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1. Supplementary Note
Initial Filtering of Non-Craniofacial Cell Types

To characterize the cellular landscape of human craniofacial development we
performed snRNA-seq analysis of 24 individual human embryos across 6 distinct time
points, encompassing major milestones of human craniofacial development from 4 to 8
post conception weeks (Fig. 1A). We profiled the entire craniofacial prominence from
multiple biological replicates at each time point resulting in 130,427 nuclei after filtering
for doublets and nuclei quality. Our initial clustering analysis revealed a total of 24 distinct
clusters (Supplementary Fig. 1A), which was higher than the main cell types identified in
mouse craniofacial developmental studies’®. When we examined the contributions of
each Carnegie Stage to these clusters, we found several clusters to be biased towards
early vs. later time points (Supplementary Fig. 1B). We sought to clarify the identity of the
24 cell populations by first generating module scores for neuronal and radial glia cell
populations. We generated module scores for neurons and radial glia using their gene
markers from Eze et al. 20214 and labeled these cell types in our data when the module
scores were above the median (Supplementary Fig.1C-D). We reasoned these clusters
were derived from developing brain tissue and thus excluded these nuclei from
downstream analyses. This resulted in a total of 95,892 remaining nuclei with an average of
3,996 nuclei from each sample (Supplementary Fig. 2A) and a median of 6,890 counts from
2,988 genes per nucleus (Supplementary Fig. 2B,C). We observed that early samples had
consistently higher mitochondrial reads (Supplementary Fig. 2D), however, this was not
due to increased apoptosis as tested by generating an apoptosis module score using gene
markers from the Hallmark Apoptosis gene set within the human MSigDB Core Collection®
(Supplementary Fig. 2D). The sex of each embryo was identified using known sex
determination genes for males (UTY, DDX3Y, KDM5D, and NLGN4Y) and females (XIST and
TSIX) (Supplementary Fig. 2E), and each of the main cell type clusters contained roughly
the same number of male and female samples (Supplementary Fig. 2F). We observed that
early samples had consistently higher mitochondrial reads (Supplementary Fig. 2D),
however, this was not due to increased apoptosis based on expression of Hallmark
Apoptosis genes from human MSigDB Core Collection® (Supplementary Fig. 2F). The sex of
each embryo was identified using known sex determination genes for males (UTY, DDX3Y,
KDM5D, and NLGN4Y) and females (XIST and TSIX) (Supplementary Fig. 2E), and each of
the main cell type clusters contained roughly the same number of male and female
samples (Supplementary Fig. 2F). We then re-clustered the data after removing the
neuronal and radial glia populations and identified eight major clusters, which we
projected into two dimensions using Uniform Manifold Approximation and Projection
(UMAP)® (Fig. 1C).
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Characterization of the human SOX2+/S0OX10- early progenitor cell subtypes

We next subclustered the SOX2+/SOX10- early progenitor cell population resulting
in 20 subtype clusters with several exhibiting stage-specific bias (Supplementary Fig. 36A-
C). To annotate each subtype, we generated multiple module scores using marker genes
from publicly available databases and literature. First, we utilized the neural progenitor
markers genes from the ScType database’ and identified 5 enriched subclusters
(NeuralProg_1-5). Similarly, we used the neural stem cell marker genes from Wang et al.
20248 and identified 6 enriched subclusters (NeuralStem_1-6). Lastly, we generated
module scores for mesenchymal progenitors using markers from Wang et al. 20248 and
epithelial progenitors using markers from the human CellMarker2.0 database® to label the
final subclusters (Supplementary Fig. 36D,E). Additionally, when we analyzed the marker
genes for each of the progenitor subtypes, we again find enrichment of many transcription
factors. Transcription factor marker genes were identified showing enrichment of SNAI1,
FOXC1, and BARX1 for the Prog_1 subtype; TFAP2A, ALX3, and BARX1 for the
MesenchymallLikeProg_1 subtype; FEZF2, EMX1, EMX2, and DMRTAZ for NeuralProg_2;
RAX for NeuralProg_3; GLIST and GLIS3 for NeuralStem_5; PITX1 for MesenchymalProg_2;
and EMX1, FEZF2, DMRT3, and NEUROG2 for NeuralProg.5 (Supplementary Fig. 36F,
Supplementary Data 17).

Gene ontology analyses revealed enrichment of cell-cell junctions, pattern
specification process, and epithelial cell development in the epithelial progenitor subtype,
connective tissue development in mesenchymal progenitor populations, axonogenesis,
neuron migration and gliogenesis in neural progenitor populations, and the synaptic
membrane in neural stem cells (Supplementary Fig. 37, Supplementary Data 18). We also
identified enrichment of various carcinomas and eye abnormalities associated with the
epithelial progenitor subtype, while craniofacial abnormalities were associated
mesenchymal-like progenitor populations (Supplementary Fig. 37F).

Next, we examined markers of the early progenitor population including SOX2,
PAX6, POU3F2, and FGFBP3 in the CS13 human spatial transcriptomics, which were all
fairly specific to the facial and putative neural tube regions (Supplementary Fig. 38A) When
we examined some of the subtype marker genes, we found much more localized
expression, with FEZF2, DMRTA2, and DMRT3 mostly restricted to the face (Supplementary
Fig. 38B). Module scores for each progenitor subtype were also analyzed, revealing
specific localization of progenitor subtypes to the face, neural tube, and pharyngeal arch
regions (Supplementary Fig. 38C).



2. Supplementary Figures and Captions
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Supplementary Figure 1. Initial human craniofacial cell clustering prior to removal of
neuronal and radial glia populations.

A). UMAP projection of all clustered cells with resolution parameter set to 0.4. B).
Proportion of cells from each stage across the clusters. C). Violin plot of neuronal module
score across the clusters. D). Same as C but for the radial glia module score.
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Supplementary Figure 2. QC for cell clusters after filtering out neuronal and radial glia
populations.

A). Number of cells split by sample and stage following removal of neuronal and radial glia
populations. B). Violin plot for number of features across samples. C). same as B but for
number of counts. D). Violin plots for mitochondrial read percentage and apoptosis
module scores across samples. E). Stacked bar plot of male (UTY, DDX3Y, KDM5D,
NLGN4Y) and female (XIST, TSIX) genes across samples. F). Proportion of males and
females across main cell type clusters from Fig. 1C.
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Supplementary Figure 3. Correlations across single cell data pseudo-bulked by stage.
FPM = fragments per million.
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Supplementary Figure 4. Comparisons between bulk and single cell human craniofacial
data.

A). PCA of replicated from our previous bulk®*and pseudo-bulked single cell data (this
manuscript). B). Venn diagram of bulk differentially expressed genes between stages. C).
Upset plot for single cell and bulk differentially expressed gene by stage.
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Supplementary Figure 5. Feature plots of initial clustering UMAP projection from Fig. 1C
for erythrocyte marker genes including SPTA1, ALAS2, RHAG, and HEMGN.
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Supplementary Figure 6. Functional annotation enrichment for main cell types using the
top 100 marker genes.

A). Gene Ontology for Biological Processes. B). Gene Ontology for Cellular Components.
C). Gene Ontology for Molecular Functions. D). Reactome Pathways. E). KEGG pathways.
F). DisGeNet.
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Supplementary Figure 7. General CNCC marker gene expression in main cell types.

A). Stacked violin plot of known CNCC marker genes across main cell types. B). Average
and percent expression of CNCC marker genes across main cell types. C). Feature plots of
known CNCC genes using UMAP projection from Fig. 1C.
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Supplementary Figure 8. Characterizing human SOX2-/SOX10+ putative CNCC subtypes.

A). Elbow plot with optimal number of subclusters for human putative CNCC’s. B). UMAP
projection of putative CNCC subclusters with resolution set to 1. C). Proportion of putative
CNNCs from each stage across the clusters D). Stacked violin plot of melanocyte gene
markers MITF and PMEL across the putative CNCC subclusters. D). Same as C but for the
radial glia module score. E). Violin plot of G2M cell cycle module score across the putative
CNCC subclusters. F) Same as E but for Schwann cell module scores. G) Stacked violin
plot of mesenchymal and sensory CNCC module scores across the putative CNCC
subclusters. H) Distribution of putative CNNCs from each stage across the defined
subtypes. ). Average and percent expression of top 5 DEGs for each of the defined putative
CNCC subtypes. J). Violin plot for all cells across subtypes based on CNCC module score
of curated neural crest genes calculated by Seurat.
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Supplementary Figure 9. Functional annotation enrichment for human putative CNCC
subtypes using the top 100 marker genes.

A). Gene Ontology for Biological Processes. B). Gene Ontology for Cellular Components.
C). Gene Ontology for Molecular Functions. D). Reactome Pathways. E). KEGG pathways.
F). DisGeNet.
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Supplementary Figure 10. Processing and re-analysis of spatial transcriptomics data from
two sections of a human CS13 embryo’.

A) Hematoxylin & Eosin-stained images of both sections of the CS13 embryo used for
generating spatial transcriptomics data. B). UMAP projection of spatial transcriptomic
spots integrated from both sections of the CS13 embryo. C). Spatial plot for both sections
of the data with spots annotated based on cluster in D).
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Supplementary Figure 11. Spatial feature plots of human SOX2-/SOX10+ putative CNCC
genes and module scores from two sections of a human CS13 embryo™.

A). General SOX2-/SOX10+ putative CNCC gene markers. B). SOX2-/SOX10+ putative
CNCC subtype markers. C). SOX2-/SOX10+ putative CNCC subtype module scores.
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Supplementary Figure 12. Clustering and annotating mouse main cell types.

A). UMAP projection of all mouse cells clustered prior to neuronal and radial glia filtering.
B). Violin plots of QC metrics including nFeature_RNA, nCount_RNA, and percent.mt. C).
Violin plots of radial glia and neuronal module scores for each cluster. D). Distribution of
cells following the removal of the neuronal cell population from each stage across the
UMAP projection in Fig. 4A. E). Distribution of cells obtained at each stage for each cluster
identified in Fig. 4A. F). Stacked violin plot of general cell type markers. G). Average and
percent expression for the top 5 DEGs identified in each mouse main cell type.
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Supplementary Figure 13. Characterizing mouse Sox2-/Sox10+ putative CNCC subtypes.

A). Elbow plot with optimal number of subclusters for mouse putative CNCC’s. B). UMAP
projection of putative CNCC subclusters with resolution set to 1. C). Proportion of putative
CNNCs from each stage across the clusters D). Stacked violin plot of Schwann cell,
sensory CNCC, and mesenchymal CNCC module scores across the clusters. E). Stacked
violin plot of melanocyte gene markers Mitf and Pmel across the putative CNCC
subclusters. F) Average and percent expression of the top 5 DEGs for the mouse putative
CNCC subtypes.
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Supplementary Figure 14. Functional annotation enrichment for mouse putative CNCC
subtypes using the top 100 marker genes.

A). Gene Ontology for Biological Processes. B). Gene Ontology for Cellular Components.
C). Gene Ontology for Molecular Functions. D). Reactome Pathways. E). KEGG pathways.
F). DisGeNet.
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Supplementary Figure 15. Analysis of CNCC genes in mouse putative CNCC subtypes.

A). Violin plot of mouse orthologous neural crest marker genes from Fig. 3C for mouse
putative CNCC subtypes. B). Average and percent expression of top overlapping TF DEGs
between human and mouse for each orthologous putative CNCC subtype.
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Supplementary Figure 16. Spatial feature plots of mouse Sox2-/Sox70+ putative CNCC
genes and module scores from 3 sections of mouse E11.5 embryos™'.

A). Mouse Sox2-/Sox10+ putative CNCC gene markers. B). Mouse Sox2-/Sox70+ putative
CNCC subtype module scores.
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Supplementary Figure 17. Comparing human and mouse cell subtype annotations.

Chord plots for mapping human to mouse SAMap similarity scores for A). putative CNCC
subtypes, B). mesenchymal subtypes, and C). ectodermal subtypes. Alluvial plots showing
overlap between top 100 human and mouse DEGs for D). putative CNCC subtypes, E).
mesenchymal subtypes, and F). ectodermal subtypes.
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Supplementary Figure 18. Characterizing mouse mesenchymal subtypes.

A). Elbow plot with optimal number of subclusters for mouse mesenchyme. B). Average
and percent expression of the top 5 DEGs for the mouse mesenchymal subtypes. C).
Distribution of mouse mesenchymal cells from each stage across the UMAP projection.
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Supplementary Figure 19. Spatial feature plots of mouse mesenchymal genes and
module scores from 3 sections of mouse E11.5 embryos™.

A). Mouse mesenchyme gene markers. B). Mouse mesenchymal subtype module scores.
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Supplementary Figure 20. Characterizing mouse ectodermal subtypes.

A). Elbow plot with optimal number of subclusters for mouse ectoderm. B). Average and
percent expression of the top 5 DEGs for the mouse ectodermal subtypes. C). Distribution
of mouse ectodermal cells from each stage across the UMAP projection.



A

Slicel Slice2 Slice3

Q=

oo I, BT W, B

15 2

Slicel Slice2 Slice3

QSO

we I I _me- -

0.0 05 1.0 15 2.0 000510152025 0

Mouse Ectoderm Markers

Slicel Slice2 Slice3

@ 6

R T

0.0 05 1.0 1.5 2.0

Slicel Slice2 Slice3

@@

Tfapza - - Tfap2a - . Tfapza - _

0005101520

Slicel Slice2 Slice3

- RS

oo I, W BT

0.0 0.5 1.0 1.5 2.0

Slicel Slice2 Slice3

Qe

Tfap2b - . Tfapzb . . Tfap2b - -

123 45

B Mouse Ectoderm Subtype Module Scores

Slicel Slice2 Slice3

auory .

00 01 02

auditory -oo - auditory . -

01 02 00 01 02

Slicel Slice2 Slice3
»

A

20

ccrcar B ectEBF ccreer B
=01 00 01 02 =01 00 01 02 03 =01 00 01 02
Slicel Slice2 Slice3
& 4 4

iOE1 - - iOE1 -

~0.HD.08.00.0D.10.15

e, M 0

00 01 -0.050.00 0.05 0.10

Slicel Slice2 Slice3

myetoia I

myeloid - - myeloid

00 02 04 06 000.1020.30.405 00 02 04 06
Slicel Slice2 Slice3

i?" if&?

1 s

o,

palate.surface
00 02 04 06 08 00 02 04 06 08

salate.surface
000 0.25 050 075

Slicel Slice2 Slice3

(

O

— e T

1001 100.1 00 01

Slicel Slice2 Slice3

surface4 - - surface4 _- - surface4 - -

-01 00 01 02 -01 00 01 02

Slicel Slice2 Slice3

dental.1 - -

-0.09.000.050.100.15

dental.1 - -

-0.09.000,050.100.15

dental.1 - -

0.180,09.000.050.10

Slicel Slice2 Slice3

eOE.PAX7 - - ©eOE.PAX7 _- - eOE.PAX7

~0.160.09.000.050.10 0.09.000.050.100.15 ~0.09.000.050.100.15

Slicel Slice2 Slice3

|

-01 00 01 02

o I T

-01 00 01 02

ez IE

-0.09.000.050.10

Slicel Slice2 Slice3

e ’ s
i

o HEC o I Nap
-0.050.00 0.05 0.10 -0.05 0.00 0.05

-0.050.00 0,05 0.10

Slicel Slice2 Slice3

—

~0.050.00 0.05 0.10

porsern M N

0.08.000.09.100.190.20

periderm BB

~0.050.00 0.05 0.10
Slicel Slice2 Slice3
s
&
i
&z

surncez I A

-0.050.00 0.05 0.10

7

£
b
q.ﬂ

—

-0.09.000.050.100.15

—1
00 01

Slicel Slice2 Slice3

denaz M

~0.160,050.000.050.10

dental.2 - - dental.2 - -

-0.09.000.050.100.15 ~0.05000 005 0.10
Slicel Slice2 Slice3
)
oo F

fusion.zone -

fusion.zone - - fusion.zone
-0.09.000.050.100.15 00 01

-0.08.000.050.100.15.

Slicel Slice2 Slice3

@ @ @

L

00 01 02 03 01 02 03

Slicel Slice2 Slice3
i €
W

palate - - palate - _ palate

-01 00 01 02 -0.09.000.050.100.15 -01 00 01 02

Slicel Slice2 Slice3

puiary . ouicary W N

pituitary
0100 01 02 03 0100 0102 03

-0100 0.1 0203

Slicel Slice2 Slice3

— |

-0.100 01 02

sinces D T B T

-0.100 01 02 -01 00 01 02



Supplementary Figure 21. Spatial feature plots of mouse ectodermal genes and module
scores from 3 sections of mouse E11.5 embryos’.

A). Mouse ectodermal gene markers. B). Mouse ectodermal subtype module scores.
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Supplementary Figure 22. Confirming mouse subtype labels using ToppGene'2.

Gene ratio and -log10(FDR) of the top mouse phenotypes for A). mouse mesenchymal
subtypes and B). mouse ectodermal subtypes.
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Supplementary Figure 23. Mapping human craniofacial main cell types and subtypes to
mouse spatial transcriptomics data by canonical correlation analysis (CCA).

Transferring human main cell types to mouse spatial transcriptomics data for A). an E15.5
craniofacial coronal cross-section’ and B). and a E15.5 embryo™. Transferring human cell
subtypes to mouse spatial transcriptomics data for C). an E15.5 craniofacial coronal
cross-section’™ and D). and a E15.5 embryo™.
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Supplementary Figure 24. Characterizing human mesenchymal subtypes.

A). Elbow plot with optimal number of subclusters for human mesenchyme. B). Number of
cells obtained at each CS stage for each human mesenchymal subtype. C). Average and
percent expression of the top 5 DEGs for the human mesenchymal subtypes.
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Supplementary Figure 25. Functional annotation enrichment for human mesenchymal
subtypes using the top 100 marker genes.

A). Gene Ontology for Biological Processes. B). Gene Ontology for Cellular Components.
C). Gene Ontology for Molecular Functions. D). Reactome Pathways. E). KEGG pathways.
F). DisGeNet.
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Supplementary Figure 26. Spatial feature plots of human mesenchymal genes and
module scores from two sections of a human CS13 embryo’™.

A). General mesenchymal gene markers. B). Human mesenchymal subtype markers. C).
Human mesenchymal subtype module scores.
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Supplementary Figure 27. Characterizing human ectodermal subtypes.

A). Elbow plot with optimal number of subclusters for human ectoderm. B). Number of
cells obtained at each CS stage for each human ectodermal subtype. C). Average and
percent expression of the top 5 DEGs for the human ectodermal subtypes.
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Supplementary Figure 28. Functional annotation enrichment for human ectodermal
subtypes using the top 100 marker genes.

A). Gene Ontology for Biological Processes. B). Gene Ontology for Cellular Components.
C). Gene Ontology for Molecular Functions. D). Reactome Pathways. E). KEGG pathways.
F). DisGeNet.
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Supplementary Figure 29. Spatial feature plots of human ectodermal genes and module
scores from two sections of a human CS13 embryo™.

A). General ectodermal gene markers. B). Human ectodermal subtype markers. C). Human
ectodermal subtype module scores.
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Supplementary Figure 30. Clustered heatmap of significance values calculated by
MAGMA.Celltyping'® for all frontal landmark facial variation traits’® and cell subtypes.
Crohn’s (28067908-GCST004132-EFO_0000384.crohns.h) and Systemic Lupus
Erythematosus (GCST011096.h) traits were also included as controls. Colors along top of
heatmap indicate main cell type classification. Facial trait measures were obtained from
Xiong et al 2019 and combinatorial code is indicated in coded legend (e.g., EnL-AlL
indicates landmark segment 5 to 7). Levels of significance indicated by asterisks or period
according to figure.
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Supplementary Figure 31. Clustered heatmap of significance values calculated by
MAGMA.Celltyping'® for all profile landmark facial variation traits’® and cell subtypes.
Colors along top of heatmap indicate main cell type classification. Facial trait measures
were obtained from Bonfante et al 2021 and the facial regions measured are shown in the
legend. Levels of significance indicated by asterisks or period according to figure.
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Supplementary Figure 32. Bar plot showing number of enriched human phenotypes (max-
normalized from 0-1 within each branch) for main cell types as calculated by
MSTExplorer::run_phenomix. Significance of the proportion tests, testing for
disproportionate numbers of phenotype enrichments for a given cell type within a given
HPO branch, is denoted with asterisks (FDR<0.001=***, FDR<0.01=**, FDR<0.05=*).
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Supplementary Figure 33. Clustered heatmap of significance values calculated by
MAGMA.Celltyping' for all FinnGen'” congenital abnormalities or diseases and cell
subtypes. Colors along top of heatmap indicate main cell type classification. Levels of
significance indicated by asterisks or period according to figure.
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Supplementary Figure 34. Spatial mapping of GWAS variants associated with narrow left
ventricular outflow tract obstruction (LVOTO Narrow) and B4GALNT3 gene specificity
scores on Slice 1 of the CS13 human embryo as calculated by gsMAP'8,
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Supplementary Figure 35. Spatial feature plots of genes driving de novo variants in
probands with cleft palate from two sections of a human CS13 embryo™.
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Supplementary Figure 36. Characterizing human SOX2+/SOX10- putative early progenitor
subtypes.

A). Elbow plot with optimal number of subclusters for human SOX2+/SOX170- putative early
progenitors. B). UMAP projection of clustered SOX2+/SOX10- putative early progenitor
cells with resolution parameter set to 1. C). Distribution of cells from each stage across the
UMAP projection. D). Neural progenitor, neural stem, mesenchymal progenitor, and
epithelial progenitor module scores across SOX2+/SOX70- putative early progenitor
subclusters. E). UMAP projection with SOX2+/SOX10- putative early progenitor cell
subtype labels and SOX2 expression (inset). F). Average and percent expression of the top
5 DEGs for the human SOX2+/SOX10- putative early progenitor subtypes.
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Supplementary Figure 37. Functional annotation enrichment for human SOX2+/SOX170-
putative early progenitor subtypes using the top 100 marker genes.

A). Gene Ontology for Biological Processes. B). Gene Ontology for Cellular Components.
C). Gene Ontology for Molecular Functions. D). Reactome Pathways. E). KEGG pathways.
F). DisGeNet.
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Supplementary Figure 38. Spatial feature plots of human SOX2+/S0OX170- putative early
progenitor genes and module scores from two sections of a human CS13 embryo’.

A). General SOX2+/SOX10- putative early progenitor gene markers. B). Human
SOX2+/SOX10- putative early progenitor subtype markers. C). Human SOX2+/SOX170-
putative early progenitor subtype module scores.
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