hour TLSs identified different propor-
tions of the major cell states (fig. S15, A to C).
A more refined analysis revealed a higher
complexity of cell states in TLSs (fig. S16, A
to E, fig. S17, A to F, and fig. S18, A to D), and
expression of later (more posterior)Hox genes
suggests development intomore advanced trunk
stages (fig. S18, E and F). The comparison of
TLSs with TLSCL showed that in the latter, (i)
sclerotomal and more mature neural cells are
virtually absent, and (ii) somitic as well as
endothelial cell identities are altered (fig.
S15, B and C, fig. S16, A and B, fig. S17, A to G,
and fig. S18, A and B). Application of RNA
velocity confirmed that in TLSCL, NMPs are
highly biased toward the mesodermal lineage,
whereas contribution to the neural lineage is

diminished relative to TLS-NMPs; this is fur-
ther corroborated by up-regulation of posterior
PSM and down-regulation of neural marker
genes (fig. S15, D and E) (8, 13).
To investigate how close the cellular states

identified in TLSs resemble those in embryos,
wemapped TLS single-cell transcriptomes to a
scRNA-seq compendiumof postoccipital embry-
onic cellular subtypes (Fig. 5A) (29). The data
revealed globally high accordance of TLS and
embryonic cell states including characteristic
marker genes, and pairwise comparison of
mapped clusters identified only a small frac-
tion of differentially expressed genes (Fig. 5, B
and C, and fig. S19, A to D). Of note, PS- and
early NMP–like cells were exclusively present
at 96 hours and were replaced by late NMP–
like cells at 108 and 120 hours (Fig. 5D). Taken
together, our scRNA-seq analyses demonstrate
that the TLS executes gene regulatory programs
in a spatiotemporal order resembling that of
the embryo.

Knockout TLSs display the embryonic
mutant phenotype

Finally, to explore the utility of TLSs further,
we conducted a proof-of-concept experiment
to testwhether gene ablationwould reproduce
the embryonicmutant phenotype. In vivo, loss
of Tbx6 results in transdifferentiation of
prospective PSM and subsequent formation
of ectopic neural tubes at the expense of PSM
and somites (Fig. 5E) (30, 31). We deleted Tbx6
from Tbx6::H2B-Venus (Tbx6Ve) mESCs and
generated TLSs, which clearly failed to form
somites even upon treatment with CHIR or
CHIR/LDN (Fig. 5, E and F, and fig. S20, A and
B). Quantitative polymerase chain reaction
analysis on fluorescence-activated cell sorter–
purified Tbx6VE+ cells revealed up-regulation
of neural markers at the expense of (P)SM
markers in Tbx6–/– cells, thus recapitulating
the in vivo phenotype at the molecular level
(fig. S20C). Finally, whole-mount immuno-
fluorescence analysis for SOX2 showed that
Tbx6–/– TLSs generated ectopic Tbx6VE+ neu-
ral tubes, whereas gastruloids, TLSC, and TLSCL

formed an excess of morphologically indistinct
SOX2+ tissue (Fig. 5G and fig. S20, D to F).

Discussion

The TLS model provides a scalable, tractable,
readily accessible platform for investigating
the lineage decisions and morphogenetic pro-
cesses that shape the mid-gestational embryo
with high spatiotemporal resolution. Our re-
sults show that the TLS faithfully reproduces
key features of postoccipital embryogenesis, in-
cluding axial elongationwith coordinated neu-
ral tube, gut, and somite formation as well as
PGCLCs. Accordingly, genetic manipulation
of the TLS faithfully reproduced the morpho-
genetic andmolecular changes observed in vivo.
Thus, the TLSs will enable deeper analysis of

the ontogeny of mutant phenotypes and pro-
vide an additional tool for investigating mor-
phogenetic mechanisms unavailable in vivo.We
also envision that the TLSC and TLSCL mod-
els may become important for testing current
concepts of somitogenesis—for instance, the
hypothesis that somite size and shape are con-
trolled by local cell-cell interactions (9).
Mechanistically, our data highlight a crucial

role for the ECM surrogate in unlocking the
potential of in vitro derived mESC aggregates,
although future efforts will have to address
the exact functional contribution of individual
components and biophysical properties (fig. S21),
possibly using modular synthetic 3D matrices
(7, 32). Alternatively, the single-cell expression
catalog of TLSs and gastruloids can provide
initial guidance for further exploration of cell-
cell and cell-matrix interactions and their con-
trol of embryonic architecture (fig. S7, A and B,
and figs. S22 and S23).
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Mouse embryonic stem cells self-organize into trunk-like structures with neural tube and
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high-throughput platform for decoding mammalian embryogenesis at a high level of resolution.
TLS formation is analogous to mouse development. TLSs therefore provide a scalable, tractable, and accessible 
aggregates in an extracellular matrix surrogate. Live imaging and comparative single-cell transcriptomics indicate that
embryonic trunk-like structures (TLSs) with a neural tube, somites, and gut by embedding mouse embryonic stem cell 

 report a method for generatinget al.morphogenetic and differentiation processes that shape the body plan. Veenvliet 
Building mammalian embryos from self-organizing stem cells in culture would accelerate the investigation of

Trunk formation in a dish
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