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Highlights

e Time-resolved single-cell RNA-sequencing and imaging-based quantitative charting of
hundreds of individual stembryos generates molecular and phenotypic fingerprints

e Machine learning and integration of molecular and phenotypic fingerprints identifies features
and biological processes predictive of phenotypic end-state

e Early imbalance of oxidative phosphorylation and glycolysis results in aberrant morphology
and cellular composition

e Metabolic interventions tune stembryo end-state and can correct derailment of differentiation
outcomes
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SUMMARY

Mammalian stem-cell-based models of embryo development (stembryos) hold great promise in basic
and applied research. However, considerable phenotypic variation despite identical culture conditions
limits their potential. The biological processes underlying this seemingly stochastic variation are poorly
understood. Here, we investigate the roots of this phenotypic variation by intersecting transcriptomic
states and morphological history of individual stembryos across stages modeling post-implantation and
early organogenesis. Through machine learning and integration of time-resolved single-cell RNA-
sequencing with imaging-based quantitative phenotypic profiling, we identify early features predictive
of the phenotypic end-state. Leveraging this predictive power revealed that early imbalance of oxidative
phosphorylation and glycolysis results in aberrant morphology and a neural lineage bias that can be
corrected by metabolic interventions. Collectively, our work establishes divergent metabolic states as
drivers of phenotypic variation, and offers a broadly applicable framework to chart and predict
phenotypic variation in organoid systems. The strategy can be leveraged to identify and control
underlying biological processes, ultimately increasing the reproducibility of in vitro systems.
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INTRODUCTION

As mammalian embryos develop in utero, direct observation and manipulation of developmental
processes is difficult. This obstacle can be overcome by coaxing human and mouse pluripotent stem cells
(PSCs) to self-organize into three-dimensional structures, called stembryos, reflecting many molecular,
cellular and morphological characteristics of the embryo (stembryo: a portmanteau of stem cells and
embryos).12 Because stembryos are easy to access, track, manipulate and scale, more quantitative and
detailed mechanistic insights can be obtained in statistically relevant sample sizes. Hence, they offer
huge potential in both fundamental (e.g. genetic screens, lineage tracing) and applied (e.g. drug
screenings, embryo toxicology) research.3 However, a major hurdle for the widespread implementation
of stembryos is considerable phenotypic variation that is largely unexplained.124 More broadly, inter-
structure variation, presumably arising from genetic heterogeneity, cellular interactions, and the micro-
environment, poses a significant challenge in organoid research.56

Consequently, unraveling the biological processes that underlie phenotypic variation is crucial to
maximize the potential applications of organoids and stembryos. This remains a formidable task,
especially since conventional assays to infer biological processes in an unbiased manner (e.g. single-cell
RNA-sequencing (scRNA-seq)) necessitate the destruction of samples, making it impossible to
simultaneously capture both the current gene expression state and the future phenotypic state within
the same sample. Hence, a framework that enables integrated, longitudinal analysis of gene expression
and phenotypic dynamics (phenodynamics) is required to obtain insights into the roots of divergent
differentiation outcomes in vitro.

Here, we combined high-throughput longitudinal imaging and scRNA-seq of individual structures,
quantitative image analysis, and machine learning, to map the expression and phenotypic landscapes of
individual gastruloids and trunk-like structures.’-11 By integrating time-resolved expression profiles
with phenodynamics, we successfully identified early predictors of stembryo end-states. Through
sampling across these predictive phenotypic spaces, we uncovered biological processes strongly
associated with phenotypic variation. Specifically, balanced glycolysis and oxidative phosphorylation in
neuromesodermal progenitors (NMPs12-14) underlies the harmonious development of somitic and
neural tissues and modulation of metabolic activity can effectively tune stembryo differentiation
outcomes. Collectively, our findings establish divergent metabolic states as drivers of phenotypic
variation in stembryos.

RESULTS
Divergent differentiation outcomes in stembryos modeling the embryonic trunk

Gastruloids are aggregates of mouse embryonic stem cells (mESCs) that break symmetry, elongate and
self-organize the major body axes upon a 24h-pulse with the WNT agonist CHIR99021 (hereafter CHIR)
(Figure 1A).71189 When supplemented with the extracellular matrix compound Matrigel, gastruloids
develop into trunk-like-structures (TLSs) resembling the core part of the embryonic trunk (Figure
1A).1015 While nearly half of the TLSs exhibit coordinated formation of somites and a neural tube, why
>50% of the structures fail to develop properly diversified and organized tissues is unclear (Figure
1A,B).1015 We therefore investigated the complete TLS morphospace in more detail upon initial
classification of TLSs based on bright-field imaging (“successful” and “unsuccessful” - see Methods for
criterial0). To ease visualization and quantification, we generated structures from mESCs carrying a
T::H2B-mCherry (hereafter TmcH) and Sox2::H2B-Venus (hereafter Sox2VE) reporter, labeling cells
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actively expressing T (also known as Brachyury; expressed in NMPs and nascent mesoderm) or Sox2
(expressed in NMPs and their neural descendants) as well as their progeny.10.16 Qverall architecture was
assessed by DAPI (nuclei) and Phalloidin (F-Actin) staining. While successful TLSs form a central neural
tube-like structure flanked by somites, unsuccessful TLSs showed disorganized neural tissue, or, in few
cases, internalization of mesodermal tissue enveloped by neural tubes (Figure 1C-E and S1A,B).
Accordingly, in unsuccessful structures the TmCH+ yvolume fraction, but not intensity, is reduced (Figure
1C,D and S1C,D).

A second frequently observed aberrant phenotype (compared to the embryo) was the formation of
multi-axes structures with a total volume comparable to those with a single axis (Figure 1B,F and
S1E).1° Notably, in multipolar structures without morphological somite formation the TmCH+ yvolume
fraction was decreased less than in unipolar structures (Figure S1F).

Quantitative charting of phenodynamics

We hypothesized that subtle phenotypic variation at earlier stages could precede divergent end-state
differentiation outcomes. To test this, we quantitatively charted the 48-96h stembryo phenodynamics
of a total of 768 stembryos and performed wide-field imaging at 24 hour-intervals (Figure 2A). Using
deep-learning-based segmentation and a combination of feature extraction approaches!’-21, we
extracted: i) structure-level morphometric features from the bright-field (BF) data (hereafter referred
to as [feature]-BF); ii) morphometric and distribution features from the TmCH+ domain (hereafter
referred to as [feature]-TmCH); iii) intensity features measured as a function of the TmCH+ domain or whole
structure (hereafter referred to as [feature]-TmCH(mCH) and [feature]-TmCH(BE) respectively) (Figure 2A)
(Supplementary Note 1).

We then employed unsupervised machine learning in the form of Sparse Principal Component Analysis
(SPCA) (Figure 2B,C). With [feature]-BF as input the first principal component (PC1) separated
stembryos based on culture time; loadings were dominated by area and minor axis length, and features
strongly correlated with both (Figure 2B,D and S2A,C,D). PC2 comprised [AR]-BF (Aspect Ratio),
[eccentricity]-BF and first Hu-moment ([hu1]-BF - a scale, rotation and translation invariant description
of shape) (S2D,E). Consequently, 96h structures were separated from other timepoints, reflecting the
onset of axial elongation (Figure 2B,D and S2E). A second major contributor, [form factor]-BF, reflects
the emergence of complex shapes around 96h (Figure 2D).

To quantify phenotypic variation, we calculated the squared coefficient of variation (CV?) for the
dominant contributors over time, which showed that phenotypic variation overall increases as
stembryos develop (Figure 2E). Decreased CV2 for a subset of features (/AR]-BF, [hu1]-BF) from 48-72h
suggests that some variation emerging during aggregation is constrained by the CHIR pulse (Figure 2E
and S2E).

Similarly, SPCA with [feature]-TmCH as input sorted stembryos along a temporal trajectory, especially
when considering PC2 and PC3 (Figure 2C; PC1 discussed in Supplementary Note 2). Evaluation of
PC3 loadings showed a high contribution of [mean_intensity]-TmCH(BF, which steadily increased over time
(Figure 2D,F). Other PC3 loadings correlated significantly with [mean_intensity]-TmCHEF) (Figure
S2F,G). PC2 loadings were dominated by the coefficient of variation (CV) calculated across the radial
slices of the mask ([radial_distribution_CV]-TmCH(ER), a proxy for the homogeneity of intensity in the core
versus periphery (Figure 2G; Supplementary Note 2). Hence, higher CV values in the periphery
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indicate TmCH polarization over time. Indeed, PC4 separated 96h structures from earlier timepoints, with
polarization along the major and minor axes as predominant loadings (Figure S2F,I).

In conclusion, phenodynamic analysis could capture the previously described growth, elongation, and
establishment of polarized Brachyury expression.7-11.22 [n addition, it revealed that phenotypic variation
increases over time.

Time-resolved single-cell RNA-sequencing across the phenotypic landscape

In parallel with phenodynamic analysis, we assessed heterogeneity in gene expression dynamics and
cell state composition. We used MULTI-Seq2?3 to profile individual stembryos by scRNA-seq at 48h
(n=72), 72h (n=48), 96h (n=24) and 120h (n=24) (Figure 2A and S3A-C). After stringent quality control
(see Methods), we recovered high-quality transcriptomes of 21,026 cells (48h: 3,861 cells; 72h: 1,742
cells, 96h: 2,056 cells; 120h: 13,367 cells).

First, we aggregated all structures on a per time-point basis to obtain a time-resolved compendium of
stembryo development. Inspection of cluster marker genes, intersection with data capturing naive-to-
primed pluripotency transitions in vitro, and pseudotime analysis showed that 48h structures harbor
cells in naive, formative and primed pluripotency states, whereas lineage-specific factors are not
expressed (Figure 2H and S3D-H).2425 24 hours later, most cells had acquired signatures of the
primitive streak, caudal epiblast, caudal mesoderm, caudal neuroectoderm, nascent mesoderm and
cardiomyocytes (annotations based on embryo data26) (Figure 2H and S3D’). Pseudotime inference
showed a trajectory from a naive pluripotent state, via an epiblast and primitive streak signature, to an
axial progenitor (caudal epiblast, mesoderm and neuroectoderm) state (Figure S3]J,K).

Higher-level separation at 96h demonstrated a small partition with a pluripotency signature, and a
larger one comprising three clusters (Figure S3L), organized into a continuum of states, with axial
progenitors ((early) NMPs) flanked by mesodermal or neural biased cells (Figure 2H and Figure
S3D”,M,N). A similar organization was observed at 120h, with NMPs adjoined by somitic and neural
cells (Figure 2H and S3D’”,0,P). Notably, fine-grained clustering of the pluripotent cluster revealed
two distinct populations, characterized by high expression of naive and formative pluripotency genes,
and primordial germ cell (PGC) marker genes respectively (PGC-like cells (PGCLCs)) (Figure S3Q-S).
These two states were detected as early as 48h (Figure S3S,T). Hence, the recently identified ectopic
pluripotent cells (EPCs) in gastruloids are also present in TLSs.2?

Profiling of inter-stembryo transcriptional variation

We leveraged the single-cell, single-structure resolution of our data-set to assess inter-structure
variation in gene expression and cellular composition. The latter varied considerably between
stembryos at all timepoints, with inter-structure variation increasing over time (Figure 21 and Figure
S4A-D). At 120h unsuccessful and successful structures significantly differed in the fraction of somitic
and neural cells, providing further support for our manual morphology-based classification (Figure 1
and S4E).

We then computed highly variable genes (HVGs) across individual structures (see Methods) (Figure 2]-
M and S4F-I). As expected, at the end-state (120h) HVGs were involved in somite, mesoderm, neural
tube and spinal cord development and their developmental induction (Figure 2] and S41,K). Variation
in the expression of genes involved in these processes was already prominent at 96h, when marker
genes of NMPs (e.g. Epha5, Cdx2/4) as well as their neural (e.g. Irx1/2/5, Sox1, Dbx1, Rfx4) and
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mesodermal (e.g. Uncx, Foxc2, Tcfl5, Pcdh8) progeny displayed significantly more variation than
randomly selected or all other expressed genes (Figure 2K and S4H,]). Concomitantly, expression of
gene modules for signaling pathways involved in axial patterning, NMP maintenance and/or decision
making (FGF, WNT, Retinoid Acid, Notch) showed high inter-structure variation (Figure 2K). While at
earlier time-points (48h and 72h), HVGs were dominated by pluripotency genes (Figure 2L,M and
S4F,G), inter-structure divergence in mesoderm and somite development signatures became evident at
72h (Figure 2M).

The variation in cell state composition suggested extensive inter-stembryo heterochronicity. Indeed,
pseudotime distributions were highly variable between individual structures (Figure S4L-0). To
identify genes associated with heterogeneous developmental time, we correlated pseudo-bulked
expression with pseudotime values. At 48h, “younger” and “older” structures showed enriched
expression of naive (e.g. KIf2, Fbxo15) whereas “older” and formative (e.g. Sox4, Dnmt3b) pluripotency
markers respectively (Figure S4P), confirming the validity of our approach. At 72h, less advanced
developmental time was associated with high expression of epiblast genes (e.g. Utfl, Leftyl/2 and
Tdgf1), while developmentally more progressed structures showed increased expression of primitive
streak genes (e.g. Gbx2, Hoxal) (Figure S4Q). Younger 96h gastruloids were characterized by high
expression of primitive streak and axial progenitor markers (including T), whereas older gastruloids
displayed higher expression of neural genes (Figure S4R). Finally, at 120h, more advanced
developmental progression was associated with an increased neural expression signature at the
expense of NMP marker genes (Figure S48).

In sum, these data show that molecular and phenotypic variation emerge concomitantly. Next, we set
out to integrate both modalities.

Phenotypic fingerprints enable early prediction of morphological end-state

The destructive nature of scRNA-seq made it impossible to simultaneously capture both the current
molecular and future phenotypic state within the same sample, prohibiting their integration. To
overcome this, we aimed to identify early phenotypic features predictive of the stembryo end-state, in
order to correlate early expression profiles to (predicted) morphological outcome.

We used two different approaches: i) integration of end-state expression with phenodynamics data
(next section); ii) Partial Least Squares Regression (PLSR), a method designed to determine a latent
space in which the explanatory and target variables show high covariance.2829 This space is determined
by a set of latent variables combinations of features similar to principal components, which can be
analyzed in terms of their abilities to separate phenotypic (end-)states and the contributing features.29.30

When using differentiation outcomes as the target vector, the first latent variable (Dev-Dim1) clearly
separated successful and unsuccessful TLSs (Figure 3A). Examining its loadings revealed significant
contributions of 72h and 96h TmcH levels, along with the TmCH radial distribution features (Figure 3C)
and highly correlated features (Table S1). At both 72h and 96h high(er) TmcH levels were strongly
associated with successful TLS formation, in particular in unipolar structures (Figure 3C,E-G). In terms
of distribution, higher TmCH levels at the core were associated with better differentiation outcome, as
demonstrated by computing “virtual” average gastruloids (Figure 3C,D). These simplified
representations also showed that structures with an increased TmCH+ area fraction at 96h (96h-
[fraction]-TmcH) exhibited better differentiation outcomes in unipolar structures (Figure 3D,H).
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When investigating the first latent variable for axes number as the target vector (Axes-Dim1), many
features identified for differentiation outcome reappeared as major contributors (Figure 3B,C and
Table S1). Specifically, for 120h single-axis structures TmCH intensity at 72h and 96h was overall lower,
higher in the periphery versus the core of the TmCH domain, and more polarized (Figure 3C-I). Compared
to the differentiation outcome PLSR results, there was a higher contribution of 96h BF shape descriptors
to Axes-Dim1; more elongated structures were more likely to become unipolar (Figure 3L]J).

We next tested the feasibility to predict phenotypic (end-)state at earlier time-points. Reduced feature
sets comprising only 48h and 72h features showed convincing separation of phenotypic end-states
(Figure S5A,B). For axes number, predictive features shifted from shape to TmcH intensity and
distribution features (Figure S5C,D and Table S1). Similar to the analysis using the complete feature
space, higher 72h-[mean_intensity]-TmCH(BF) was associated with better differentiation outcome (Figure
3E and Table S1), and TmCH signal distribution with both axes number and differentiation outcome
(Figure S5C,D and Table S1).

Overall, the PLSR analysis identified early phenotypic features that harbor predictive power for
stembryo phenotypic end-state. In particular, successful TLS formation is strongly associated with: i)
higher activation of the TmCH reporter at 72h and 96h; ii) a higher fraction of the structure expressing
TmCH gt 96h; iii) a higher reporter signal in the core compared to the periphery at 96h. For single versus
double axes, both overall shape (e.g. AR, minor axis length), as well as TmCH intensity and distribution
harbor predictive power.

Integrated molecular-phenotypic analysis identifies features predictive of differentiation
outcome

Although imaging-based analysis alone identified predictive features, our analysis of the phenotypic
landscape showed that for differentiation outcome the data followed a continuum rather than discrete
distribution (Figure 1D,E). We therefore leveraged that our experimental design comprised parallel
recording of phenotypic and transcriptional states, including ground truth outcomes.

Specifically, we aimed to identify early phenotypic features predictive of end-state somitic vs neural
ratio. We computed somitic and neural module scores for individual 120h structures and used these
scores as “bait” in a correlation analysis with the phenotypic features (Figure 4A and S5E). This
integration of both high-dimensional spaces (i.e. 48h/72h/96h phenotypic space and 120h
transcriptional space) revealed high absolute correlations of somitic and neural module scores with
TmCH intensity and distribution, but not BF, features (Figure 4B,C and S5F). Specifically, we observed a
high positive correlation between the 120h somitic module score and both 96h-[fraction]-TmCH and 96h-
[mean_intensity]-TmCHmCH), Vice versa, the neural module score was strongly negatively correlated with
these features (Figure 4B,C and Figure S5G). These associations were also apparent upon quartile
binning of structures based on [fraction]-TmCH or [mean_intensity]-TmCHmCH); with higher values, the
percentage of NMP and somitic cells increased, and cells occupied distinct regions of the 120h
compendium’s expression space (Figure 4D,E and Figure S5H). A small set of 72h TmcH features was
strongly associated with future differentiation outcome; in particular 72h-[mean_intensity]-TmcH
correlated with an increased somitic vs neural fraction at 120h, as well as a relative increase of NMPs
(Figure 4B,C,F).

To assess the predictive power, we compared machine learning classifiers of varying complexity (Linear
Discriminant Analysis (LDA)3!, State Vector Classifier (SVC)32 and eXtreme Gradient Boosting
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(XGBoost)33) in their ability to predict axis number and differentiation outcome based on all features or
predictive features only. SVC and XGBoost displayed similar accuracies, whereas LDA scored lower
(Figure S5L]). Whereas feature selection only marginally impacted SVC and XGBoost classification
scores, LDA benefited, possibly due to the reduced complexity of its decision surface (Figure S5L]).

Altogether, our integrated molecular-phenotypic analysis demonstrated that 96h-[fraction]-TmcH and
72h- and 96h-[mean_intensity]-Tm¢H are strongly associated with differentiation outcomes at 120h. This,
together with the PLSR analysis (Figure 3), suggests that these features are dominant predictors of the
structure’s ability to balance somite and neural tube formation. Indeed, projecting the 120h phenotypic
outcome on a simplified 72h or 96h feature space well-separated 120h successful and unsuccessful
structures, showing that these features can predict the stembryo end-state (Figure 4G-I).

Identification of divergent glycolytic activity as a major putative driver of variation

Next, we utilized the newly obtained predictive power to identify biological processes involved in
divergent differentiation outcomes. The even distribution of sequenced 96h structures across the
predictive state space allowed us to match these with phenotypically similar structures for which the
ground truth end-state was captured (Figure 5A,B). As discussed above, on average structures at this
stage comprised 4 major cell states: pluripotent cells, and axial progenitors (early NMPs) flanked by
mesodermal or neural biased cells (Figure 2H). This lineage bias was reflected by predictive phenotypic
features (Figure S6A,B).

To identify underlying processes, we correlated pseudo-bulk transcriptome data with dominant
predictive features (96h-[fraction]-Tmct and 96h-[mean_intensity]-TmcH). We then ranked genes based
on their correlation with either and performed Gene Set Enrichment Analysis (GSEA), which revealed a
single prominent hit: “glycolysis” (Figure 5C-E). This was corroborated by computing module scores
for glycolytic pathway genes, which showed that inferred glycolytic activity is increased in samples
predicted to form successful structures (Figure 5F,G).

In chick embryos, high glycolytic activity in the posterior end was linked to NMP maintenance and their
mesodermal exit.34 Indeed, NMPs and mesoderm-biased cells had a higher glycolysis module score than
neural-biased cells at 96h (Figure S6C). We therefore tested if the observed relationship between
inferred glycolytic activity and higher 96h-[fraction]-Tm¢H and/or [mean_intensity]-TmcH was conserved
in the NMP pool. To this end, we extracted the NMP cluster in silico, and performed the same analysis as
for all 96h cells. Strikingly, this not only confirmed a positive enrichment for the “glycolysis” term, but
additionally revealed a negative enrichment for “oxidative phosphorylation” (OxPhos) (Figure 5H,I).
Computation of module scores for glycolysis and OxPhos pathway genes provided additional evidence,
showing higher glycolysis scores, and lower OxPhos scores, as 96h-[fraction]-TmCH or 96h-
[mean_intensity]-TmcH increased (Figure 5]J,K and S6D,E). Analysis of the expression of individual genes
in the NMP pool showed that for nearly all glycolytic pathway genes expression increased as a function
of 96h-[fraction]-TmCH or 96h-[mean_intensity]-TmcH (Figure 5L and S6F). Since the aforementioned
study provided evidence for a regulatory FGF-glycolysis-WNT loop in the posterior end of the chick
embryo3+3°, we assessed the relationship between FGF/WNT signaling and glycolysis. We found that
higher inferred glycolytic activity was associated with increased expression of FGF/WNT pathway genes
(Figure 5M and S6G,G’). Moreover, expression of WNTs, FGFs and their downstream targets involved
in NMP maintenance and decision making strongly correlated with the expression of genes encoding
rate-limiting enzymes of glycolysis (Pfkl, Pkm, Pgk1), as well as Ldha, which converts pyruvate to 1-
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lactate (Figure 5N). Finally, we found a strong correlation with transcription factors (TFs) governing
NMP maintenance and neural vs mesodermal decision making (Figure 5M,N).

In sum, these findings show that the metabolic profile of the early NMP pool predicts the capacity of
structures to coordinate somite and neural tube formation. Higher glycolytic activity is associated with
better outcome, concomitant with increased expression of FGF/WNT pathway genes and their targets.
Hence, our data strongly suggest that variable FGF-glycolysis-WNT activity underlies phenotypic
variation.

Divergent metabolic and signaling states upon WNT pulse

Motivated by these findings, we tested if we could detect distinct metabolic and morphogen signatures
at earlier stages. To this end, we leveraged the predictive power of 72h-[mean_intensity]-TmcH (Figure
3,4 and S5), which correlated well with T expression (Figure S6H). Structures with increased 72h-
[mean_intensity]-TmcH displayed an increased primitive streak signature at the expense of pluripotency,
leading up to an enhanced mesodermal signature 24 hours later (Figure 6A,B and Figure S6I).

Lower TmcH ]Jevels at 72h were associated with enriched signatures of OxPhos and related processes,
including glutathione metabolism - a defense against respiration-induced reactive oxygen species
(Figure 6C,D). Vice versa, structures with higher TmcH ]evels showed enrichment of a “developmental
induction” module comprising morphogens implicated in NMP maintenance and mesoderm formation
(e.g. Wnt3, Wnt3a, Fgf8), and their downstream targets (Figure 6C,E). Notably, the expression of
secreted WNT inhibitors Sfrp1/2 - knockdown of which leads to a multipolar phenotype3é - decreased
with higher TmCH [evels (Figure 6E).

Although glycolysis was not among the significantly enriched processes, module score analysis not only
confirmed that structures with higher TmcH levels at 72h had lower OxPhos scores, but also revealed
higher glycolysis scores and gradually increased Ldha expression (Figure 6F,G and Figure S6]J).
Moreover, 72h TmcH Jevels were predictive of inferred OxPhos and glycolysis activity at 96h (Figure 6H).
Finally, a targeted analysis showed that an enhanced glycolytic state at 96h correlated with aggregate
size at 72h, raising the intriguing possibility that early size differences set the stage for divergent
metabolic activity, ultimately impinging on differentiation outcome (Figure 6I). Indeed, larger 72h
aggregates displayed higher inferred glycolytic activity, concomitant with increased expression of T,
Fgf8 and Nodal co-receptor Tdgf1 (Cripto) (Figure 6],K).

Collectively, our data strongly suggest that divergent metabolic and morphogen signaling states drive
phenotypic variation. Higher glycolysis-WNT activity results in harmonious formation of somitic and
neural tissue, ultimately resulting in successful TLSs (Figure 6L).

Metabolic interventions correct unsuccessful differentiation outcome

The newly identified association between differentiation outcome and divergent metabolic activity in
NMPs prompted us to test if the coordinated development of neural and somitic tissue could be tuned
by metabolic state alterations. We subjected a total of 966 stembryos to metabolic interventions
designed to modulate OxPhos-glycolysis balance and assessed TLS morphology and somitic : neural
ratio at 120h (Figure S7A,D,E). Specifically, we treated structures from 72-96h or from 96-120h with
the mitochondrial complex I inhibitor rotenone3?” or 2-Deoxy-D-glucose (2-DG), a compound that
competes with glucose to bind hexokinase, the first rate-limiting enzyme of glycolysis3839 (Figure 7A
and S7A).
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Treatment with rotenone from 96-120h did not drastically affect overall morphology, but clearly
increased the TmcH+ yolume (both absolute and fraction), concomitant with increased somite formation
at the highest concentration (Figure 7B,C and Figure S7B,D,F). Vice versa, Sox2VE+ volume fraction was
reduced (Figure S7F). Treatment from 72-96h increased not only TmCH+ yolume, but also the volume
with tissue-level co-localization of TmCH and Sox2VE at both 96h and 120h at the highest rotenone
concentration (Figure 7B,C and Figure S7G,H). Altogether, these results show that a metabolic
intervention that induces glycolysis at the expense of OxPhos leads to more balanced lineage allocation
of NMPs - also evident from the increased TmCcH+/Sox2VE+ volume ratio (Figure 7C) - and that early, but
not late, enhancement of glycolysis expands the NMP pool (Figure 7C and S7G,H).

In contrast to rotenone, 2-DG treatment resulted in pronounced alterations in overall morphology,
showing a dose-dependent reduction of total volume and elongation (Figure 7D,E and S7C). At the
highest concentration, TLS morphology was severely disrupted with aberrant formation of disorganized
neural tissue and severely hampered somite formation (Figure 7E and S7I), emphasized by
quantitative analysis demonstrating a decreased TmCH+/Sox2VE+ volume ratio and somite number
(Figure 7E and S7J). Although the lower concentration did not quantitatively affect the TmCH+/Sox2VE+
volume ratio (Figure 7E)), clear defects were observed. Treatment from 72-96h resulted in
disorganization of (posterior) somitic tissue with “scattering” of somites (Figure 7D and S7I), whereas
treatment from 96-120h completely abolished segmentation of somitic (TmcH+) tissue (Figure 7D and
S7L]). Finally, quantification of the TmcH+/Sox2VE+ overlapping volume showed that 2-DG decreased the
size of the NMP pool (Figure 7E). In sum, effects of 2-DG are dose- and time-dependent; high
concentration increases neural at the expense of somitic tissue and inhibits elongation, low
concentration affects segmentation. Both concentrations decrease the size of the NMP pool.

Collectively, the metabolic interventions show that the phenotypic landscape of the stembryo can be
tuned by altering the balance between oxidative phosphorylation and glycolysis. Most importantly,
favoring glycolysis can correct neural lineage bias. Furthermore, the data suggest the presence of an
early temporal window in which enhanced glycolysis increases the size of the NMP pool.

DISCUSSION

Viktor Hamburger famously stated that “the embryo is [..] always right”.4% In contrast, stembryos
frequently deviate from this ideal state, manifesting as phenotypic variability. Such seemingly stochastic
variation represents a major hurdle. Here, we demonstrated that biological processes underlying
phenotypic variation can be identified through integrated molecular-phenotypic profiling.

We focused on the variable propensity to form somites and a neural tube from an NMP pool. Our finding
that this divergent propensity can be detected prior to the end-state and associates with variable WNT
signaling activity aligns with recent work in gastruloids.#! Our unique integrative strategy in
combination with functional experiments strongly suggest that this divergence is driven by variable
metabolic activity, and can be controlled by metabolic interventions. Specifically, we reveal that
glycolytic versus OxPhos activity regulates NMP decision making and, potentially, maintenance,
presumably by regulating FGF and/or WNT signaling activity.

Consistent with our findings, a parallel preprint showed that decreasing glucose concentrations in early
gastruloids progressively shifts germ layer proportions away from mesodermal derivatives towards
more neuroectodermal cell fates.42 Furthermore, the authors show that the addition of Nodal or Wnt
signaling agonists can rescue mesoderm and endoderm development in glycolysis-inhibited gastruloids,

10


https://sciwheel.com/work/citation?ids=15515101&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13695653&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=15723105&pre=&suf=&sa=0
https://doi.org/10.1101/2023.12.04.569921
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.04.569921; this version posted December 5, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

suggesting that glycolytic activity is an important activator of signaling.42 Hence, this and our work
provides further support for the idea that metabolic pathways can act as regulators of patterning and
morphogenesis during embryogenesis. The concept of metabolic signaling, rooted in the metabolic
gradient theory*3, has picked up interest.4¢ Some work focused on gastrulating amniote embryos, and is
therefore of particular interest in light of our discoveries.

In chick, suppressing glycolysis alters NMP differentiation potential, promoting a shift towards neural
at the expense of mesodermal differentiation.3¢ An FGF-glycolysis-WNT loop was proposed, where an
FGF signaling gradient establishes posterior-to-anterior glycolytic activity, leading to a corresponding
gradient in WNT signaling.3435 Our findings suggest that this loop operates in stembryos and that its
variable activity underlies phenotypic variation.

On the contrary, in mouse embryo explants glycolysis was reported to negatively regulate WNT
signalling.3845 Although the authors suggested that the discrepancy could be rooted in short-term
negative38 versus long-term positive regulation34, our data show that - at the same time-point - higher
glycolytic activity is positively associated with expression of WNTs and their targets. Our discovery that
the FGF/WNT /glycolysis connection is conserved in the scalable and tractable stembryos presents an
exciting opportunity to unravel the intricate spatiotemporal dynamics of feedback.

Pyruvate produced by glycolysis can either enter the citric acid cycle and be catabolized by OxPhos, or
converted into lactate by Ldha. The latter phenomenon, known as aerobic glycolysis or the Warburg
effect, results in lower ATP yields.#6 In chick, aerobic glycolysis activity is higher in NMPs and their
mesodermal derivatives.34 The resulting lactate production establishes a pH gradient, favoring the
mesodermal over neural lineage choice, primarily through the activation of WNT signaling.35 In vitro
PSM differentiation tied this to non-enzymatic 3-catenin acetylation. Such regulation downstream of 3-
catenin stabilization might explain the observed inter-structure variation in WNT signaling pathway
activity despite an initial pulse with WNT activator CHIR (an inhibitor of GSK3- which phosphorylates
B-catenin and targets it for degradation?7).

During the embryonic stages modeled here, the embryo develops under hypoxia (1.5-8%¢48). One aspect
of the hypoxic response involves a transition in cellular metabolism, from OxPhos to glycolysis.#® We
recently reported that in hypoxic gastruloids the relative fraction of NMPs and their somitic progeny is
increased.5® Hence, a hypoxia-induced shift from OxPhos to glycolysis could be a physiological means to
balance neural versus mesodermal decision-making of NMPs. We speculate that small variations in size
could set the stage for such divergent metabolic activity.

Recent work investigated the role of glucose metabolism during mouse peri-gastrulation stages using
(st)embryos.51:3° One study showed that during early gastrulation (~E6.5 - ~E7.25) mesoderm fate
acquisition and maintenance is governed by glucose metabolism via the Hexosamine Biosynthetic
Pathway (HBP), but mesoderm migration and lateral expansion requires glycolysis.5! Complementary
work in gastruloids suggested that mannose, but not glycolysis, is crucial for the early induction of 7.3°
While at first glance some of these findings seem at odds with our discoveries, most of the effects we
report here relate to later developmental stages (embryo equivalent: ~E7.5-E94), during which
mesoderm and neural cells are specified from a pool of NMPs. Hence, our data could reflect the idea that
late-stage glycolysis mostly becomes relevant after (neuro)mesoderm specification from the primitive
streak. Alternatively, or additionally, lactate induced mesoderm specification (via regulation of WNT
signaling) could act on top of mannose metabolism.39
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An intriguing phenomenon in a subset of structures comprised balanced somitic and neural tissue
formation in an "inside-out" configuration, with neural tubes enveloping non-segmented somitic tissue.
This uncoupling of cell state composition and morphogenesis challenges the classification process based
on end-state BF images, resulting in substantial overlap of end-states in the PLSR latent spaces,
ultimately impinging on accuracy scores. Further advancing the framework by incorporating
longitudinal confocal instead of wide-field imaging, thereby extending the feature space with e.g.
detailed spatial distribution, progenitor field appositions, and cellular geometry, could significantly
enhance predictive capabilities. However, this will pose challenges related to throughput, phototoxicity,
and real-time predictions and interventions.

Finally, our study underscores that while integrated molecular-phenotypic profiling is essential for
identifying processes driving phenotypic variation, machine learning applied to sparse longitudinal
imaging data suffices to predict phenotypic end-states. This is further emphasized by a recent preprint
employing machine learning to predict endoderm end-state morphology.52 Such predictive power can
be leveraged to discover design principles that govern developmental canalization (as we show here),
and enhances the potential of stembryos for applications that require high reproducibility, including
disease modeling and reproductive toxicity studies. For example, our strategy is useful to stratify
samples across experimental conditions to ensure a balanced representation of predicted outcomes,
thereby reducing false positive and false negative rates. Moreover, the possibility to obtain (semi-
Jpaired measurements (by subjecting overlapping samples in the predictive state space to different
treatments) could reveal state-specific effects.

We employed the integrated molecular-phenotypic profiling to identify biological processes underlying
(phenotypic variation in) coordinated formation of somitic and neural tissue. However, our dataset and
strategy can be (re)-employed to investigate the roots of many (variable) outcome measures, e.g.
elongation or curvature. While these will comprise correlations, the high throughput and potential for
global and personalized interventions make stembryos an excellent system for investigating causality,
dissecting feedback loops, and, ultimately, controlling shape and patterning.
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METHODS
Mouse Embryonic Stem Cell Culture

Mouse Embryonic Stem Cells (mESCs) carrying a T::H2B-mCherry and Sox2::H2B-Venus reporter10
were cultured under standard Serum+LIF+feeder conditions (400 mL Knockout Dulbecco’s Modified
Eagle’s Medium (DMEM) (4500 mg/ml glucose, w/o sodium pyruvate) (Gibco) supplemented with 75
mL ES cell tested FCS, 5 ml 100x L-glutamine (200 nM) (Lonza #BE17-605E), 5 mL 100x penicillin (5000
U/ml)/ streptomycin (5000 pg/ml), 5 ml 100x non-essential amino acids (Gibco #11140-35), 1 mL
500x B-mercaptoethanol (5mM, 1000x Invitrogen), 5 mL 100x nucleosides (Chemicon) and 5ul 10000x
of Murine Leukemia Inhibitory Factor (LIF) (Sigma-Aldrich, #£SG1107) on 6cm plates (Sarstedt, #
83.3901.300) coated with 0.1% gelatin and a layer of mitotically inactive fibroblasts. Culture medium
was refreshed every 24h and mESCs were split using Trypin-EDTA (Thermofisher, #£ESG1107) in a
dilution of 1:10 every 48h. The cells were passaged twice before proceeding to TLS formation.

Generation of Gastruloids & Trunk-Like-Structures

Gastruloids and TLSs for were generated following the previously published protocol.1015 In short,
mESCs were feeder-freed by sequential plating of the cells on 0.1% gelatin-coated 6-well plates and
incubating the cells at 379C for 25’, 20’ and 15’ respectively. Cells were then washed with 5mL pre-
warmed PBS supplemented with MgCl, + NaCl (PBS+/+) (Sigma, #D8662-500mL), spun down for 5’ at
300g, followed by a second wash with 5mL of pre-warmed NDiff227 medium (Takara). After pelleting
(5’, 300g) and gentle trituration in 500ul NDiff227, cells were counted using an automatic cell counter
(Invitrogen™ Countess™ 3 FL Automated Cell Counter) and diluted in NDiff227 to a final concentration
10 cells/ul. 30pl of the cell suspension (~300 cells) were then plated into individual wells of a ultra-low
attachment U-bottom 96 well plate (Costar, #7007) using a multichannel pipette, and placed in an
incubator (372C, 5% CO;). After 48h, the aggregates were pulsed with 3uM CHIR99021 (CHIR) (Tocris,
#4423) diluted in 150ul NDiff227 per sample. At 72h, 150ul medium was refreshed with new pre-
incubated NDiff227. Between 92h-96h (96h for all samples used for integrated molecular-phenotypic
profiling), TLS formation was initiated by supplementing the gastruloids with 5% (final v/v) Growth-
factor-Reduced Matrigel (Corning #356231) diluted in NDiff227 medium.

In the case of the rotenone and 2-DG treatment, inhibitors were added for 24h from 72h to 96h or 96h
to 120h. The drugs were diluted in the Ndiff227. In the case of rotenone, a 1mM working stock was
generated by diluting rotenone (Sigma-Aldrich, #R8875-1G) in DMSO (Sigma-Aldrich, #41639-100ML).
The calculated volume of 1mM rotenone solution was then mixed with NDiff227 media to reach the final
concentration of 10nM and 20nM. The equivalent volume of DMSO was added to the control. Similarly,
2-DG (Sigma-Aldrich, #D8375-1G) was weighted using a precision balance and diluted in the
corresponding volume of NDiff227 to reach the desired concentration of 2mM and S5mM.

Whole-mount Immunofluorescence (WIFC)

Structures were harvested using a wide-boar p200 pipette tip and transferred to an 8-well glass-bottom
plate (Ibidi #80827). The structures were then washed three times with PBS++/BSA (PBS
supplemented with MgClz and CaCl: (Sigma-Aldrich, #D8662-6X500ML) supplemented with 0.5% BSA)
and three times with PBS. Thereafter the structures were fixed with 4% PFA for 1h at 49C, followed by
3 washes with PBS. The structures were then permeabilized with PBS-T (PBS supplemented with 0.05%
(v/v) Triton-X) and subsequently blocked overnight with blocking solution (PBS supplemented with
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0.05% (v/v) Triton-X and 10% FCS). TLSs were then incubated with the primary antibodies at a dilution
of 1:250 for 72h to 96h. Subsequently, structures were washed three times with PBST-X and left in the
Blocking solution overnight. The next day, the secondary antibody at a dilution of 1:500 was added and
incubated for 24h. TLSs were then washed three times with blocking solution