Supplementary Figure 1: Source Gel Images
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Source Data for Extended Data Fig. 12e
Supplementary Note 1: Description of clinical features of SDV patients utilized for iPSC-derivation
SCDP1: Patient with mutations in MESP2; M-SDV-G (SCD2):

Patient was diagnosed with spondylothoracic dysostosis, malsegmentation of the spine, numerous hemivertebrae, "crab thorax" and lordosis. Primary tissue samples utilized for derivation of patient iPSCs (SCDP1) were provided by Coriell Institute for Medical Research (GM13539). 

SCDP2: Patient with mutation in DLL3; M-SDV-G (SCD1):

Patient was diagnosed with spondylothoracic dysostosis, segmentation defects of the vertebrae with involvement of the entire spine (sacrum to C1), bilateral fusion of ribs posteriorly, with fanning out in a “crab-like” appearance, mild scoliosis and marked reduction of thoracic lordosis. Primary tissue samples utilized for derivation of patient iPSCs (SCDP2) were provided by Meijo Hospital, Nogoya, Japan.

Supplementary Note 2: Description of pathogenicity of identified sequence variants
MESP2 (rs1452984345: c.258_261delCAGC, p.Glu88GlyfsTer31)

PM1 located in a mutational hot spot and/or critical and well-established functional domain without benign variation

PM2 absent from controls (or at extremely low frequency if recessive) in Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium or GnomAD)

PM3 for recessive disorders, detected in trans with a pathogenic variant

“Likely pathogenic” (≥3 Moderate)

MESP2 (rs71647808: c.307G>T, p.Glu103*)

PVS1 null variant in a gene where LOF is a known mechanism of disease

PS1 same amino acid change as a previously established pathogenic variant regardless of nucleotide change

PS3 well-established in vitro or in vivo functional studies supportive of a damaging effect on the gene or a gene product

PS4 the prevalence of the variant in affected individuals is significantly increased compared with the prevalence in controls

PM1 located in a mutational hot spot and/or critical and well-established functional domain (e.g., active site of an enzyme) without benign variation

PM2 absent from controls (or at extremely low frequency if recessive) in Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium or GnomAD

“Pathogenic” (1 Very Strong, plus ≥1 Strong)

DLL3 (rs786200899: c.603_604insGCGGT, p.Pro202AlafsTer41)

Also annotated as: c.594_598GCGGT, c.599_603dupGCGGT

PVS1 null variant in a gene where LOF is a known mechanism of disease

PS1 same amino acid change as a previously established pathogenic variant regardless of nucleotide change

PS4 the prevalence of the variant in affected individuals is significantly increased compared with the prevalence in controls

PM1 located in a mutational hot spot and/or critical and well-established functional domain (e.g., active site of an enzyme) without benign variation

PM2 absent from controls (or at extremely low frequency if recessive) in Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium or GnomAD

“Pathogenic” (1 Very Strong, plus ≥1 Strong)

Supplementary Discussion 1: Novel oscillating genes in human in vitro PSM
We further detected several Hox genes showing oscillatory expression in induced human PSM (HOXA3, HOXA5, HOXD1) (Fig. 2a, Extended Data Fig. 6d). Oscillatory expression of HOXD1 was previously shown during somitogenesis in mouse
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, suggesting that its dynamic expression pattern and biological function might be conserved in human PSM. 


Members of the Ephrin signaling pathway (EPHA4, EPHA2, EFNA1) were also showing oscillatory expression in human in vitro induced PSM (Fig. 2a-c, Extended Data Fig. 6f). Ephrin signaling has been reported in mice to be involved in the mesenchymal to epithelial transition and formation as well as patterning of epithelial somites65. We also identified oscillatory expression of other putative modulators of the cytoskeleton (ARHGAP24, ARHGEF2, RHOU, PLEKHG2) as well as histone modifiers and HDAC signaling associated molecules (KDM6B, JADE1, BCORL1) in human PSC-derived PSM (Fig. 2a-c, Extended Data Fig. 6d, 6f). 


The intriguing possibility that aforementioned cytoskeleton associated oscillating genes as well as oscillating members of Ephrin signaling might represent a link between the segmentation clock and the actual process of segmentation, characterized by mesenchymal to epithelial transition and associated with major cytoskeletal rearrangements, remains to be elucidated. Furthermore, identification of oscillating histone modifiers in induced PSM, suggests a possible role of epigenetic modifications in the regulation or maintenance of the segmentation clock.
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Supplementary Discussion 2: Comparison of human and mouse oscillating genes
A similar observation had previously been made for the comparison of oscillating segmentation clock associated genes between chicken, zebrafish and mouse, which showed striking evolutionary plasticity of the segmentation networks66. We could thus show that the notion of evolutionary plasticity of functional networks and pathways associated with the segmentation clock, which are largely shared among different vertebrate species despite apparent species-specific differences in the actual molecular components contributing to each functional network, can be extended to human. 


Further comparison and validation of the identified oscillating genes in human and murine PSC-derived PSM revealed that many oscillating genes found for murine PSM were also present and oscillating in the case of human (Fig. 2d, Extended Data Fig. 6e-f). Some transcripts found to clearly oscillate in human induced PSM could not be validated to show oscillation in murine in vitro PSM (Fig. 2c, Extended Data Fig. 6d), including MAML3, KDM6B, RHOU, ARHGAP24 or EPHA4, indicating possible human specificity, while others were validated to show clear oscillation in both species (Fig. 2d, Extended Data Fig. 6e-f), including HES1, ID1, NRARP, EFNA1 or JADE1. A few genes including HES5 and ID2 showed mouse-specific oscillatory expression in PSC-derived PSM (Extended Data Fig. 7c). 


The biological meaning and evolutionary significance of these largely conserved and in some cases species-specific oscillating components of the in vitro mouse and human segmentation clocks remain to be elucidated and are the topic of ongoing research efforts. Extension of our applied approach to other closely related mammalian and extant amniote species for interspecies comparisons of in vitro segmentation clocks will likely contribute to answer the question, whether and how the segmentation clock regulates human as well as other species-specific features of segmentation and somitogenesis.
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