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53 organization and progression beyond gastrulation toward early organogenic
54  development, including neural tissues, cardiac-like structures, and nascent
55 endothelial networks.

56 Abstract

57 The transition from gastrulation to early organogenesis represents a pivotal
58 milestone in embryogenesis, yet remains poorly understood due to limited
59  access to human models. Inspired by the organizing activity of signaling centers
60 in embryonic development, including the Spemann-Mangold organizer, we
61 present a self-organizing human gastruloid model driven by a WNT/NODAL-
62 induced signaling center. With minimal external input, this center triggers a
63 developmental cascade involving anterior-posterior symmetry breaking, axial
64  elongation, and germ layer specification. Upon extended culture, the model
65 exhibits early organogenic features, including neural development, and the
66  spontaneous co-emergence of contractile cardiac-like structures accompanied
67 by primitive endothelial networks. Single-cell RNA sequencing maps the
68 model’s cell populations onto human developmental references spanning
69  gastrulation and early organogenesis. By re-emphasizing signaling asymmetry
70  as an organizing principle, this platform provides a simple, ethically compliant,
71 and experimentally tractable window into early multilineage organogenesis and
72 enables investigation of how signaling centers contribute to human
73  developmental patterning.

74 Introduction

75 The specification of the three primary germ layers—ectoderm, mesoderm,
76 and endoderm—initiates morphofunctional organization that gives rise to organ
77  primordia during the third and fourth weeks after human fertilization'2. Despite
78 its fundamental importance, this developmental continuum remains difficult to
79 interrogate directly, owing to ethical constraints such as the 14-day rule®, and
80 interspecies divergences that complicate the extrapolation of animal studies to
81 humans*®. Consequently, human pluripotent stem cell (hPSC)-derived embryo
82 models have emerged as a promising platform for probing early
83 embryogenesis®’. Systems including blastoids®'!, post-implantation embryo
84 models'>"®, and gastruloids?>?! have recapitulated key aspects of lineage
85 specification and morphogenesis from pre-implantation stages through
86  gastrulation. However, most existing human embryo models often reach a
87 developmental plateau shortly after initial lineage specification and exhibit
88 limited capacity to autonomously sustain the coordinated, tissue-level
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89 morphogenesis required for progression beyond gastrulation toward early
90 organogenesis??.

91 To overcome this hurdle, current advanced models typically rely on the
92 sequential and global administration of morphogens to guide development
93 through discrete stages?*23. While these approaches efficiently generate
94  defined cell types, including cardiomyocytes and neural progenitors, they rely
95 on spatially uniform signaling conditions, which may only partially recapitulate
96 the intrinsic patterning logic of the embryo3. In vivo, embryonic patterning is
97 governed not by homogeneous exposure to signaling factors, but by
98 spatiotemporally restricted signaling centers that establish morphogen
99 gradients and positional information3>. The Spemann-Mangold organizer
100  exemplifies this principle as a localized hub that orchestrates axial patterning,
101  organizes germ layers, and demarcates organ fields36-37. Reconstituting this
102 form of spatially confined signaling in human in vitro systems remains
103 challenging, as isolated hPSC aggregates struggle to establish and sustain
104  robust, directional morphogen gradients required for continuous developmental
105  progression. Although engineered strategies, such as microfluidic platforms,
106  optogenetic control, and DNA-programmed assembly, can successfully impose
107  spatial patterning, their technical complexity may limit scalability, and their
108 reliance on external manipulation could introduce variability affecting
109  subsequent developmental outcomes3&-41,

110 Here, we establish a human embryo-like model that develops
111 autonomously under the control of a spatial hPSC-derived signaling center.
112 Building on insights from vertebrate organizer biology, we engineered a minimal
113  signaling hub via the transient co-activation of the WNT and NODAL
114  pathways® 4?43, Upon physical integration with an uninstructed hPSC
115 aggregate, this center triggers a robust and self-sustaining developmental
116  cascade, including symmetry breaking, axial elongation, and germ layer
117  deployment, in the absence of staged media changes, exogenous scaffolds, or
118 additional patterning cues. Crucially, these signaling center-guided gastruloids
119  further exhibited developmental continuity beyond gastrulation, with features of
120 early organogenesis including neural development and spontaneously
121  contracting cardiac-like tissues accompanied by extensive endothelial-like
122 networks. Single-cell transcriptomic analyses revealed cell states
123 corresponding to human gastrulation followed by progressive emergence of
124  transcriptional programs associated with early organogenesis#4-47.

125 In summary, our findings show that a WNT/NODAL-induced signaling
126 center promotes self-organization of human gastruloids, enabling their



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.08.25.000317. This version posted August 26, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

127  progression beyond gastrulation toward early organogenic development in vitro.
128 By reinstating signaling asymmetry as a central organizing principle, this
129 system provides a tractable platform to interrogate how signaling centers
130 orchestrate human embryogenesis beyond gastrulation, an otherwise
131  inaccessible developmental process.

132  Results

133  Generation of a signaling center from human pluripotent stem cells

134 Building on evidence that combining WNT/NODAL activation confers
135 embryonic patterning-guided ability to hPSC derivatives*®, we first formed 3D
136  spheroids by culturing GFP-positive H1 hPSC in AggreWell plates and treating
137  them with CHIR (a WNT agonist)*® and Activin A (a NODAL agonist)®° (Figures
138 1A and 1B). To functionally validate the signaling center, we transplanted these
139 cells into Xenopus embryos using an established protocol®' (Figure 1C).
140 Remarkably, embryos receiving instructed hPSCs developed ventral
141  protrusions, unlike control embryos transplanted with basic medium (control) or
142  untreated hPSCs (Figures S1A and S1B). Immunofluorescence (IF) analysis
143  revealed ectopic SOX2-positive neural structures on the ventral side, formed
144 by GFP-negative host-derived cells adjacent to GFP-positive cells (Figure 1C).
145  Histological examination further identified two distinct neural domains: the
146  endogenous dorsal neural tube and the induced ventral ectopic tissues, both
147  expressing SOX2 and PAX6 (Figures S1C-S1E). Moreover, the instructed cells
148  expressed key organizer markers, including GSC, FOXA2, and NOGGIN
149  (Figures S1F and S1G). These findings indicate that WNT/NODAL activation
150 establishes a signaling state with embryonic inductive activity, capable of
151 influencing surrounding embryonic tissue patterning®?3.

152  Construction of a signaling center-guided model

153 In a parallel experiment, GFP-negative H1 hPSC cultured in 96-well low-
154  attachment plates using serum-free N2B27-supplemented medium formed
155  spherical aggregates within 24 hours while maintaining pluripotency markers
156  OCT4, SOX2, and NANOG (Figures 1D-1F). To introduce a localized signaling
157  hub, we assembled these pre-formed GFP-negative hPSC aggregates with
158 CHIR/Activin A-treated GFP-hPSC, and cultured the assemblies in basal
159 medium without additional exogenous factors (Figure 1G). By day 5,
160 experimental assemblies containing GFP-positive signaling centers
161 consistently exhibited elongated morphologies across multiple batches,
162 whereas control assemblies with untreated GFP-hPSC remained uniform
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163  spheroids (Figures 1G-1I, S2A, S2B, S3, and Video S1). Notably, neither
164 isolated hPSC aggregates nor signaling centers alone showed this elongation
165 (Figures S2C and S2D). The experimental assemblies exhibited robust
166  asymmetric patterning, with 92% showing distinct SOX2/TBXT expression
167 domains. TBXT expression localized specifically near GFP-signaling centers,
168  while controls maintained uniform OCT4/SOX2 distribution (Figures 1J, 1K, and
169  S2E). Further analysis showed that the GFP-proximal region expressed CDX2
170 and HOXB9 (tailbud markers in mammalian embryos)>*%, indicative of
171  posterior identity. At the opposite pole, we detected expression of the anterior
172 markers OTX2 and LHX5%, located away from the GFP-signaling center
173 (Figures 1L, S10A, and S10B). These spatially restricted responses suggest
174  that the localized signaling center provides positional cues associated with the
175  establishment of anterior-posterior polarity and axial elongation.

176  Evaluation of gastrulation

177 To assess the progression of gastrulation, qQPCR analysis revealed
178  significant upregulation of TBXT and MIXL1 in hPSC aggregates assembled
179  with signaling centers compared with isolated controls, supporting the induction
180  of gastrulation-associated programs in the assembly models (Figure S2F). IF
181  analysis identified a primitive streak (PS)-specific marker TBXT-positive domain
182  adjacent to the GFP-signaling center (Figure 2A). The PS identity was further
183  supported by co-expression of TBXT/MIXL1 and TBXT/EOMES, characteristic
184  molecular signatures of the primitive streak® % (Figure 2B). Based on these
185 findings, we designated the assembled structures as “gastruloids.” In the
186  natural gastrula, posterior epiblast cells within the PS undergo delamination and
187  inward migration®. In our model, TBXT-positive cells showed the onset of N-
188 cadherin (N-CAD) expression, suggestive of epithelial-to-mesenchymal
189 transition (EMT)-associated changes. This was accompanied by a clear spatial
190 divergence between N-CAD and E-cadherin (E-CAD) expression patterns in
191 the epiblast region, providing additional evidence for delamination near the
192  signaling hub (Figure 2C). Live-cell imaging captured GFP-proximal cells
193  moving inward from the gastruloid surface, providing additional evidence for
194  this dynamic process (Figure S4A and Video S2). Interestingly, assemblies
195 containing dual signaling centers developed two distinct TBXT-positive domains
196  (Figure S4B), suggesting that the position of the signaling center influences the
197  site of gastrulation initiation.

198 The emergence of SOX17-positive cells adjacent to the PS-like structure
199  suggested endodermal specification® (Figure 2A). Molecular characterization
200 confirmed the presence of cells co-expressing SOX17/GATA6 and
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201 SOX17/FOXA2 (Figures 2D and S4C), canonical markers of developing
202  endoderm. Notably, SOX17/GATA6 double-positive cells exhibited a spatially
203  organized distribution within gastruloids, suggesting regionalized endodermal
204  patterning (Figure 2D). Further analysis revealed the presence of SOX17/SOX9
205 double-positive progenitors (Figure S4D), suggesting an endodermal
206  population with features associated with intestinal development®’. The absence
207  of these gastrulation-related phenotypes in control aggregates confirmed that
208 spontaneous gastrulation did not occur in basal medium (Figure S2E-S2H),
209  supporting a requirement for signaling center-derived cues in initiation of these
210  gastrulation-like events.

211 In summary, day 5 gastruloids capture key aspects of early human
212 development, including anterior-posterior symmetry breaking and axial
213 elongation, PS-like features, and germ layer specification. The protocol
214  demonstrated consistent reproducibility across multiple hPSC lines (H9 and
215 RUES2) (Figure S5), supporting its robustness across different hPSC
216  backgrounds.

217  Single-cell transcriptomic characterization of gastruloids

218 To comprehensively characterize the cellular composition of our model, we
219 performed single-cell RNA sequencing (scRNA-seq) on approximately 50
220 pooled day 5 gastruloids from each of two independent experiments. After
221  stringent QC filtering (500 < genes < 7000, 1000 < RNAs < 40000, and
222 mitochondrial reads < 25%) and doublet removal, 5158 high-quality single-cell
223  transcriptomes were retained for downstream analysis.

224 Uniform Manifold Approximation and Projection (UMAP) analysis revealed
225 12 major cell clusters (Figures 3A-3C), which were annotated based on
226  established lineage-specific markers and comparisons with previous single-cell
227 studies of human and non-human primate gastrulating embryos#4:45.62:65,
228 Importantly, the two biological replicates showed highly similar cluster
229  distributions (Figures 3A and S7A), supporting the reproducibility of the cellular
230  composition generated by our model.

231 We first identified an epiblast-like cluster (EPI) expressing the genes
232  DNMT3B, UTF1, and TDGF1, along with pluripotency markers POU5F1
233  (OCT4), NANOG, and SOX2 (Figures 3C, S6A, and S6B). Adjacent to this
234  population, neural ectoderm (NE) cells expressed neural markers SOX2, PAXS,
235  SOX3, HESX1, SIX3, and OTX2 (Figures 3C, S6B, and S6C). We also found
236  an anterior neural ectoderm (ANE) population expressing these neural markers
237 along with anterior neural transcription factors FOXG1, EMX2, LHX5, LHX2,
238 OTX1, and OTX2 (Figures 3C and S6C), which are established regulators of



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.08.25.000317. This version posted August 26, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

239  brain development®:66-69 Within the non-neural ectoderm (NNE) population,
240  which expressed TFAP2A, TFAP2C, and DLX5, neural crest (NC) cells were
241  further distinguished by markers including PAX3, PAX7, SOX10, SOX9, and
242  FOXD3 (Figures 3C, S6D, and S6E).

243 In mesendodermal lineages, a PS population expressed gastrulation-
244  associated markers TBXT, MIXL1, and EOMES (Figures 3C and S6F). Nascent
245 mesoderm (NM) cells, marked by TBX6, MESP1, MSGN1, RSPO3, and
246 FOXC1, retained expression of PS markers TBXT, MIXL1, and EOMES,
247  consistent with an early mesodermal state emerging from the PS (Figures 3C,
248  S6F, S6G, and S11C). As mesodermal populations progressed toward more
249  differentiated states, emergent mesoderm (EM) displayed decreased TBXT and
250 elevated expression of other mesodermal markers such as LHX1, IRX3, and
251 PDGFRA (Figures 3C and S6H). Advanced mesoderm (ADM) exhibited
252 decreased TBX6/MESP1 and high levels of FOXF1, HAND1, HAND2, GATA4,
253  GATA6, NKX2.5, MYL7, and ACTC1 (Figures 3C, S6l, S6K, and S6M). The
254  juxtaposition and divergence of TBXT, LHX1, TBX6, FOXF1, HAND1, and
255 HAND?2 reflected the dynamic process of mesodermal development (Figures
256  S4E-S4G and S6F-S6l). A distal mesoderm cluster that lacked the embryonic
257 marker (TBXT) but expressed extraembryonic mesenchyme-associated
258 transcription factors, including FOXF1 and HAND1, together with markers such
259 as ANXA1, POSTN, LUM, and NID2, was annotated as an extraembryonic
260 mesenchyme-like population (EXM)?#4:4562.70-72 (Figures 3C, S6F, S61, and S6J).
261 IF analyses confirmed the expression of EXM-associated markers HAND1,
262 LUM, POSTN, and ANXA1 in gastruloid tails (Figures S4H and S4l). We also
263 identified an endoderm (END) population marked by SOX77, FOXA2, CST1,
264  GATAG6, and GATA4 (Figures 3C and S6K). Notably, the enrichment of PECAM1
265 (CD31), MEF2C, CDH5, and CD34 identified a population with endothelial
266  progenitor (EP)-like features (Figures 3C and S6L). Together, these findings
267  demonstrate that the model reproducibly generates a diverse cellular landscape
268  spanning pluripotent, germ-layer, and early organ-associated states.

269 Comparisons with reported single-cell datasets

270 To validate the physiological relevance of our gastruloids, we performed
271  systematic comparisons with single-cell transcriptomic datasets from Carnegie
272  Stage (CS) 7-8 human embryos*+45. Integrated analysis demonstrated strong
273  concordance between our day 5 gastruloids and natural human gastrulae, with
274  recapitulation of major lineages: epiblast, primitive streak, ectodermal
275 derivatives, mesodermal subtypes, endoderm, endothelial progenitors, and
276  extraembryonic mesenchyme (Figure 3D). Notably, similarity analysis
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277 comparing our gastruloids with natural CS7-8 human gastrulae data
278  corroborated both our lineage annotations and the model's ability to capture the
279  germ layer diversity of gastrulation-stage embryos (Figures 3E and 3F).

280 Cross-species comparisons revealed conserved transcriptional features
281  between our gastruloids and cynomolgus monkey gastrulae (CS8) and mouse
282  embryos (E6.5-E7.25)5273, further supporting the developmental relevance of
283 our model (Figures S7B-S7E). When benchmarked against existing human
284  embryo models, including the peri-gastruloid’® and synthetic embryos model
285 (SEM)'™, our model demonstrated accessibility in covering gastrulation-
286  associated lineages (Figure S8). Together, these comparisons support the
287  developmental relevance of our model, showing that its cellular states capture
288 key transcriptional features of human gastrulation as well as conserved
289  programs shared across species.

290 Spatial organization of BMP signaling in gastruloids

291 Cell-cell communication analysis revealed a prominent BMP signaling
292  network in gastruloids, including predicted BMP2/4 ligand-receptor interactions
293  (Figures S9A-S9C). Spatial transcriptome analysis further supported the
294  anterior-posterior polarization and revealed a spatially organized BMP signaling
295 landscape, with GFP-positive regions showing enriched expression of BMP2
296 and BMP4 (Figures S9D-S9F). Consistent with these transcriptional patterns,
297 IF detected BMP2/4 proteins in close proximity to GFP-positive cells, together
298  with nuclear accumulation of phosphorylated SMAD1/5/9, indicative of active
299  BMP signal transduction’* (Figures S9G). Functional perturbation with the BMP
300 pathway inhibitor LDN1931897° (LDN) strongly disrupted axial elongation and
301 abolished mesodermal differentiation (Figures S9H-S9J). Collectively, these
302 results identify BMP signaling as a spatially organized signaling component
303 associated with gastruloid patterning and provide functional evidence for its
304  contribution to axial elongation and mesodermal differentiation6-78.

305 Neural development in gastruloids

306 Single-cell transcriptomics identified three distinct neural lineages in our
307 gastruloids: neural ectoderm (NE) expressing SOX2, PAX6, SOX3, HESX1,
308  SIX3, and OTX2; anterior neural ectoderm (ANE) enriched for brain regulators
309 FOXGT1, EMX2, LHX5, LHX2, OTX1, and OTX2; and neural crest (NC) marked
310 by PAX3, PAX7, SOX10, SOX9, and FOXD3 (Figures 3B, 3C, and S6B-S6D).
311  Notably, neural progenitors identified in our gastruloids were not observed in
312 reference CS7-8 human embryos (Figure 3D), suggesting that the model
313 extends beyond this developmental window and captures early neural
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314  specification events associated with later developmental stages*44°.

315 To validate neural developmental progression in our model, we performed
316  acomparative analysis with a CS10 (PCW3) human embryo dataset*’, focusing
317  on corresponding neural cell types, such as neural tube populations (NT 1-3)
318 and neural crest (Figure 4A). Transcriptomic alignment revealed similarity
319 between gastruloid-derived neural populations and their in vivo counterparts at
320 this later developmental stage (Figure 4B), supporting the presence of early
321 neural developmental features beyond gastrulation. Morphological and
322 molecular characterization revealed hallmarks associated with neural
323 morphogenesis, including the emergence of a neural groove-like structure, the
324 presence of SOX3/PAX6/SOX2 triple-positive neural tissues, and a
325 pseudostratified-like neuroepithelium, as demonstrated by PAX6/Phalloidin co-
326  staining (Figures 4C-4G). The co-existence of folding and closed neural plate
327 regions within the same gastruloid captured the dynamic neural morphogenetic
328 process in our model (Figures 4F and 4G). SOX10-positive NC populations
329 exhibited dorsal enrichment consistent with the in vivo distribution, while a small
330 fraction of ventral NC cells suggested migratory behavior (Figure 4G). Anterior
331 neural specification was further supported by the presence of LHX5/PAX6
332 double-positive neural progenitors and cells co-expressing key forebrain
333 transcription factors such as LHX5/FOXG1, OTX2/SIX3, and LHX5/0TX2
334  (Figures 4H, 41, S10A, and S10B)°¢:66¢8 These neural developmental features
335  were reproducibly observed across multiple gastruloids, with SOX1/SOX2/Z201
336 triple-positive neural tissues and an OTX2-positive anterior region containing
337 SOX10-positive cells further supporting regionalized neural specification
338  (Figure S10C).

339 During secondary neurulation, neuromesodermal progenitors (NMPs)—
340 transient bipotent cells at the caudal end—coordinate axial elongation through
341 balanced self-renewal and differentiation’®. SOX2/TBXT double-positive cells
342 were detected in the GFP-proximal posterior region of gastruloids (Figure
343  S11A). At single-cell resolution, SOX2/TBXT double-positive cells expressed
344  NMP-associated transcription factors (NKX1-2, CDX1, CDX2, SP5, and SP8),
345  signaling ligands (WNT3A, WNT5B, WNT8A, FGF4, and FGF17), and retinoic
346  acid (RA)-related regulators (ALDH1A2 and CYP26A1)*7.657%-83  These NMP-
347 like populations occupied an intermediate position between neuroectoderm and
348 an adjacent population expressing paraxial mesodermal markers (MSGN1,
349 TBX6, MESP1, and RSPOJ3) (Figures S11B and S11C). Collectively, these
350 findings suggest that the signaling center is associated with the emergence of
351 a transient progenitor state that may provide continuity between neural and
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352 mesodermal developmental programs during axial extension?.

353 Spatial neural patterning involves coordinated regulation of the SHH
354 pathway and antagonistic BMP signaling®*-®’. scRNA-seq identified SHH-
355 positive cells co-expressing BMP antagonists (NOGGIN and CHRD) and key
356 transcription factors FOXA2 and FOXA1. These cells partially overlapped with
357 GFP mRNA-positive descendants, suggesting their association with the
358 signaling center (Figures S12A and S12B). IF analysis further confirmed that
359  GFP-descendant FOXA2-positive cells expressed both SHH and NOGGIN
360 (Figure S12C). These factors constitute a signaling network with established
361 roles in embryonic axis patterning and early neural development®8-9
362  suggesting that signaling center-derived cells establish a localized SHH-BMP
363 antagonistic signaling environment associated with the spatial specification of
364  neural tissues.

365 Extended-cultured gastruloids exhibit cardiac- and endothelial-
366 associated structures
367 The heart, as the first functional organ to emerge, serves as a hallmark of

368 early organogenesis occurring during CS10-11°2. Single-cell analysis revealed
369 cardiogenic precursor specification through the expression of core regulators,
370 including transcription factors (GATA4, GATA6, and NKX2.5), structural
371  components (MYL7 and ACTC1), and the signaling receptor KDR%%4 (Figures
372 S6K and S6M). To assess their developmental potential, we extended the
373  culture in basal medium and observed spontaneous rhythmic contractions in
374  anterior regions of gastruloids from day 9 onward (Figures 5A, 5B, S13A, and
375 Videos S3-S5). This phenotype was observed at an average frequency of 22.5%
376  across multiple independent experiments (Figure 5C). We named these beating
377 gastruloids “PANPANS”, inspired by the “pan-pan” sound that we associated
378  with their spontaneous heartbeat-like activity, and numbered them sequentially
379 based on the order of discovery. The beating cardiac-like domain in PANPAN
380 exhibited features associated with heart development, including expression of
381 cardiac muscle troponin T (cTnT) and transcription factors GATA4/6, and
382 MEF2C%*% (Figures 5D and 5E). Immunostaining of multiple PANPANSs
383  consistently revealed a similar cardiac cavity localized within the anterior region
384  (Figures S13B-S13D). Consistent with the involvement of intracellular calcium
385 (Ca?*) dynamics in cardiomyocyte contraction®-6, the PANPAN cardiac-like
386 domains exhibited synchronized calcium transients during spontaneous
387 beating (Figures 5F-5H, and Video S6).

388 We next assessed endothelial-associated features in PANPANs following
389 the emergence of cardiac-like domains. At the single-cell level, cells displaying
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390 endothelial-associated profiles expressed key markers, including PECAM1
391 (CD31), MEF2C, CDH5, and CD34444562 (Figure S6L). Outside the cardiac-like
392 domain, MEF2C expression was also observed in adjacent regions, prompting
393 further assessment of endothelial-associated features given its established role
394 in cardiac and vascular development®” (Figures 5D, and S13B-S13D). In
395 parallel, immunostaining for CD31 and CD34 revealed an extensive
396 endothelial-like network of spindle-shaped cells distributed throughout
397  PANPANs®%° (Figures 5l, 5J, and S13E). Additionally, we observed CD31-
398 positive endothelial-associated structures containing internal spaces, indicative
399  of early lumen-like features (Figure S13F).

400 Expression of FOXG1, a key regulator of brain development®, adjacent to
401 the cardiac domains suggested coordinated neuro-cardiac patterning (Figure
402  S14A). SHH expression in GFP-positive descendants was observed along the
403  midline of PANPAN, consistent with the spatial distribution of a signaling factor
404  implicated in neural and axial patterning (Figure S14A)8%86.88 \/entrally, SOX17-
405 positive cells displayed an epithelial organization marked by E-CAD
406  expression® (Figures S14B and S14C). The emergence of anterior
407  SOX2/SOX17/E-CAD and posterior SOX17/HOXB9/CDX2 triple-positive cells
408  suggested regionalized endodermal patterning, with the posterior populations
409  exhibiting features associated with hindgut development'®.1%" (Figures S14D
410 and S14E). These findings reveal spatially patterned features across multiple
411  tissue domains during early organogenic development.

412 To more comprehensively characterize the cell types within PANPANSs, we
413  performed scRNA-seq on the beating gastruloids. Single-cell analyses further
414  confirmed that our model reproducibly gives rise to a spectrum of early organ-
415 associated lineages, including neural, cardiac, and vascular populations
416  (Figures S15A and S15B). Furthermore, by benchmarking these single-cell
417  transcriptomic profiles against published in vivo transcriptomic datasets from
418 human CS10 and CS12 embryos*4’ (Figures S15C-S15E), we placed the
419 observed developmental features within the context of human early
420  organogenesis. Notably, no additional lineage-specific induction factors were
421 introduced throughout the culture period; instead, development proceeded
422  following the assembly of the WNT/NODAL-induced signaling center. These
423  findings suggest that spatial signaling asymmetry provides an organizing
424  framework linking gastrulation-associated patterning to the coordinated
425  emergence of early organogenic programs.

426  Comparative analysis of distinct signaling centers in assembled models
427 Using this assembled gastruloid system, we examined how signaling
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428  centers generated by distinct pathway inputs influence the developmental
429  behavior of the assembled structures. We established signaling centers
430 activated by BMP4, WNT (CHIR)*, NODAL (Activin A)®, or combined
431  WNT/NODAL signaling (Figure S16). Each signaling center was paired with
432  untreated hPSC aggregates using the same assembly configuration, enabling
433  direct comparison of their integration and developmental outcomes (Figure
434  S17).

435 WNT/NODAL co-activated centers consistently established stable polarity
436  relative to untreated aggregates. In contrast, BMP4- or WNT-only centers
437  readily fused with the aggregates within 24 hours, while NODAL-only centers
438  exhibited an intermediate phenotype (Figures S17A-S17G). Notably, robust
439 axial elongation was observed only in gastruloids containing WNT/NODAL co-
440 activated hubs (Figures S17A-S17L). Although BMP4- and Activin A-only
441  conditions induced mesendodermal markers, including TBXT and SOX17
442  (Figures S17M-S170), these responses were not accompanied by axial
443  elongation (Figures S17B-17L). These results indicate that mesendoderm
444 induction alone is insufficient to establish the polarized, elongating architecture
445  of the gastruloid, and point to a specific requirement for coordinated
446 WNT/NODAL activity in establishing a signaling center capable of supporting
447  axial organization3"48,

448 Bulk transcriptomic analyses further showed that WNT/NODAL co-
449  activated centers exhibit a distinct transcriptional signature, characterized by
450 elevated expression of secreted ligands and cell adhesion-related genes
451  (Figure S18). The enrichment of these gene programs is consistent with a
452 signaling state characterized by increased capacity for intercellular
453  communication and cell-cell interactions, which may help sustain the spatial
454  organization of the assembled gastruloid.

455  Discussion

456 Early organ primordium formation unfolds through a progressive sequence
457  of cell fate transitions and morphogenetic changes initiated during gastrulation.
458  Capturing this window ex vivo remains a major challenge in developmental and
459  stem cell biology. Existing human and non-human primate systems, including
460  gastruloids, post-implantation models, and ex vivo cultures of early primate
461 embryos, often reach a developmental plateau prior to coordinated
462  organogenesis’8-20.6364,102-106 = highlighting the challenge of sustaining
463  developmental progression beyond gastrulation. In this study, we show that
464  introducing a localized signaling center enables the transition from human
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465  gastrulation-associated patterning toward early organogenic development. By
466  establishing an organizer-inspired signaling center through transient co-
467  activation of the WNT and NODAL pathways, we engineered a minimal hPSC
468  assembly capable of autonomous symmetry breaking, robust axial elongation,
469  germ layer organization, and the progressive specification of spatially distinct
470  neural, cardiac, and endothelial tissues.

471 While some human models have demonstrated remarkable success in
472  generating organotypic structures, they often employ the sequential application
473 of global exogenous growth factors to guide differentiation?3-33. Such
474  approaches may place greater emphasis on externally imposed differentiation
475 cues than on the reciprocal interactions between tissue organization and
476  endogenous signaling. In contrast, our system is organized around a spatially
477  localized center that initiates and sustains the developmental program. By
478 enabling transitions from gastrulation to organogenic development without
479  complex protocol switching, our findings highlight the intrinsic self-organizing
480 capacity of hPSC. Once the initial axis is established by a localized center,
481  subsequent lineage emergence and tissue patterning can proceed with limited
482  additional external input. Our study therefore suggests that the key to linking
483  gastrulation with early organogenesis is not simply the sequential induction of
484  additional cell fates, but the establishment of spatially asymmetric signaling that
485  allows multiple developmental programs to emerge in a coordinated manner.
486  Consequently, the core innovation here is not simply extending differentiation
487 to later developmental endpoints, but introducing organizer-inspired spatial
488 signaling to investigate how spatially restricted cues shape human
489  development*®°1. Nevertheless, we acknowledge that this model does not fully
490  recapitulate all aspects of organogenesis, including organized somitogenesis,
491  which may require additional developmental cues and tissue interactions
492  beyond the current minimal system.

493 Although signaling center-guided strategies have been applied in mouse
494  embryo models, translating this approach to human systems poses species-
495  specific challenges. hPSCs exhibit distinct biological properties and
496  developmental competencies compared to their murine counterparts®07.108,
497  Moreover, human embryogenesis unfolds over an extended developmental
498  timeline and requires precise spatiotemporal coordination among germ layers,
499  which further complicates in vitro modeling efforts®®6%. Our implementation
500 demonstrates that, despite these complexities, a minimalist signaling logic—
501 specifically, coordinated activation of WNT and NODAL—can initiate and
502 support axial patterning, germ layer organization, and early organogenic
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503 development in a human context.

504 A key strength of this platform is that both the signaling center and the
505 responding tissues are derived from humans, enabling interrogation of signaling
506  center function within a fully human-derived cellular context. Maintaining both
507 components within a species-matched system circumvents the ethical and
508 practical constraints associated with in vivo allogeneic transplantation in
509 humans and avoids the interspecies variability inherent in xenogeneic
510 transplantation assays3¢:37:4851 This species-matched platform may therefore
511  provide an opportunity to examine whether organizer activities inferred from
512  xenotransplantation studies are conserved and functionally relevant within a
513  human developmental context*®5!. We note that the developmental behavior of
514 this signaling center may not fully recapitulate the classical organizer activity
515 defined in transplantation assays. The neighboring cells instead exhibit
516  gastrulation-related features reminiscent of those observed following
517  transplantation of primitive streak-associated regions in avian embryos'®.
518 However, due to the limited accessibility of human embryos for functional
519 testing, the in vivo properties of human signaling centers remain incompletely
520 defined, underscoring the importance of this model for exploring their roles in
521  developmental patterning.

522 Our approach is based on a minimalist strategy that leverages the intrinsic
523  self-organizing capacity of hPSCs while avoiding the need for extensive
524  external manipulation or complex engineering platforms, such as microdevices
525  or optogenetic systems3841. We propose that this concept could be expanded
526 by incorporating additional signaling centers associated with extraembryonic
527  populations, such as the trophoblast, amnion, hypoblast, and anterior visceral
528 endoderm'215.18.110-112 " tq5 jnjtiate distinct and autonomous developmental
529  programs. Although our current model acquires features associated with early
530 organogenesis following gastrulation, it does not yet incorporate
531 extraembryonic morphogenesis (e.g., amniotic cavity or yolk sac formation).
532  Future integration of organizer-like centers with extraembryonic elements may
533 enable the development of more comprehensive embryo-like systems. From
534 this perspective, the significance of our findings extends beyond the assembled
535 gastruloid system itself: organizer-like cells generated here could, in principle,
536 be integrated into existing human embryo-like models to potentially enhance
537 developmental competence and support more sustained developmental
538  progression.

539 Efficient nutrient exchange and waste removal become increasingly
540 important as developing organisms increase in size and complexity, as diffusion
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541  alone is insufficient to support larger structures such as embryos, necessitating
542  the gradual establishment of circulatory systems®2. This transport challenge
543 also represents a major limitation for long-term organoid culture''®. The
544  spontaneous emergence of cardiac- and endothelial-like tissues in our model
545  provides an opportunity to investigate how early cardiovascular features may
546  support extended developmental progression. Human embryonic circulation
547  develops gradually through complex yet incompletely understood processes,
548  owing in part to ethical and technical barriers limiting direct investigation of early
549  embryonic cardiovascular development®>%. Even in extended ex vivo
550 cynomolgus cultures, key milestones like the onset of a heartbeat remain
551  difficult to capture®384. These limitations highlight the value of our stem cell-
552 based model as an accessible platform for investigating early human
553 cardiogenesis and vascular development. Despite the emergence of early
554  cardiac-like activity, physiological circulation has not yet been established in our
555 model. This limitation may be related to the absence of yolk sac-associated
556  extraembryonic structures, which are essential for early hematopoiesis''*. As
557  previously discussed, integrating additional extraembryonic components may
558 be important for supporting further cardiovascular maturation and vascular
559  development.

560 In summary, our findings highlight signaling asymmetry as a fundamental
561 organizing principle of human development, whereby a localized signaling
562 center provides spatial information that coordinates lineage allocation and
563  supports progression from gastrulation to early organogenesis. Rather than
564 independently inducing neural, cardiac, or endothelial fates, the signaling
565 center establishes a spatially asymmetric environment in which these programs
566 ~emerge in coordinated positions and developmental sequence. Beyond
567 developmental biology, our platform may inform future strategies for generating
568 developmentally relevant human tissues in regenerative medicine.

569 Limitations of the study

570 There are several limitations in our model. (1) The absence of
571  extraembryonic tissues, including trophoblast, amnion, and yolk sac lineages,
572 limits the incorporation of extraembryonic interactions that contribute to human
573 embryonic development. Future integration of organizer-like centers with
574  additional extraembryonic components may enable more comprehensive
575 embryo-like models. However, efforts toward increasingly complete stem cell-
576 based embryo models should be accompanied by careful consideration of
577 emerging ethical implications, particularly regarding their potential similarity to
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578  natural human embryos. (2) Optimization of culture platforms, such as dynamic
579 culture systems (e.g., shaking or roller-based approaches), may provide
580 improved conditions for prolonged development. (3) While minimizing
581 exogenous signals highlights the intrinsic organizing potential of the signaling
582  center, this strategy may limit long-term development and maturation due to a
583 lack of the essential nutrients for sustained development. Adding factors like
584 human cord blood serum might support the maturation and functional
585 development of gastruloids.
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617  Figure 1. Construction of a signaling center-guided model
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619  (A) Schematic illustrating the induction of a signaling center from GFP-positive
620 human pluripotent stem cells (GFP-hPSC).

621  (B) Top, time-course development of instructed GFP-hPSC; bottom, schematic
622  of the culture protocol. CHIR, CHIR99021.

623 (C) IF image showing SOX2-positive neural tissues in control Xenopus embryo
624  or those transplanted with untreated or instructed GFP-hPSC. A: anterior; P:
625  posterior; D: dorsal; V: ventral.

626 (D) Schematic illustrating GFP-negative hPSC aggregate formation.

627 (E) Top, time-course formation of hPSC aggregate; bottom, schematic of the
628  culture protocol.

629  (F) IF showing OCT4, SOX2 and NANOG expression in hPSC aggregates.
630 (G-l) Development of the assembly (gastruloid) of hPSC aggregate with a GFP-
631  positive signaling center (G), and the corresponding measurement of length
632 and width (H) and the area of GFP-positive and total regions (1) at different time
633  points.

634  (J) IF showing SOX2 and TBXT expression in the gastruloids (top), and 3D
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635 reconstruction of a representative gastruloid (bottom).

636  (K) The proportion of gastruloids with GFP-negative cells expressing TBXT
637 (L) IF showing LHX5 and CDX2/HOXB9 expression in the gastruloids.

638
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639 Figure 2. Primitive streak-like feature and gastrulation
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641  (A) Representative IF image of a day 5 gastruloid showing primitive streak (PS)
642 and mesoderm specific marker TBXT-positive domain and SOX17-positive
643 endodermal cells (End, orange triangle) are indicated. 3D reconstruction (left)
644  and corresponding slices (right) are shown.

645 (B) Representative IF images of day 5 gastruloids. TBXT/MIXL1 (top) and
646  TBXT/EOMES (bottom) mark the PS-like cells (yellow triangle).

647  (C)Representative IF images showing delaminating gastrulation cells (TBXT/N-
648 CAD) and E-CAD-positive cells.

649 (D) Representative IF images showing endodermal cells (SOX17/GATAB).

650
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651 Figure 3. Single-cell RNA-seq analysis of gastruloids
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652 CS7 human embryo CS8 human embryo

653  (A) Uniform Manifold Approximation and Projection (UMAP) visualization of
654 individual cells from day 5 gastruloids across two independent experiments.
655 (B) UMAP plot showing twelve distinct colored clusters from (A), each
656  representing different cell types: EPI, epiblast; NE, neural ectoderm; ANE,
657 anterior neural ectoderm; NC, neural crest; NNE, non-neural ectoderm; PS,
658  primitive streak; NM, nascent mesoderm; EM, emergent mesoderm; ADM,
659 advanced mesoderm; EXM, extraembryonic mesenchyme; END, endoderm;
660 EP, endothelial progenitors; SHH, SHH-positive cells.

661 (C) Dot plot showing average expression levels and proportion of cells
662  expressing indicated genes in day 5 gastruloids clusters.

663 (D) UMAPs showing integration of day 5 gastruloids with reference human
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664
665
666
667
668
669
670
671
672
673

embryo cells. Top, gastruloids from this study; middle, CS7 human embryo;
bottom, CS8 human embryo. ECT, ectoderm; AXM, axial mesoderm; HEP,
haemato-endothelial progenitors; Ery, erythroblasts; EPI/ECTO,
epiblast/ectoderm; Gast/PS, gastrulating cell/primitive streak; AM, amnion;
Meso, mesoderm; VE, visceral endoderm; AM.EXE.Meso, amniotic extra-
embryonic mesoderm; YS.EXE.Meso-A/B, yolk sac extra-embryonic
mesoderm A/B; YS.END, yolk sac endoderm; Noto, notochord.

(E-F) Similarity heatmap comparing expression profiles of cell lineages
between gastruloids with CS7 (E) or CS8 (F) human embryos.
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674  Figure 4. Neural development in gastruloids
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676  (A) UMAPs showing integration of day 5 gastruloids with CS10 human embryo
677 cells. NT1/2/3, neural tube1/2/3; NC, neural crest; NMP, neuromesodermal
678  progenitor; LPM1/2, lateral plate mesoderm1/2; PAM, paraxial mesoderm; IM,
679 intermediate mesoderm; CM, cardiac myocyte; PSM, presomitic mesoderm; MP,
680  myocyte progenitor; Noto, notochord; END, endoderm; Ery, erythroid.

681  (B) Similarity heatmap comparing expression profiles of cell lineages between
682  gastruloids and CS10 human embryo.

683 (C) Representative merged fluorescence and brightfield images of a day 5
684  gastruloid. White lines outline a groove-like structure.

685 (D) Representative IF images of SOX3/PAX6/SOX2 triple-positive neural
686  tissues.

687 (E) IF images showing folding neural plate stained for PAX6.

688  (F-G) IF images showing folding (top) and closed (bottom) neural plates stained
689  with PAX6 and Phalloidin in different cryosections from the same gastruloid (F).
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690 Neural crest-like cells are stained for SOX10 (G).

691  (H) IF images showing expression of LHX5 and PAXG6 in gastruloids.

692 (I) IF images showing expression of LHX5 and FOXG1 in gastruloids. Yellow
693 triangles indicate cells positive for both markers.

694
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695 Figure 5. Developing the beating cardiac structure and endothelial
696 network in extended-cultured gastruloids
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697 Region2 Region2
698  (A) Representative merged fluorescence and bright field images of gastruloids
699  with a beating structure. The beating gastruloid is labeled “PANPAN.”

700  (B) Length and width measurements of PANPANS.

701  (C) Percentage of beating gastruloids across multiple independent experiments.
702 (D) IF images showing expression of cardiac markers cTnT, GATA4, GATAG,
703 and MEF2C.

704  (E) Line scans showing the fluorescence intensities of these markers along the
705  white arrow line in the merged panel from (D). The bar graph showing the
706  positive rates of the indicated markers.

707 (F) Calcium imaging of a beating domain using a Calbryte™ dye.

708  (G) Intensity profile of Calbryte™ fluorescence showing rhythmic calcium

Region1 Region1
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709  oscillations within beating domains.

710  (H) Beats per minute measurement of PANPANS.

711 () IF images showing expression of cardiac marker cTnT and endothelial
712 marker CD31. Yellow triangles indicate CD31-positive endothelial networks.
713 (J) IF images showing expression of endothelia markers CD31 and CD34.
714  Yellow triangles indicate CD31/CD34 double-positive endothelial networks.
715
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716 STAR METHODS

717 KEY RESOURCES TABLE

REAGENT or
RESOURCE

Source

Identifier

Antibodies

Goat anti-GSC

R&D Systems

Cat#AF4086; RRID:AB_2114650

Rabbit anti-NOGGIN  Abcam Cat#ab16054; RRID:AB_470248
Rabbit anti-FOXA2  Cell Signaling  Cat# 8186S;
Technology RRID:AB_10891055

Rat anti-SOX2

Thermo Fisher

Cat#14-9811-82;

Scientific RRID:AB_11219471

Mouse anti-OCT4 Cell Signaling Cat#75463S; RRID:AB_2799870
Technology

Rabbit anti-NANOG  Cell Signaling Cat#4903S; RRID:AB_10559205
Technology

Rabbit anti-HOXB9 Cell Signaling Cat#27967S
Technology

Rabbit anti-CDX2 Abcam Cat#AB76541;

Goat anti-TBXT
Rabbit anti-MIXL1

R&D Systems

Proteintech

RRID:AB_1523334

Cat#AF2085; RRID:AB_2200235
Cat#22772-1-AP;
RRID:AB_2879164

Rabbit anti-EOMES  Abcam Cat#ab23345; RRID:AB_778267

Rabbit anti-E-CAD Cell Signaling Cat#3195S; RRID:AB_2291471
Technology

Mouse anti-N-CAD Cell Signaling Cat#14215S; RRID:AB_2798427
Technology

Goat anti-TBX6
Rabbit anti-LHX1

R&D Systems

Abcam

Cat#AF4744; RRID:AB_2200834
Cat#ab229474;



Goat anti-HAND1
Rabbit anti-HAND2

Rabbit anti-FOXF1

Rabbit anti-LUM

Rabbit anti-ANXA1

Rat anti-POSTN

Mouse anti-SOX17

Goat anti-SOX17

Rabbit anti-GATAG6

anti-GATA4

Goat anti-LHX5

Rabbit anti-PAX6

Goat anti-SOX3
Rabbit anti-FOXG1

Rabbit anti-OTX2

Goat anti-OTX2
Goat anti-SOX1
Rabbit anti-SI1X3

R&D Systems
Novus
Biologicals

Abcam

Abcam

R&D Systems

R&D Systems

BD Biosciences

R&D Systems
Abcam

Santa Cruz
Biotechnology
R&D Systems

Abcam

R&D Systems
Cell Signaling
Technology

Proteintech

R&D Systems
R&D Systems
Cell Signaling
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RRID:AB_2924798

Cat#AF3168; RRID:AB_2115853

Cat#NBP2-58062;
RRID:AB_3343042
Cat#ab168383;
RRID:AB_3676395
Cat#ab168348;
RRID:AB_2920864
Cat# AB2144386;
RRID:AB_2890907
Cat#MAB3548;
RRID:AB_2252599
Cat#561590;
RRID:AB_10717127

Cat#AF1924; RRID:AB_355060

Cat#ab175927

Cat# sc-25310,
RRID:AB_627667
Cat#AF6290;
RRID:AB_10973257
Cat#ab195045;
RRID:AB_2750924

Cat#AF2569; RRID:AB_2239933

Cat# 29642T

Cat#13497-1-AP;
RRID:AB_2157176

Cat#AF1979; RRID:AB_2157172
Cat#AF3369; RRID:AB_2239879

Cat#62173T
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Goat anti-SOX10
Rabbit anti-SOX9

Mouse anti-cTnT

Rabbit anti-cTnT

Rabbit anti-MEF2C

Rabbit anti-PECAM1

(CD31)
Mouse anti-CD34

Goat anti-SHH
Donkey anti-Goat IgG

(H+L) Alexa Fluor™
Plus 647

Donkey anti-Goat IgG
(H+L) Alexa Fluor™
Plus 555

Donkey anti-Rabbit
IgG (H+L) Alexa
Fluor™ Plus 647
Donkey anti-Rabbit
IgG (H+L) Alexa
Fluor™ Plus 555
Donkey anti-Rabbit
IgG (H+L) Alexa
Fluor™ Plus 488
Donkey anti-Mouse

IgG (H+L) Alexa

Technology
R&D Systems

Abcam

Thermo Fisher
Scientific

Abcam

Cell Signaling
Technology

Proteintech

Thermo Fisher
Scientific
R&D Systems

Thermo Fisher

Scientific

Thermo Fisher

Scientific

Thermo Fisher

Scientific

Thermo Fisher

Scientific

Thermo Fisher

Scientific

Thermo Fisher

Scientific

Cat#AF2864; RRID:AB_442208

Cat#ab185966;
RRID:AB_2728660

Cat#MA5-12960;

RRID:AB_11000742

Cat#ab209813;
RRID:AB_2938619
Cat#5030S; RRID:AB_10548759

Cat# 11265-1-AP;

RRID:AB_2299349

Cat#MA1-10202;
RRID:AB_11156010

Cat#AF464; RRID:AB_355373
Cat#A32849; RRID:AB_2762840

Cat#A32816; RRID:AB_2762839

Cat#A32795; RRID:AB_2762835

Cat#A32794; RRID:AB_2762834

Cat#A32790; RRID:AB_2762833

Cat#A32787; RRID:AB_2762830



Fluor™ Plus 647
Donkey anti-Mouse
IgG (H+L) Alexa

Fluor™ Plus 555

Donkey anti-Mouse
IgG (H+L) Alexa
Fluor™ Plus 488

Donkey anti-Mouse
IgG (H+L) Alexa
Fluor™ Plus 405
Donkey anti-Rat IgG
(H+L) Alexa Fluor™
Plus 555

Donkey anti-Rat I1gG

Thermo Fisher

Scientific

Thermo Fisher
Scientific

Thermo Fisher

Scientific

Thermo Fisher

Scientific

Thermo Fisher
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Cat#A32773; RRID:AB_2762848

Cat#A32766; RRID:AB_2762823

Cat#A48257; RRID:AB_2884884

Cat#A48270; RRID:AB_2896336

Cat#A48268; RRID:AB_2890549

(H+L) Alexa Fluor™  Scientific

Plus 405

Chemicals,

peptides, and

recombinant

proteins

mTeSR Plus STEMCELL Cat#100-0276
Technologies

DMEM/F12 Gibco Cat#C11330500BT

MEM NEAA Gibco Cat#11140050

Matrigel Corning Cat#354234

TrypLE Express Gibco Cat#12604021

ReLeSR™ STEMCELL Cat#100-0484
Technologies

N-2 Gibco Cat#17502048

B-27 Gibco Cat#17504044
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Y27632 TargetMol Cat#T1725
CHIR99021 TargetMol Cat#T2310
Activin A Novoprotein Cat#C687
anti-adhesion solution STEMCELL Cat#07010
Technologies
Tissue-clearing Tokyo Chemical Cat#T3740
reagent CUBIC-L Industry
Tissue-clearing Tokyo Chemical Cat#T3741
reagent CUBIC-R Industry
RNAZol®RT MOLECULAR  Cat#RN190
RESEARCH
CENTER, INC.
All-in-one 1st Strand  Novoprotein Cat#E047
cDNA Synthesis
SuperMix
2x Taq Pro Universal ~ Vazyme Cat#Q712
SYBR gqPCR Master
Mix
BD Rhapsody™ BD Biosciences Cat#633731
Cartridge Reagent Kit
BD Rhapsody™ BD Biosciences Cat#633733
Cartridge Kit
BD Rhapsody™ BD Biosciences Cat#633773
cDNA Kit
BD Human Single- BD Biosciences Cat#633781
Cell Multiplexing Kit
BD Rhapsody™ WTA BD Biosciences Cat#633801
Amplification Kit
Phalloidin Labeling Thermo Fisher  Cat#A34055
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Probes Scientific
NucSpot® Live Cell Biotium Cat#40082-T
Nuclear Stains
Calbryte™ 520 AAT Bioquest Cat#20650
Deposited Data
scRNA-seq This study
scRNA-seq of CS7 Tyser et al. % E-MTAB-9388
human embryo
scRNA-seq of CS8 Xiao et al.45 HRAO005567
human embryo
scRNA-seq of CS10  zgng et al.#7 GSE155121
human embryo
scRNA-seq of CS12 x|, et a1.46 GSE157329
human embryo
scRNA-seq of Zhai et al.62 GSE193007
gastrulating monkey
embryo
scRNA-seq of Pijuan-Sala et E-MTAB-6967
gastrulating mouse

al.”
embryo
scRNA-seq of the Liu et al.®
peri-gastruloid
scRNA-seq of Oldak et al.1® GSE193007
synthetic embryos
model (SEM)
Experimental
models: cell lines
H1 hESC (WAO01) WiCell RRID: CVCL_9771
H9 hESC (WAO09) WiCell RRID: CVCL_9773

University
(RUES)
GFP-H1 hESC This study GFP

Oligonucleotides

Primers, See Table
S1
Software and

Sangon Biotech



https://www.aatbio.com/products/calbryte-520-am?unit=20650
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718

719
720
721
722
723
724
725
726
727
728
729
730
731
732

algorithms

FastQC (v0.11.9)

MultiQC (v1.13)
STAR (v2.7.9a)

BD Rhapsody
(v2.0b1)

R (v4.2.1)

Python (v3.8)
Seurat (v4.3.0)
Harmony (v0.1.1)

N/A

Ewels et al. 1
Dobin et al.6

N/A

N/A

N/A

Stuart et al."”
Korsunsky et

https://www.bioinformatics.babra
ham.ac.uk/projects/fastqc
https://multiqc.info
https://github.com/alexdobin/STA
R
https://www.bdbiosciences.com

https://www.R-project.org
https://www.python.org
https://satijalab.org/seurat
https://portals.broadinstitute.org/

al."8 harmony
SCP (v 0.5.4) N/A https://github.com/zhanghao-
njmu/SCP
ggplot2 (v3.4.2) N/A https://github.com/tidyverse/ggpl
ot2
ComplexHeatmap (v Gu et al.”? https://jokergoo.github.io/Comple
2.14.0) xHeatmap-reference/book/
Other
AggreWell™400 24- STEMCELL Cat#34415
well plate Technologies
Ultra-Low Cluster,96  Costar Cat#7007

Well

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

This research was approved by the Ethics Committee of Zhongshan
School of Medicine at Sun Yat-sen University and the Ethics Committee of the
Seventh Affiliated Hospital of Sun Yat-sen University. All procedures involving
human pluripotent stem cells and human embryo models were conducted in
accordance with applicable institutional policies, national regulations, and the
2025 Guidelines for Stem Cell Research and Clinical Translation issued by the
International Society for Stem Cell Research (ISSCR). Human pluripotent stem
cells used in this study were obtained ethically and in compliance with the
relevant regulations and guidelines established by Sun Yat-sen University, the
Ministry of Science and Technology, and the Ministry of Health of the People’s
Republic of China. The embryo models generated in this study were
intentionally incomplete, lacking key extraembryonic lineages, including
trophoblast and hypoblast populations, and therefore do not have the potential
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733 to support complete human development. Xenopus embryo usage was
734  minimized throughout the study, and no Xenopus—human chimeric embryos
735  were allowed to develop beyond the approved experimental stages.

736 Stem cell culture

737 Human pluripotent stem cell (hPSC) lines (H1, H9, and RUES2-GLR*)
738  were cultured on feeder-free Matrigel (Corning)-coated culture plates, with daily
739 mTeSR Plus medium (STEMCELL Technologies) changes. During cell
740 passaging, the cells were dissociated using RelLeSR™ (STEMCELL
741  Technologies) for 2-5 minutes at room temperature. Following the removal of
742  reagent, cells were resuspended in fresh mTeSR Plus medium and gently
743  pipetted to dissociate residual aggregates. A 10-20% fraction of dissociated
744  cells was routinely passaged to new Matrigel-coated plates and cultured at
745  37°C in a humidified 5% CO, incubator. Mycoplasma contamination was
746 routinely monitored by PCR.

747  METHOD DETAILS

748  Generation of signaling center from human pluripotent stem cells

749 hPSCs were dissociated into single cells using TrypLE and subsequently
750 transferred into AggreWell 400 plates (24-well format; STEMCELL
751  Technologies). Before cell seeding, each well was coated with 500 pL of anti-
752  adhesion solution (STEMCELL Technologies), and the plate was centrifuged at
753 1300 g for 7 min to ensure even coating of the well bottom and remove air
754  bubbles. The anti-adhesion solution was left on the AggreWell at room
755  temperature for 15 min. Concurrently, hPSC clones were washed twice with
756  PBS to eliminate floating dead cells. In a 6-well plate, 500 pL of TrypLE was
757  added to each well, covering the bottom, and incubated for 2-3 min to dissociate
758  clones into single cells. Gentle tapping of the 6-well plate was performed to
759  enhance dissociation, followed by transferring the single-cell suspension to a
760 15 mL centrifuge tube. Next, 10 times the volume of PBS was added to the tube,
761 and the mixture was centrifuged at 300 g for 4 min. After discarding the
762  supernatant, the single cells were resuspended in signaling activation medium
763 (DMEM/F12 basal medium (Gibco) containing 0.5% N2 (Gibco), 1% B27
764  (Gibco), 1% nonessential amino acids (NEAA; Gibco), 3 uM CHIR (TargetMol)
765 and 100 ng/mL Activin A (Novoprotein). In parallel, cells were cultured in
766  medium containing either 3 uM CHIR alone, 100 ng/mL Activin A alone, or 50
767 ng/mL BMP4 (Novoprotein) alone. All conditions were supplemented with 10
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768 MM Y27632 (TargetMol). The anti-adhesion solution on the AggreWell was
769 removed, and the plate was washed twice with signaling activation medium.
770  The single-cell suspension was seeded into the pre-treated AggreWell at a
771  density of 30,000 cells per well and supplemented with 2 mL of signaling
772  activation medium containing 10 yM Y27632. The AggreWell plate was
773  centrifuged at 100 g for 3 min to facilitate aggregation of approximately 25 cells
774  per microwell at the well bottom. Subsequently, this AggreWell plate was
775 cultured at 37°C in a humidified 5% CO, incubator. During daily medium
776  changes, 1 mL of old medium was aspirated, and 1 mL of fresh signaling
777  activation medium was slowly added along the well walls. The signaling center
778  spheres used for Xenopus embryo transplantation and constructing the human
779  gastruloid in this experiment were obtained from cells induced for 48 hours.

780  Self-organization of hPSC into 3D epiblast-like aggregates

781 hPSCs were dissociated into single cells using TrypLE and then
782  suspended in N2B27 medium (consisting of DMEM/F12 basal medium with 0.5%
783 N2 supplement, 1% B27 supplement, and 1% NEAA) along with 10 uM Y27632.
784  The single cells were seeded into a 96-well clear round bottom ultra-low
785  attachment microplate (Corning) at about 200-300 cells per well, and N2B27
786  medium with 10 uM Y27632 was added to each well, reaching a final volume of
787 100 pL. The plate was then centrifuged at 100 g for 3 min to promote
788  aggregation of the cells at the well bottom. Subsequently, the 96-well plate was
789  cultured in a humidified incubators at 37°C with 5% CO2 and 5% O2. The
790  epiblast-like aggregates were obtained within 24 hours.

791  Generation of gastruloid

792 Upon harvesting, the signaling center spheres from the AggreWell were
793 aspirated and transferred to 15 mL centrifuge tubes. The tubes were then
794  centrifuged at 40 g for 30 s, and the supernatant was discarded. Immediately,
795 5 mL of N2B27 medium was added to each centrifuge tube, and another
796  centrifugation at 40 g for 30 s was performed. The supernatant was then
797 discarded, and this washing step was repeated 3 times to ensure removal of
798 dead cells and the induction medium. Next, the signaling center spheres were
799  resuspended in 3 mL of N2B27 medium and transferred to a 6-well plate. Using
800  a micropipette under visual inspection, one signaling center sphere was gently
801 aspirated and transferred to each well containing an epiblast-like aggregate in
802 a 96-well plate. After transferring the signaling center spheres to all the wells,
803 100 pL of N2B27 medium was added to each well. The plate was then
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804  centrifuged at 100 g for 3 minutes, facilitating the settling of both the signaling
805 center sphere and epiblast-like aggregate at the bottom and promoting their
806  attachment. The 96-well plate was placed inside a humidified incubator at 37°C
807  with §% CO2 and 5% O:. Every other day, a medium change was performed by
808 aspirating 100 pL of the old medium from each well and subsequently adding
809 100 pL of fresh N2B27 medium.

810 Immunofluorescence staining and imaging

811 The gastruloids at different developmental stages were collected from the
812  96-well plates into 15 mL centrifuge tubes. After washing twice with PBS, they
813  were fixed with 4% paraformaldehyde (PFA) at 4°C overnight.

814 To perform cryosectioning, the fixed samples were washed 3 times with
815 PBS at room temperature, embedded in OCT compound (Sakura), and frozen
816  at -80°C. Cryosections were made at a thickness of 15 uym, and the resulting
817  tissue section was placed on adhesion microscope slides (Citotest). Sample
818 slides were then stored at -80°C. Before conducting the staining procedures,
819 antigen retrieval was performed by heating slides at 95°C for 10 min in EDTA
820  Antigen Retrieval Solution (pH 8.0) (Sangon Biotech).

821 To perform tissue clearing, the fixed samples were washed 3 times with
822 PBS and soaked in CUBIC-L (Tokyo Chemical Industry), a delipidation and
823  decoloring reagent. The samples were placed on a rotator at 37°C for 3-7 days,
824  with daily replacement of fresh CUBIC-L. Before proceeding with
825 immunofluorescence staining, the delipidated samples were washed three
826  times with PBS.

827 For immunofluorescence staining, all samples (sections or cleared
828 gastruloids) were blocked with PBST-BSA (PBS + 0.1% Triton X-100,
829  containing 5% bovine serum albumin (BSA)) at room temperature for 1-2 hours.
830  The primary antibody was diluted in PBST-BSA and incubated with the samples
831 overnight at 4°C. Following incubation, the samples were washed five times
832 with PBS to remove the primary antibody. Subsequently, the samples were
833 incubated at room temperature with the secondary antibody and DAPI (Roche),
834  both diluted in PBST-BSA for 1 hour. After washing the samples five times with
835 PBS, they were imaged by microscopy.

836 Imaging was performed on Zeiss Inverted LSM 780/880 laser scanning
837  confocal microscopes, or a Dragonfly CR-DFLY-202 2540 upright confocal
838 microscope, or Lightsheet microscope (Bruker Trulive3D Imager), or an
839 inverted microscope Leica DMi8. The Z-stack images acquired using the
840 confocal scanning or Lightsheet microscopes were then processed and


https://baike.baidu.com/item/Tokyo/1418457?fromModule=lemma_inlink
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841 integrated using Imaris (v9.8.2) to achieve the 3D reconstruction of the
842  gastruloid structures.

843  Generation of human-Xenopus chimeric embryos.

844 For microinjection, the untreated and CHIR/Activin A instructed GFP-
845 hPSCs were dissociated into single cells by TrypLE, centrifuged at 300 g for 4
846  minutes. After supernatant removal, the cell pellet was resuspended in N2B27
847 medium and adjusted to a final concentration of 5x107 cells/mL. The cell
848  suspensions were loaded into a prepared injection needle (WPI, 1B100F-4) by
849  microloader (Eppendorf, 5242956003). Approximately 30-40 nL of cell
850  suspensions or PBS were microinjected into the ventral side of stage 9 Xenopus
851 embryos. After injection, embryos were allowed to develop for about 20 h at a
852  constant temperature of 23°C. The embryo morphology and fluorescence
853  expression were analyzed using a stereomicroscope (Leica M205FA).
854  Subsequently, all the embryos were fixed by 4% PFA and subjected to
855  hematoxylin-eosin (HE) staining or optical clearing, followed by fluorescence
856  imaging for visualization of the ectopic axis formation.

857  Calcium imaging

858 Calcium transients were recorded in PANPANSs (gastruloids developing a
859  beating structure) that exhibited spontaneous contractility. Samples were
860 incubated with 1 mM Calbryte™ 590 AM (AAT Bioquest, #20700) in Dulbecco’s
861 phosphate buffered saline (DPBS, Thermo Fisher Scientific) for 30 min at 37°C,
862 followed by two washes with pre-warmed DMEM/F-12 basal medium (Corning).
863  Stained PANPANs were transferred to a 6-well cell culture plate (NEST) and
864 imaged on a Nikon Ti2-E microscope. Fluorescence intensity was quantified
865  using NIS-Elements AR software (version6.02.02).

866 Live imaging

867 Live imaging was performed using NucSpot® Live 650 nuclear dye
868  (Biotium, 40082). Day 1 gastruloids in 96-well plates were incubated with 1x
869  NucSpot® Live 650 (Biotium, 40082) in fresh N2B27 medium for 30 min at 37°C
870 under 5% CO2. Confocal imaging was conducted on Olympus SpinSR10
871  spinning disk confocal microscope, using 488nm and 640nm excitation. Images
872 were acquired every 10 min, with cell viability maintained via a stage top
873  incubator (Tokai Hit).



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.08.25.000317. This version posted August 26, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

874 RNA extraction and RT-PCR analysis

875 Total RNA was extracted using RNAzol (Molecular Research Center, Inc.)
876  following the manufacturer’s protocol, and then reverse transcribed into cDNA
877  using an All-in-one 1st Strand cDNA Synthesis SuperMix kit (Novoprotein). For
878 qgRT-PCR, a 2x Taq Pro Universal SYBR qPCR Master Mix (Vazyme) was
879  utilized on a LightCycler 480 Detection System (Roche). The thermocycling
880  conditions comprised 40 cycles of denaturation at 95°C for 10 s, annealing at
881 60°C for 10 s, and extension at 72°C for 10 s. The primers are listed in
882  supplementary table S1. GAPDH was used as an internal control, and gene
883  expression levels were calculated relative to GAPDH or using the 2"22¢T method.

884  Construction of the Single-cell library

885 Gastruloids were dissociated into single cells by treating with 1x TrypLE
886  for 15-30 min at 37°C. PBS was added to terminate the enzymatic reaction and
887 the cells were centrifuged at 300 g for 5 min at 4°C, followed by the
888  resuspension with 1 mL pre-cold 0.1% BSA-PBS.

889 For multiplexing, samples were labeled using the BD Human Single-Cell
890  Multiplexing Kit (BD Biosciences) on ice for 30 minutes. After labeling, the
891 samples were pooled and washed twice with 0.1% BSA-PBS for library
892  preparation. The single cell libraries were generated using the BD Rhapsody
893 system with the BD Rhapsody™ cDNA Kit (BD Biosciences) and BD
894 Rhapsody™ WTA Amplification Kit (BD Biosciences), following the
895 manufacturer’s protocol. Subsequently, the libraries were pooled and then
896  delivered to the medical inspection laboratories (Annoroad Gene Technology)
897  for sequence by Novaseq.

898 BD scRNA-seq data processing

899 Raw FASTQ files generated from the BD single-cell RNA-seq platform
900  were first checked by FastQC (release 0.11.9), and its results were then parsed
901 by MultiQC (release 1.13)"5. Next, FASTQ files were processed using the BD
902 Rhapsody pipeline (version 2.0b1) wrapped in a Docker container
903 (bdgenomics/rhapsody) and executed via cwliref-runner (version 1.0). To enable
904 accurate quantification of an exogenous GFP transcript expressed in the cells,
905 the GFP sequence was manually appended to the GRCh38 reference genome,
906 and the corresponding annotation was added to the GTF file. A customized
907 genome index was then built using STAR. During analysis, the pipeline
908 performed adapter trimming, quality filtering, and extraction of cell barcodes
909 and unique molecular identifiers (UMIs). Filtered reads were aligned to the
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910 customized reference genome, and gene-level quantification was conducted by
911 collapsing UMIs to remove PCR duplicates and counting reads uniquely
912 mapped to annotated gene loci, resulting in a gene-by-cell count matrix.

913 Downstream analysis of scRNA-seq data

914 The Seurat toolkit (release 4.3.0)'"” was used to perform downstream
915 analysis. First, high-quality single-cell transcriptomes were retained via
916  stringent quality control thresholds (500 < nFeature_ RNA < 7000, 1000 <
917 nCount_RNA < 40000, percent.mt < 25%). The upper limit of nFeature_ RNA
918 and nCount_RNA was specifically set to remove putative doublets. Then, the
919 raw count data were normalized and scaled using “NormalizeData” and
920  “ScaleData” sub-functions. We performed principal component analysis (PCA)
921  on the top 2000 highly variable genes (HVGs) with “RunPCA’. The significant
922  principal components were selected according to the p-values and standard
923  deviation dynamics. Cells were then clustered utilizing the “FindClusters”. The
924  clustered cells were then projected onto a two-dimensional space using
925 “RunUMAP”. To annotate cells, we first identified the specifically expressed
926 genes on each cluster. The cells were then manually annotated by curated
927  known cell markers. Integrating single-cell data across experiments, including
928 data generated in this study and accessed from public dataset, was performed
929 by R package Harmony (release 0.1.1)"8,

930 Identification of cluster-specific marker genes

931 To identify marker genes specific to each cell type, we employed the “cosg”
932  function implemented in the COSG R package (version 0.9.0)'?°. To evaluate
933 the similarity between marker gene sets across different clusters, we computed
934  pairwise Jaccard indices, defined as the size of the intersection divided by the
935 size of the union of marker gene sets between any two cell types. A Jaccard
936  similarity matrix was constructed and visualized using the R package
937 ComplexHeatmap (version 2.14.0)"°, with hierarchical clustering applied to
938  both rows and columns.

939 Cross-species and cross-model dataset integration and comparison

940 To enable integrative analysis across multiple species, single-cell RNA-seq
941 datasets from human (CS7, CS8, and CS10), monkey (CS8), mouse
942  (gastrulation stage), peri-gastruloid, and synthetic embryos model
943  (SEM)'5:1844:4547.62.73 'gand our own dataset were integrated using the Seurat v4
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944  framework. For each dataset, raw counts were normalized and 2,000 highly
945 variable genes were identified using the variance stabilizing transformation
946  (VST) method. Integration anchors were computed using the
947  FindIntegrationAnchors function in Seurat package with the top 20 principal
948  components, followed by data integration using IntegrateData. The integrated
949  object was scaled, and dimensionality reduction was performed using PCA (30
950 components) and UMAP (based on the first 20 PCs). Integrated datasets were
951 visualized by UMAP, and cells were colored by annotated cell types and split
952 by dataset for comparative interpretation. To quantify the similarity of cell type
953 compositions across datasets, we applied the SCP package (version 0.5.4) to
954 compute cell-type correlation heatmaps. Specifically, the CellCorHeatmap
955 function was used to calculate correlations between cell types in our dataset
956  and the public datasets, based on average gene expression.

957
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