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Craniofacial development is a complex process that involves the specification
of diverse and transient cell types. However, our understanding of these
processes and the cell-types present during human craniofacial developmental
remains limited. We address this gap in knowledge through single-nucleus
RNA sequencing of human craniofacial development spanning 4 to 8 post-
conception weeks. This resource identifies multiple subtypes of mesenchyme,
epithelium, and cranial neural crest, among other functionally distinct cell
types. Extensive comparisons to single-nucleus gene expression and spatial
transcriptomics of comparable mouse developmental stages reveal functional
conservation of most cell types and identification of anatomically distinct cell
subtypes. We find distinct contributions of cellular subtypes to normal facial
morphology and common risk factors for orofacial clefts. Additionally, we find
specific ectodermal and epithelial subtypes whose gene expression networks
are most significantly affected by rare de novo protein-altering variants from
orofacial cleft patients. Together our data provide an extensive resource for
understanding human craniofacial development at the cellular level.

Craniofacial development orchestrates the formation of the human
face through the interplay of multiple cell types, including mesench-
yme, ectoderm, endothelium, and cranial neural crest cells (CNCCs),
which differentiate into a diverse array of tissues such as bone, carti-
lage, muscle, skin, and vasculature'”. Together, these cells and tissues
perform essential functions of the face like respiration, mastication,
communication, and sensory perception*”, Disruptions to craniofacial
developmental processes rank amongst the most common causes of
human congenital anomalies, with orofacial clefts representing a sig-
nificant portion of global birth defects® . Thus, there exists significant

need to understand the molecular, genetic, and cellular mechanisms
underlying human craniofacial development.

Studies utilizing model organisms, particularly mice, have offered
key insights into craniofacial development and abnormalities .
However, significant differences exist between mouse and human
craniofacial development, including variations in timing, cellular con-
tributions, and gene regulatory networks"*"-??, Furthermore, human
craniofacial features exhibit evolutionary adaptations that distinguish
them from other mammals and primates, underscoring the necessity
for human-specific studies™>*2,

'Graduate Program in Genetics and Developmental Biology, UConn Health, Farmington, CT, USA. 2Department of Surgery, Children’s Hospital of Philadelphia,
Philadelphia, PA, USA. ®Department of Brain Sciences, Faculty of Medicine, Imperial College London, London, UK. “UK Dementia Research Institute at Imperial
College London, London, UK. ®Department of Human Genetics, Emory University School of Medicine, Atlanta, GA, USA. ®Department of Genetics, Perelman
School of Medicine, University of Pennsylvania, Philadelphia, PA, USA. "These authors contributed equally: Nagham Khouri-Farah, Alexandra Manchel.

e-mail: cotneyj@chop.edu

Nature Communications | (2026)17:3714


http://orcid.org/0000-0002-9849-8905
http://orcid.org/0000-0002-9849-8905
http://orcid.org/0000-0002-9849-8905
http://orcid.org/0000-0002-9849-8905
http://orcid.org/0000-0002-9849-8905
http://orcid.org/0000-0001-6946-3829
http://orcid.org/0000-0001-6946-3829
http://orcid.org/0000-0001-6946-3829
http://orcid.org/0000-0001-6946-3829
http://orcid.org/0000-0001-6946-3829
http://orcid.org/0000-0001-5949-2191
http://orcid.org/0000-0001-5949-2191
http://orcid.org/0000-0001-5949-2191
http://orcid.org/0000-0001-5949-2191
http://orcid.org/0000-0001-5949-2191
http://orcid.org/0000-0002-6807-3180
http://orcid.org/0000-0002-6807-3180
http://orcid.org/0000-0002-6807-3180
http://orcid.org/0000-0002-6807-3180
http://orcid.org/0000-0002-6807-3180
http://orcid.org/0000-0002-5735-1712
http://orcid.org/0000-0002-5735-1712
http://orcid.org/0000-0002-5735-1712
http://orcid.org/0000-0002-5735-1712
http://orcid.org/0000-0002-5735-1712
http://orcid.org/0000-0001-8230-2157
http://orcid.org/0000-0001-8230-2157
http://orcid.org/0000-0001-8230-2157
http://orcid.org/0000-0001-8230-2157
http://orcid.org/0000-0001-8230-2157
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-70232-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-70232-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-70232-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-70232-6&domain=pdf
mailto:cotneyj@chop.edu
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70232-6

Advances in single-cell and single-nucleus RNA sequencing
(scRNA-seq and snRNA-seq, respectively) technologies have enabled
detailed characterization of cellular diversity and gene expression
during development®*, These tools are particularly valuable for
resolving the dynamics of rare or transient cell populations, such as
CNCCs, that play critical roles in craniofacial formation™. While pre-
vious efforts have developed single-cell atlases for murine craniofacial
tissues, corresponding human datasets are limited**. Few studies
have examined bulk gene expression during human craniofacial
development™*?%3! with only two datasets sampled during the
embryonic period of human development®. While mapping of human
genetics findings to mouse craniofacial cell types has indicated
potential disease-causing subtypes®, limited replicates and differences
between human and mouse craniofacial development preclude con-
fident interpretation.

To address these gaps in knowledge, we constructed a time-
resolved gene expression atlas of human craniofacial development by
collecting craniofacial tissues from 24 individual human embryos
encompassing six key time points from 4 to 8 post-conception
weeks***. We profiled over 95,000 nuclei and identified eight major
cell types, including mesenchyme, ectoderm, endothelium, muscle
progenitors, SOX10 + CNCCs, and SOX2+ early progenitors. Compara-
tive analysis with newly generated and previously published” murine
craniofacial datasets highlighted significant conservation of major cell
types and their gene expression programs. Integration with human
spatial transcriptomics further validated the localization of these
subtypes within the developing human face.

Additionally, this study explores the genetic factors shaping
human craniofacial features. By integrating genome-wide association
studies (GWAS) with our atlas, we identified cell type-specific enrich-
ments for genetic variants associated with normal facial variation. We
found that specific subtypes of ectoderm and mesenchyme contribute
to different aspects of facial appearance and shape. We also examined
rare variants associated with congenital craniofacial disorders and
found that de novo protein-damaging variants identified in orofacial
clefting trios were enriched in genes that specify distinct ectodermal
and epithelial subtypes.

This comprehensive atlas provides a high-resolution view of the
cellular and molecular landscape of human craniofacial development,
integrating gene expression, spatial mapping, and evolutionary
genomics. Our work enhances our understanding of human craniofa-
cial biology and establishes a framework for future studies aimed at
uncovering therapeutic targets and evolutionary insights into cranio-
facial biology. These data can be explored through an interactive web
application accessible via https://cotneyshiny.research.chop.edu/
shiny-apps/craniofacial_all_snRNA_v2/ and at the Chan-Zuckerberg
CellXGene Discover resource®.

Results

Single nuclei gene-expression atlas of the developing

human face

To characterize the cellular landscape of human craniofacial devel-
opment we performed snRNA-seq analysis on the entire craniofacial
prominence of 24 individual human embryos across 6 distinct time
points, encompassing major milestones of human craniofacial devel-
opment from 4 to 8 post conception weeks (Fig. 1a). Following multiple
levels of quality control and filtering (“Methods” and Supplementary
Fig. 1) we obtained gene expression profiles from 95,892 nuclei with an
average of 3996 nuclei from each sample (Supplementary Fig. 2A) and
a median of 6890 counts from 2988 genes per nucleus (Supplemen-
tary Fig. 2B, C). To compare to our previously published bulk gene
expression analysis, we combined data from all nuclei of a specific
stage into pseudo-bulk gene expression profiles. This revealed the
greatest similarity between samples separated by the least develop-
mental time (Supplementary Fig. 3). Principal component and

differential expression analyses of these pseudo-bulk profiles revealed
very similar results to those previously obtained from bulk tissues®.
Specifically, samples were ordered by developmental stage along the
first principal component (Fig. 1b and Supplementary Fig. 4A) and the
greatest number of differentially expressed genes were observed
between the earliest and latest comparable timepoints (CS13 vs CS17)
(Supplementary Fig. 4B, C).

Clustering and projection of these single nuclei expression
profiles in two dimensions using Uniform Manifold Approximation
and Projection (UMAP)*® revealed eight distinct populations (Fig. 1c).
The clusters were contributed to by samples from each of the stages
in very similar proportions (Fig. 1d, e). To characterize the eight
major clusters, we first examined expression of four genes defined by
Li et al.?, ALX1, EPCAM, CDHS, and FCERGI as markers of mesench-
yme, ectoderm, endothelium, and immune cells, respectively
(Fig. 2a). ALX1 was most strongly expressed in cluster O (mesench-
yme, a tissue with dual origin from the mesoderm and cranial neural
crest during development), EPCAM in cluster 1 (ectoderm), CDHS in
cluster 4 (endothelium), and FCERGI in cluster 6 (immune). We also
examined markers of erythrocytes, including SPTAI, ALAS2, RHAG,
and HEGMN, which were strongly enriched in cluster 3 (Supplemen-
tary Fig. 5). Clusters 2, 5, and 7 did not show signal for any of
these genes.

To characterize the remaining clusters, we identified the top 5
genes that were most strongly differentially expressed between the
clusters (Fig. 2b and Supplementary Data 1). In agreement with the
initial cluster identities suggested by the markers of Li et al.?, cluster O
(mesenchyme) was marked by SATB2?® and RSPO2***°, cluster 1
(ectoderm) was identified by GRHL2" and TP63, cluster 3 (ery-
throcytes) was marked by SPTAI**** and RHAG*"*, cluster 4 (endo-
thelium) showed highly biased expression for FLT1*® and MYCTI", and
cluster 6 (immune) was marked by MPEGI*®, CD86*, and CD163*~**,
Cluster 2 showed highly biased expression of MYOG, MYH3, and
MYBPH, all genes related to muscle specification and function®,
while cluster 5 was marked by FOXD3, a developmental transcription
factor which has been linked to pluripotency maintenance in stem cells
and specification of neural crest in multiple species®*>°. This cluster
was also marked by high expression of SOX10 but not SOX2 (Fig. 2a).
Thus, we labeled this cluster as SOX2-/SOX10+ putative neural crest.
Cluster 7 showed highly biased expression of SOX2°*®!, PAX6, and
POU3F2%*, which are all markers of early progenitor cells (Fig. 2a).
However, these cells did not express SOX10 and thus were labeled as
SOX2+/SOX10- early progenitors. We inferred RNA velocity and tran-
sition states to identify trajectories in the data across the newly iden-
tified main cell types. We found that the trajectories emanate from the
SOX2+/SOX10- population, confirming that these cells likely represent
an early progenitor population (Fig. 2c).

To determine biological and disease relevance of each of these
clusters, we analyzed the top 100 marker genes from each cluster for
gene ontology, pathway, and disease enrichments. The genes that
defined the mesenchyme were enriched for processes related to
extracellular matrix development and skeletal, cartilage, and roof of
mouth development as well as diseases including malar flattening and
isolated cleft palate (Fig. 2d, Supplementary Fig. 6, and Supplementary
Data 2). Genes most strongly expressed in ectoderm were enriched for
processes related to tight junctions, cell adhesion, and the plasma
membrane and diseases including Epidermolysis Bullosa, Kerato-
derma, and Palate fistula (Fig. 2d, Supplementary Fig. 6, and Supple-
mentary Data 2). The marker genes identified in the SOX2-/SOX10+
plausible cranial neural crest cell (CNCC) population were enriched for
processes related to nervous system development, pathways related
to EGR2 and SOXI0-mediated initiation of Schwann cell myelination
and diseases related to neuropathies, primary brain tumors, and neural
crest tumors (Fig. 2d, Supplementary Fig. 6, and Supplementary
Data 2). Marker genes for the erythrocyte, immune, endothelial,
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Fig. 1| Generation of single nucleus gene expression atlas of human craniofa-
cial development. a Dashed regions indicate approximate anatomical regions of
the developing craniofacial region, with the exclusion of the eyes from 4 to 8 weeks
post conception, that were collected by HDBR for processing in this study. The
same tissue source and collection methods were previously described in Wilder-
man et al.”® and Rajderkar et al."*. Individual Carnegie Stages (CS) and replicates at
stage are indicated below images. Adapted from Selleri and Rijli 2023%.
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(c). e Distribution of cells from each stage across the UMAP projection.
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Fig. 2 | Identification of main cell types in the developing human face. a Gene
expression feature plots for indicated genes across UMAP projection. b Average
and percent expression for the top 5 marker genes for each main cluster. ¢ RNA
velocity trajectories displayed on UMAP projection of main cell types. d Disease
ontology enrichments of categories curated by DisGeNet for each main cell type.

e Violin plot for all cells of a given main cell type based on CNCC module score of
curated neural crest genes calculated by Seurat. Significance testing between
SOX2-_SOX10+ cells vs. other main cell types were calculated using the Wilcox test.
Raw p-values were Benjamini-Hochberg adjusted using the p.adjust function in the
stats RStudio package. Padj <0.001 =***, Padj <0.01=**, Padj <0.05=*.

muscle progenitor, and SOX2+/SOX10- early progenitor clusters also
showed enrichment of relevant cell type-specific processes and dis-
ease ontologies (Supplementary Fig. 6, Fig. 2d, and Supplemen-
tary Data 2).

Characterization of putative human cranial neural crest

To further characterize the SOX2-/SOX10+ presumptive cranial neural
crest (CNCC) cluster, we performed additional analyses using known
cranial neural crest markers, including EDNRB, ERBB3, PAX3, SOX10,
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SPP1, TFAP2B, and ZEB2, all genes well known to be involved in various
aspects of neural crest specification and migration®*. While these genes
are biased toward the SOX2-/SOX10+ putative CNCC cluster, they are
not exclusively expressed in cells found in this cluster (Supplementary
Fig. 7). Since no single gene was capable of confirming the identity of
this population, we generated a module score of genes from reg-
ulatory networks identified in cultured human and chimpanzee
CNCCs®. We found significantly higher expression of this module in
the SOX2-/SOX10+ putative CNCC cell population (Fig. 2e), confirming
our initial labeling.

Since few studies have been able to identify populations of CNCCs
from primary human tissue®®*%, we sought to subcluster this putative
CNCC population (n =3294) to better understand the gene expression
programs active in these cells. We identified 19 distinct subclusters
from this original population, some of which were biased towards early
vs. late time points (Fig. 3a, b and Supplementary Fig. 8A-C). We
analyzed the genes enriched in each of these subclusters to label based
on functionality. For instance, CNCC cluster 16 was enriched for
melanocyte-specific gene markers MITF and PMEL (Supplementary
Fig. 8D), while two other clusters (clusters 10 and 14) were significantly
enriched for the G2M stage of the cell cycle and labeled as cycling
(Supplementary Fig. 8E). Since SOX10 s also a known marker for neural
crest-derived Schwann cells®®, we generated a Schwann cell module
score using marker genes from human fetal development®. We iden-
tified five clusters that were enriched for the Schwann cell module
score (Supplementary Fig. 8F) and were biased towards the later time
points profiled (Supplementary Fig. 8C). To identify additional sub-
clusters, we generated additional module scores from markers of E9.5
mouse neural crest’® labelled by Wnt1“¢/R26R™™*, which consist of
various functionally specific, fate-committed CNCC subtypes. Using
this methodology, we identified one cluster of mesenchymal-
committed CNCCs and one cluster of sensory-committed CNCCs
(Supplementary Fig. 8G). We also identified four more punctate clus-
ters, which we annotated as neural crest like (ncl). The resulting sub-
clusters were not differentially enriched for any of the previously
computed module scores and were labeled according to stage-specific
bias, i.e., early (early.CNCC) vs. intermediate (int.CNCC) (Fig. 3b and
Supplementary Fig. 8H). While SOX10, NR2F1, and NR2F2 were
observed in all subclusters, TFAP2B expression was lower in the
intermediate CNCCs and TFAP2A was absent from the int.CNCC3
cluster. Interestingly, SOX9 was specifically expressed in the
mesenchymal-committed CNCCs (Fig. 3c).

We identified marker genes for each of the putative CNCC sub-
types and found 5,279 genes that were differentially expressed (Sup-
plementary Data 3). We highlighted the top five transcription factor
marker genes that distinguished each subtype, including MEIS2,
MECOM, and PAX3 in early CNCCs; DACH1 and BCLIIB in the
int.CNCC.1 subcluster; FLII and ALXI in mesenchymal-committed
CNCCs, and NEUROG?2 in sensory-committed CNCCs (Fig. 3d, Supple-
mentary Fig. 81, and Supplementary Data 3). Identification of enriched
gene ontology categories for each subtype revealed distinct functions
(Supplementary Fig. 9 and Supplementary Data 4). Early CNCCs were
enriched for early pattern specification and axon guidance, and
intermediate CNCCs were enriched for ATP synthesis and oxidative
phosphorylation. Presumptive melanocytes were enriched for melanin
biosynthetic processes and developmental pigmentation, while
Schwann cells were enriched for synapse organization and sympa-
thetic nervous system development. The ncll cluster was enriched for
several categories shared with early CNCCs and Schwann cells, sug-
gesting this was an early neural crest type with possible downstream
fate commitment towards a Schwann cell phenotype. The ncl2 cluster
was enriched for processes overlapping with the mesenchymal-
committed CNCC'’s, including hair follicle development and skin
development. The ncl3 cluster was enriched for synaptic signaling,
while the ncl4 was enriched for gas transport processes. We also

examined the previously generated CNCC module score (Fig. 2e)
across subtypes identified from ectoderm and mesenchyme clusters,
which we describe in further detail below, and found that all subtypes
labeled as SOX2-/SOX10+ putative CNCC have high module scores,
while those from other main cell type clusters are considerably lower
(Supplementary Fig. 8)).

To determine if these subclusters have relevant spatial patterns of
expression, we examined recently published spatial transcriptomics
on two sections of a human CS13 embyro® (“Methods” and Supple-
mentary Fig. 10). We found expression of marker genes that identified
CNCCs versus the other major craniofacial cell types had both broad
and restricted patterns of expression. For example, NR2F1 was broadly
expressed across the embryo, whereas PAX3, TFAP2A, and TFAP2B were
more regionally restricted to the head and neural tube regions (Fig. 3e
and Supplementary Fig. 11A). Genes identified as markers of CNCC
subtypes showed unique patterns of expression with MECOM, a marker
of early.CNCC.1 and TWISTI, a marker of mesenchymal CNCCs,
expressed in the craniofacial region as well as putative somites. ALX4
was generally restricted to the head region and putative frontal nasal
process region, while HAND2 was expressed in the putative pharyngeal
arch regions, heart, and limb (Supplementary Fig. 11B). We then cal-
culated module scores on these spatial data using the marker genes
from each of the CNCC subtypes. We found that each of these marker
genes sets were biased toward the neural tube region (Supplementary
Fig. 11C), consistent with their initial site of specification.

In summary while the SOX2-/SOX10+ cluster is clearly enriched
for gene expression signatures of CNCCs, not all subclusters are
CNCCs. Instead, some subclusters represent more terminally differ-
entiated cell states including Schwann cells and melanocytes. More-
over, since the neural crest have been somewhat elusive to detect in
previous single cell atlases it is possible other CNCC states are present
in the developing embryo that we are unable to sample here.

Conservation of cell types in craniofacial development

Next, we sought to determine if these subtypes are present in mouse
and if similar sets of genes specify all the main cell types we found. To
allow direct comparisons to our human data, we generated snRNA-seq
data from mouse craniofacial tissues harvested from multiple biolo-
gical replicates of E10.5 to E12.5, which reflect the major morphological
landmarks of the human tissue profiled. We integrated these data with
recently published single cell gene expression data from E13.5 and
E15.5%, resulting in 79402 expression profiles (Supplementary Fig. 12,
“Methods”). When we clustered these data using approaches identical
to the human data, we obtained seven main clusters with remarkably
similar cluster ratios and organization in the UMAP projection space
(Fig. 4a and Supplementary Data 5). When we examined gene expres-
sion of the same major markers profiled in human (Fig. 2a), we readily
identified the same major cell types including the muscle and Sox2-/
Sox10+ putative CNCC cell types (Fig. 4b). To determine if these cell
types were specified by the same sets of genes, we compared marker
gene identities and found significant sharing of marker genes between
the orthologous major cell types (Fig. 4c). The highest degree of
sharing was found between endothelium, followed by mesenchyme
and erythrocytes. While still significant, the lowest degree of marker
gene conservation was observed between the Sox2-/Sox10+ putative
CNCC cell type cluster of each species (Fig. 4c). Despite these sub-
stantial similarities, we did not recover a separate Sox2+ progenitor
cluster in mouse craniofacial tissue.

Since the majority of main cell types were functionally conserved
between human and mouse, we wondered if we could identify con-
served subtypes and infer spatial identities for human subtypes. To
address this question, we leveraged the substantial annotation
resources that have been recently generated for mouse craniofacial
development'>*?*, We first independently subclustered the mouse
CNCCs in an identical manner to that of human, resulting in 12 distinct
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subtypes (Fig. 4d and Supplementary Fig. 13). When examining the
functional enrichment of marker genes of these subclusters, we found
similar results as in human, including a clear population of melano-
cytes (Supplementary Fig. 14 and Supplementary Data 6). Examination
of the same neural crest markers as in human CNCC subtypes revealed
very similar patterns of expression with SoxI0 and Nr2f2 expressed
across all the subtypes as well as a similar trend in expression of Foxd3,
Pax3, Tfap2a, and Tfap2b across subtypes (Supplementary Fig. 15A).
When we inspected the transcription factor markers for each of these
subtypes, we found many similarities to human including SOX5 in early
CNCC's, NR2F1 and NR2F2 in intermediate CNCC's, TWIST2 in
mesenchymal CNCC'’s, and NEURODI and NEUROG] in sensory CNCC’s
(Supplementary Fig. 15B and Supplementary Data 7). We reprocessed
mouse EILS5 spatial transcriptomic data” (“Methods”) and found
similar expression patterns for many of the human CNCC markers in
mouse tissues (Supplementary Fig. 16A). Examination of module
scores calculated from the mouse CNCC subtypes also revealed similar
patterns across the mouse embryo as observed for human (Supple-
mentary Fig. 16B). To identify the orthologous CNCC subtypes across
species we compared sharing of orthologous marker genes as we did
with the main cell types, as well as an orthogonal method, SAMap”?,
which compares cell types with shared expression programs across
species. Both approaches showed highest similarity amongst the
human and mouse mesenchymal-committed putative CNCC’s as well
as human and mouse melanocytes (Supplementary Fig. 17A, D).

We then subclustered the large mouse mesenchyme cluster and
identified 19 subclusters across the mouse timeseries (Supplementary
Fig. 18A). Using a combination of gene ontology enrichments of mar-
ker genes and previous annotations of mouse craniofacial single cell
and spatial transcriptomics, we assigned functional and/or positional
labels to each cluster (Fig. 4e, Supplementary Data 8 and 9). For
example, the well-established lateral nasal process (LNP) marker
Pax7”>7 and the osteoblast marker Sp7’®”’ were used to define
respective clusters (Supplementary Fig. 18B). We observed two clus-
ters expressing similar osteoblast markers but were biased in cells
from different stages of development, thus, we further refined these as
early and late osteoblasts (Supplementary Fig. 18B, C). When we
examined mouse E11.5 spatial transcriptomics data, we found good
concordance between marker gene expression and generalized loca-
lization in the embryo (Supplementary Fig. 19A). Furthermore, pro-
jection of modules scores for mouse mesenchymal clusters readily
identified specific regions of the developing craniofacial structures
that corresponded well to their assigned labels (Supplementary
Fig. 19B).

We performed identical analyses for the ectodermal cluster
revealing an additional 19 subclusters (Fig. 4f and Supplementary
Fig. 20A). Applying the same analysis of marker genes from the lit-
erature, gene ontology enrichments, and expression in mouse single
cell transcriptomics data, we annotated each of these clusters with
functional and spatial labels (Supplementary Data 10 and 11). We
identified highly specific ectodermal populations like periderm
marked by Gabrp’®”® and Grhi3®, cells that will form structures of the
inner ear marked by 0c90%%, palate ectoderm identified by FoxeI**,
and the putative pituitary progenitors marked with Lhx3 and Lhx4%*%
among others (Supplementary Fig. 20B). Several of the ectodermal
subtypes showed stage-specific biases (Supplementary Fig. 20C). As
with the mesenchyme, we found the spatially resolved expression of
marker genes corresponded well to expected positions of the mouse
embryo (Supplementary Fig. 21A). Module score calculations for each
subtype resulted in refined spatial identification of subtypes that
matched the labels and expected positions well (Supplementary
Fig. 21B). Mouse mesenchyme and ectoderm subtype labels were fur-
ther confirmed and validated using multiple databases (“Methods”;
Supplementary Fig. 22).

We next sought to predict the spatial localization of main cell
types identified in both human and mouse by projecting them onto
previously published spatial transcriptomics datasets of the whole
mouse embryo from E9.5 to E16.5" and the E15.5 mouse head”*°. We
found expected patterns of cell type localization for human cell types
projected onto the mouse that reflect known anatomical structures
(Fig. 4g). Additionally, we projected these cell types on our recent
analysis of spatial gene expression in mouse EI15.5 craniofacial
sections® and similarly found expected patterns of cell type localiza-
tion (Supplementary Fig. 23A, B). Overall, the analyses performed here
confirmed the identities of multiple cell types and subtypes across the
development of mouse craniofacial tissues. Moreover, the demon-
stration of conserved marker genes provides a framework for trans-
ferring cell type labels to subclusters identified in human data, as well
as putative spatial inferences from data that originally lacked that
information, which we explore below.

Characterization of human mesenchymal cell subtypes

We then subclustered the human mesenchymal population and iden-
tified 25 subtype clusters (Supplementary Fig. 24A). We applied the
same methods of assigning cell types and/or functional labels to each
of the human clusters using the gene marker approach based on
orthologous gene expression in addition to our orthogonal method
using SAMap (Fig. 5a and Supplementary Fig. 17B, E). In some cases,
multiple human clusters correlated well with a single mouse cluster
and were labelled as separate populations (e.g., mouse palatalShelf2
and human palatalShelf2-2.4). The most abundant cell types were
obtained from the LNP and the fusion mesenchyme (fusion.mes2) and
were well represented from each of the timepoints. Some of the
transient structures like the muscle mesenchyme (muscle.mes) and
cells labeled as palatal.fusion were biased towards early timepoints,
while later forming cell types and structures such as cartilage and
palatal shelves were dominated by cells derived from CS20 samples
(Fig. 5b and Supplementary Fig. 24B). When we examined the tran-
scription factor marker genes identifying each of these clusters we
found MSX2 in the fusion mesenchyme 2 cluster (fusion.mes2), TFAP2B
in the lateral nasal process population (LNP), SPX in the palatal fusion
zone population (palatal.fusion); HOX genes in the posterior lateral
nasal process 2 population (pLNP2); MKX in palatal shelf population 1
(palatal.shelfl); and MYFS in the muscle mesenchyme population
(muscle.mes), among many others (Fig. 5c, Supplementary Fig. 24C,
and Supplementary Data 12).

Gene ontology analysis revealed subtype-relevant enrichment,
such as bone morphogenesis and ossification in osteoblasts, cartilage
development in cartilage, and embryonic organ development and
regionalization in fusion.mes2 populations (Supplementary Fig. 25 and
Supplementary Data 13). Examination of disease enrichments across
cluster marker genes revealed some tissue-specific disorders like
Osteogenesis imperfecta in late osteoblasts and Chondrodysplasia in
cartilage. Enrichment for genes related to isolated cleft palate were
found in several clusters, including cartilage, fusion.mes2, LNP, Man-
dibularArch.1, palatalShelfl, palatalShelf2, and palatalShelf2.2 (Sup-
plementary Fig. 25F).

We next examined some of the markers that defined the
mesenchyme versus other cell types, such as TWISTI and SATB2 in the
CS13 human spatial transcriptomics data. We found fairly broad
expression of TWISTI across the embryo with some bias toward the
craniofacial region while, SATB2 was much more regionally restricted
to the pharyngeal arches (Fig. 5d and Supplementary Fig. 26A). We
examined subtype marker genes including BARX1, a marker of
MxP.aLNP, and DLX5, a marker of the MandibularArch, were rather
specifically localized in the general region of the pharyngeal arches,
while BARXI was also expressed in the developing stomach. EMX2, a
marker of the MandibularArch, and DMRTA2, a marker of muscle.mes,
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were both more restricted to the head region of the embryo at this
stage (Supplementary Fig. 26B).

As was observed in mouse, we found much more regionalized
signals from module scores for each subtype. The fusion.mes2 cluster
were clearly enriched in the pharyngeal arch region of the CSI3
embryo and biased toward the more anterior portion of this region
(Fig. 5e). The LNP cluster was enriched in distinct areas of the head near
the frontonasal region, while the MxP2 and other palatal shelf clusters
showed good spatial concordance with the labels that had been
assigned (Supplementary Fig. 26C). When we projected these subtypes
onto mouse spatial data, we found good concordance for cell subtype
labels and known anatomical features (Fig. 4h). Additionally, we pro-
jected these subtypes on our recent analysis of spatial gene expression
in mouse E15.5 craniofacial sections® and similarly found expected
patterns of localization (Supplementary Fig. 23C, D).

Characterization of human ectodermal cell subtypes

Using the same approach as described for the mesenchyme, we iden-
tified 22 distinct ectodermal clusters (Fig. 6a and Supplementary
Fig. 27A). Transferring of mouse labels (Supplementary Fig. 17C, F)
revealed cells that give rise to specific ectodermal-derived organs like
the pituitary and thyroid, structures of the inner ear (auditory), and
surfaces of several structures including periderm (Fig. 6a). As with
mesenchymal subclusters, many of the ectodermal subclusters dis-
played stage-specific bias (Fig. 6b and Supplementary Fig. 27B).
Amongst transcription factor marker genes of ectodermal subtypes,
GATAG6 was enriched in the palate.1 subtype, SP8 and NR2E1 in the nasal
placode (NaP), SALL3, TBX2, and LMXIA in the auditory subtypes; PAX1
in the fusion.zone cluster, among others (Fig. 6¢, Supplementary
Fig. 27C, and Supplementary Data 14).

Consistent with our findings for CNCCs and mesenchyme, gene
ontology analyses revealed subtype relevant enrichment including
inner ear morphogenesis and development for auditory subtypes,
structural components of the lens in the eye cluster, cornified envel-
ope and skin development in the periderm cluster, thyroid hormone
synthesis in the thyroid progenitor cluster, and epithelial to
mesenchymal transition in the EMT subcluster (Supplementary Fig. 28
and Supplementary Data 15). Ectodermal surface clusters were enri-
ched for a variety of categories with palate.surface.3 marker genes
biased for oxidative phosphorylation and salivary gland development
(Supplementary Fig. 28). Examination of enriched human diseases
revealed many tissue- or region-specific disorders including micro-
cornea and ectopia lentis in the eye cluster, nonsyndromic deafness in
auditory clusters (auditory and auditory.1), thyroid agenesis for the
thyroid progenitor cluster, anterior pituitary hypoplasia for the pitui-
tary progenitor cluster (Supplementary Fig. 28F).

Examination of ectodermal markers GRHL2 and ESRPI, revealed
relatively restricted expression to various surfaces in the human spatial
transcriptomics data, while OC90 was strongly expressed in putative
inner ear (Fig. 6d and Supplementary Fig. 29A). Subtype markers also
showed generally restricted expression particularly for SIX2, NR2E1,
SIX6, and NKX2-1 (Supplementary Fig. 29B). When we inspected mod-
ule scores of each subtype, we observed exquisitely specific localiza-
tion for some clusters like eye and auditory. Other clusters were
generally enriched at surfaces of the pharyngeal arches and the puta-
tive esophagus (Supplementary Fig. 29C). As we observed for
mesenchyme subclusters, projection onto mouse spatial data revealed
known anatomical features (Fig. 4h).

Cell type specific contributions to craniofacial phenotypes

The analyses above demonstrated strong concordance between
human and mouse cell types and showed strong support of our cell
type labelling, giving us the opportunity to interrogate the cell type-
specific expression profiles for enrichment of craniofacial related
genetic signals. The genetic contributions of common variants to

many aspects of craniofacial variation have been studied in multiple
populations based on frontal and profile photographs®”*, However,
the cell types and embryonic landmarks that drive these differences
are currently unknown. Following uniform processing of GWAS sum-
mary statistics, assigning variants to genes, and calculating expression
weighted cell type enrichments (“Methods”), we found that measures
likely to be influenced by bone or cartilage structure such as jaw, chin,
and brow protrusion as well the positioning of the eyes relative to the
base of the left nostril (EnL-AIL) and the positioning of the base of the
left nostril to the base of the right nostril (AIL-AIR) were enriched
primarily amongst mesenchymal subtypes (Fig. 7a and Supplementary
Fig. 30). For profile landmark measures, we found metrics related to
soft tissues including multiple measures of lip thickness and shape, ear
size, and nose shape were enriched primarily in ectodermal subtypes
(Supplementary Fig. 31). Interestingly, while CNCCs give rise to many
downstream cell types and tissues, we found relatively few shape
associations for putative CNCC subtypes. Overall, this analysis sug-
gests specific cell subtypes contribute differentially to facial variation
and suggest these effects begin to manifest early in human
development.

Next, we sought to determine if these cell subtypes might be
linked to human disease. We posited that integrating continuous
expression patterns in an unbiased fashion might yield phenotypic
associations reflective of their anatomical location or function. To
address this, we employed a systematic examination of the entire
Human Phenotype Ontology (HPO)*~*' (Fig. 7b). The ectoderm
cluster was enriched for abnormality of the integument (158 of 686
phenotypes) and abnormality of head or neck (98 of 1056 pheno-
types) (Supplementary Fig. 32). Amongst subtypes we found the
eye.ect subcluster was strongly enriched for phenotypes related to
abnormalities of the eye (78 of 731), the periderm was most enriched
for abnormalities of the integument, and the ect.GDNF subtype was
significantly associated with abnormalities of the voice. Among the
mesenchymal subclusters, many were enriched for abnormalities of
the head and neck as well as abnormalities of the musculoskeletal
system. The cartilage cluster showed the most diverse enrichments,
including phenotypes related to growth abnormalities and abnorm-
alities of the musculoskeletal system and limbs. The SOX10+ putative
CNCC cluster was most enriched for abnormalities of the nervous
system, while the SOX2+ early progenitor cluster was most enriched
for abnormalities of the eye. Together, these results suggest that
some subtypes show phenotypic specificity, while others are more
generic.

We next turned to studies of the genetic underpinnings of cra-
niofacial abnormalities, particularly, the GWAS that have been sys-
tematically performed on a large cohort of Finnish ancestry®* to
determine the cell types that potentially influence risk for orofacial
clefting. When we analyzed these GWAS using the same approach as
for facial variation we found similar partitioning of enrichment
between specific classes of cell subtypes (Fig. 7c). The immune cluster
was most significantly enriched for Crohn’s and Systemic Lupus Ery-
thematosus, serving as a good control for the specificity of this analysis
(Supplementary Fig. 33). We found that cell subtypes were enriched for
ankyloglossia, other congenital malformation of the tongue and
mouth, and cleft palate (Fig. 7c and Supplementary Fig. 33). Specifi-
cally, we identified ectoderm subtype annotated as palate.3 as the
most significantly enriched for associations with cleft palate. For
mesenchymal subtypes we found significant associations with Cleft Lip
or Lip and Palate in mesenchymal subtypes related to general fusion,
palatal fusion, and the maxillary process surface (Fig. 7c). A few of
these subtypes, particularly the palatal fusion subtypes, were asso-
ciated with both craniofacial disease and normal facial variation sug-
gesting their dual contribution to facial shape as well as risk for
clefting. When we examined the spatial mapping of the risk associa-
tions of Cleft Palate and Cleft Lip and Cleft Palate using gsMap”
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genes for each of the subclusters. d Gene expression spatial feature plot for indi-
cated ectodermal marker genes in the more laterally localized section (Slicel) from
a CS13 human embryo’’. e Spatial feature plots for modules scores calculated from
top the 100 marker genes from indicated ectodermal subtypes in the same section
as this figure (d).

(“Methods”), we found significant associations in the pharyngeal
regions of the CS13 human embryo Slice 1 section (Fig. 7d, e) agreeing
well with the localization of the subtype module scores (Fig. 5e, and
Supplementary Fig. 29C). One of the strongest correlations with

specificity of expression driving the spatial association of the Cleft Lip
and Cleft Palate was MAB2IL1 (Fig. 7f), a gene we previously implicated
as a putative craniofacial disease-associated gene'. As a control, we
identified localization of the narrow left ventricular outflow tract
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obstruction (LVOTO Narrow) trait and highly correlated B4GALNT3
gene specificity to the putative heart region (Supplementary Fig. 34).

Cell type specific enrichment of disease relevant gene lists

Thus far our analyses of the craniofacial cell types have only leveraged
annotated ontology categories and common variant associations, but
do not include other gene lists that may be of use to the craniofacial

field. To address this, we assembled multiple gene lists relevant for
orofacial cleftin,g including those compiled by CleftGeneDB**, genes
co-expressed in important gene modules or prioritized for craniofacial
disease in our recent work™®?, and genes with distinct classes of de
novo mutations (synonymous vs protein-altering) in orofacial cleft
trios sequenced as part of the Gabriella Miller Kids First program’®°
and CPSeq Studies”. We also curated genes at the extremes of
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Fig. 7 | Enrichment of common variation associate with facial shape differences
and congenital abnormality risk. a Clustered heatmap of significance values
calculated by MAGMA.Celltyping'* for select significant facial variation traits and
cell subtypes. Frontal landmark diagram adapted from Xiong et al.*”. Colors along
top of heatmap indicate main cell type classification. Trait measures are 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. b Heatmap showing number of enriched
human phenotypes (max-normalized from O to 1 within each branch) for cell sub-
types as calculated by MSTExplorer:run_phenomix. Significance of the proportion

tests, testing for disproportionate numbers of phenotype enrichments for a given
cell subtype within a given HPO branch, is denoted with asterisks (FDR < 0.001 = ***,
FDR < 0.01=** FDR <0.05=*). ¢ Clustered heatmap of significance values calcu-
lated by MAGMA .Celltyping™” for select significant FinnGen®> congenital abnorm-
alities 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 legend. d Spatial mapping of GWAS variants associated with Cleft Palate
on CS13 spatial transcriptomics as calculated by gsMAP”, e Same as this figure (d)
but for Cleft Lip and Cleft Palate GWAS. f Gene Specificity Score for MAB2IL1 on
CS13 spatial transcriptomics.

tolerance to loss of function mutations in otherwise healthy popula-
tions that have been suggested to be enriched or depleted of disease-
relevant genes®. Lastly, given our findings for common facial variation
across humans, we wondered whether genes potentially regulated by
Neanderthal derived sequences might have craniofacial cell type spe-
cific enrichments. As a control for this evolutionary analysis, we
included genes near human accelerated regions (HARs), which have
been reported to be enriched in neuronal related functions and
expression” %%,

We again employed the EWCE approach and found that the
CleftGeneDB, craniofacial black co-expression modules, and our
prioritized gene lists showed similar patterns of significant enrich-
ments in mesenchymal subtypes, including multiple clusters related to
the maxillary process, palatal shelves, and LNP (Fig. 8a). Additionally,
the genes identified by gnomAD to have the least tolerance for loss of
function mutations (LOUEF decile 1) were also significantly enriched in
these mesenchymal subtypes. This contrasted with those genes iden-
tified by gnomAD with the most tolerance for loss of function muta-
tions (LOUEF decile 9) that showed few enrichments and were
generally non-overlapping with the LOUEF decile 1 enrichments.
Interestingly, relatively few ectodermal and CNCC subtypes were
enriched for these gene lists.

When we analyzed the genes near Neanderthal-derived sequen-
ces, we found patterns of cell type enrichment distinct from the more
disease-focused lists described above. The specialized ectodermal
EMT and ect.GDNF clusters as well as both mesenchymal maxillary
process surface clusters (MxP.surface and MxP.surface.l), multiple
palatal shelf clusters, and both auditory subtypes were enriched in this
analysis. This was contrasted by only a single progenitor cell subtype
enriched in the HAR-associated gene list, consistent with their pre-
viously published association with brain cell types and neuronal
function”". We found no significant enrichments from any of our
randomly selected gene lists (“Methods”) across cell subtypes and only
found enrichment for the gnomAD decile 9 genes in erythrocytes and
immune cell types (Fig. 8a). We then turned to recently identified de
novo variants from orofacial clefting trios from the Gabriella Miller
Kids First program®>°® and CPSeq studies”’. We found no enrichment in
any cell types for genes affected by de novo synonymous variants
(Fig. 8a). In contrast, we identified multiple ectodermal cell subtypes
that strongly express genes with de novo protein altering variants,
including palate.1 and NaP, as well as multiple palatal shelf mesench-
ymal subtypes.

We finally explored whether the total number of de novo variants
observed in genes might reveal additional disease associations. We
applied a computational framework that examines gene lists for excess
de novo mutational load'”*'** and identified 29 clusters for which at
least one phenotype was significantly enriched for protein-altering
variants using a Benjamin-Hochberg false discovery rate of <10%'®
(Fig. 8b and Supplementary Data 16). These include 27 subtypes for all
trios with orofacial clefts (OFCs), 21 subtypes for trios with CLP, and
7 subtypes for trios with CP. We identified 16 significant enrichments
across ectodermal cell types (n=22), 5 enrichments from mesenchy-
mal cell types (n=25), and 8 enrichments from the early progenitor

population (n=19). Only 3 clusters were significantly enriched in all
three categories (palate.surface.3, EMT, and NeuralProg.5), none of
which were mesenchymal subtypes, whereas there were 16 shared
between all OFCs and CL/P and 4 shared between all OFCs and CP. We
also found 2 clusters that were only significant in the CL/P group
(pituitary and MxP.surface.1) and 4 clusters that were only significant
in the full cohort (NeuralProg.4, MesenchymallikeProg.1, Neur-
alProg.2, auditory). We identified strongest enrichment for de novo
variants identified in the whole cohort and those probands with cleft
lip and/or cleft palate (CL/P) in the ectodermal subtypes: palate.sur-
face.3, EMT, palatal.surface.l, NaP, palate.3, surface3, among others.
Interestingly, several subtypes were biased toward significant enrich-
ment related to CP vs CL/P. For instance, palate.1, Prog.1, Prog.2, and
cartilage were enriched for the former, while both dental clusters, and
multiple palate and palate surface-related clusters were enriched for
the latter (Fig. 8b).

For de novo variants identified in probands with CL/P from sig-
nificantly enriched ectodermal subtypes (n =14), the main driver genes
were ESRP1, GRHL1, GRHL2, and TPDS2. Variants identified in probands
with CP from significantly enriched ectodermal subtypes (n=3),
additionally included CDHI, and LLGL2. These genes have fairly
restricted expression in the head region and presumptive somites of
the CS13 embryo (Supplementary Fig. 35). This enrichment highlights
the importance of these cells in OFC etiology, but the difference in
signal drivers may provide insight into the heterogeneity of the genetic
architecture between CP and CL/P.

Discussion

Craniofacial abnormalities are some of the most common human birth
defects. Only recently have gene expression patterns active during
human craniofacial development been examined”. We previously
showed that genes specifically or co-expressed across craniofacial
development relative to other tissues were enriched for known
disease-causing genes”. However, these analyses relied on bulk gene
expression data from the developing craniofacial tissues. Our bulk
analyses showed strong bias for gene programs expressed in human
and mouse mesenchyme preventing analysis of genes in less abundant
cell types. While other single cell atlases from human embryonic
development have been described, there were few biological repli-
cates and relatively few cells clearly derived from craniofacial
regions* %,

By generating comparable datasets from both mouse and human,
we had the unique opportunity to identify both shared and species-
biased gene programs active in individual cell types. As expected, we
found the main cell types identified in each species share the most
significant amount of marker genes with the orthologous cell type in
the other species. Among these, the endothelium, mesenchyme, and
erythrocyte clusters were the most functionally shared between
human and mouse, with the CNCC cluster exhibiting the least con-
servation. The notable exclusion was the SOX2+/SOX10- putative
progenitor population. These were not identified in the mouse analysis
either due to them being much less abundant in mouse tissues, or they
are derived from extraneous tissues like the developing brain from the

Nature Communications | (2026)17:3714

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70232-6

a

Expression Weighted
Cell Subtype Enrichment

GMKF Cleft Trios
de novo protein altering variants

g?\;tlﬁre(;::n es auditoryq @ O
earl&C CC_1 a“d“‘O"yH" o® ) H ) o
int CNCC 1", Somad ]
eally ONCC 2 ] %e 6%
alate_surface._ s ] it
ﬁnmune_ ' eyeEhuﬂ ° : (@) @ o
; ] @0
F. Schwann_1 usion Z’\?gg- o: . o
schwann_5 palate.14 o .
eye_t palate.2 Qeo '
Fl sensory_CNCC palate.3 ® &) o
cycling_CNCC_2 palate.4 (0] T o
mesenchymal_CNCC  palate surface. 14 09 . O
Fl ncl4 palate.surface.2 (0] .
schwann_2 palate.surface.3 (o] . O
— muscle peridermq % (] o
pituitary pituitary{ )
I palatal_fusion_3 L O . (5]
F. palatal_fusion4 H (O] O
palatal_fusion
r muscle_mes
P I | alate_surface_1 o
- MandibularArch
palatal_fusion_1
palate 1
= palate_4
F palate_3
r Palape surface_2
hyroid” o]
r NaP
C | dentalt
1 schwann_4
ncl
= palate_2
c
cycling_CNCC_1
schwann_3
ncl2
— ect GDNF
= surface4
augi{ory 1
auditon
F fusion_);ong
h palatal fusion_2 SOX2-/SOX10+
h dental2
L EMT
Epithelial_Progenitor
= Ne#ra|sstem72
urface melanocytesq
L} t_CNCC_3 mesenchymal.CNCC
— NeuralProg_2 ncliq
euralProg 5
P | int CNCC_2
- 1 Prog_4
o :rog_?P 3
euralProg_
F \;leuralstg?nj o
g cwann, 1
- euralProg_1 schwann.54
h NS S8
[— aerltllll'ger 4 MesenchymallikeProg 14 2 @: 0 S0X2+/S0X10-
F MxP. sur&goi MesenchymalLikeProg 24 e_© -
C t P ciacs 4 MesenchymalProg_1 (0] 20
XP_SUl aog, MesenchymalProg 2{ e +
- usion mes. MesenchymalProg 31 @ p
alatalShelf2 NeuralProg 14 o
landibularArch_1 NeuralProg 24 00 9 8
i palatalShelf2_1 NeuralProg 3 @ :
— paltalShell2 2 Neuraerog 41 bO ry
leuralPro 1
Prog_1 . NeuraxSte:%j- o0 0
MesenchymalLikeProg_1  NeuralStermn 24 1
esencrrwmal?rog,z NeuralStem_4 ° @ :
MxP_aLNP euralStem_51 @Je] +
ikeProg_2 Eﬁgg ;: [ O o
esench"maIP'r;S] Prog 3 Q ‘O .
euralStem_4 N ‘PtOQ 41 Q SRERO)
N xopséeob ast erythrocytes 9
palatashel mel— 1 89 99 &
i surface! 5 . + - . .
fusion_mes2_1 0 1 2 4
alatalShelf2_3
Palaaishetz 4 ~log10(FDR)
] ol @ 'S = o5 .
g 32 38 88 38 5 &3 Lf 5§ Lo Enrichment @ >2 @ 1-2 ¢ <t Subtype © Ay © CLP © CP
E Xx o =3 0 8 52 S Br 88 o Main Cell T
58 2 st 2 g 8§ o 8 ©Of ain Cell Type
> E "E E © 0 L8 I &S
g 2 B £ 3 ¢ HEEEEEER
2 = °g 5§ © P &P P &L
log2(Std.Devs. from the mean + 1) T §EFES _\v_s 8§ _\»_9
ST ES
$ &S S
& N x/
0051 15 2 25 3 35 & ooy
& &

Fig. 8 | Genes associated with orofacial clefting, constraint in human popula-
tions, and Neanderthal introgression show distinct cell subtype enrichments.
aHeatmap of standard deviations from the mean of bootstrapping tests performed
by EWCE method™! for each indicated gene list and cell subtype. Asterisks indicate
significant subtype enrichments corrected for number of gene lists and cell sub-
types performed. b Bubbleplot of -logl0 transformed significance and fold

enrichment values for each cell subtype from denovolzeR'* analysis of protein
damaging de novo variation in orofacial cleft trios from the Gabriella Miller Kids
First program”°°, Colored circles indicate variants identified in whole cohort (Any),
in cleft lip with cleft palate probands (CL/P), or cleft palate only probands (CP). Cell
subtypes are clustered by main cell type.

human samples and could not be removed by any of our ad hoc fil-
tering steps. The decreased conservation of CNCC gene expression
programs could indicate this cell type may be particularly labile across
evolution allowing innovation of craniofacial shape as others have
proposed'®20¢51%_ Alternatively, these differences could be reflective
of our narrow definition of CNCCs or technical differences in the non-
CNCC subclusters obtained in each species. Further analysis of dif-
ferentially expressed genes from these subtype clusters in developing

mouse embryos and human culture models could help to disentangle
these possibilities.

In this work, we also leveraged the substantial single-cell and spatial
transcriptomics resources and cell type annotations for mouse that have
been generated by many different groups®'?””. Using these data sources,
we were able to systematically transfer functional and spatial labels for
mouse cell subtypes to our human data. We confirmed these labels
using gene marker and disease ontology analyses in addition to
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leveraging previously published spatial transcriptomics data for a CS13
human embryo® and across multiple sections of developing mouse
embryos. These analyses largely confirm anatomical and regional
annotations for each subtype and give credence to our human genetic
enrichments we discuss below. It will be necessary to further char-
acterize the markers we identified with orthogonal approaches, such as
protein expression or subtype labelling experiments to definitively
determine the identity of the clusters we have described.

A major goal of generating this atlas was to enable better under-
standing of how facial shape is encoded in our genomes. In recent
years, coupling of two- and three-dimensional imaging approaches
with large-scale genotyping has enabled the discovery of common
genetic variants associated with quantitative differences in many dif-
ferent facial landmarks®” %161, While these variants have been shown
to be enriched in regulatory regions active in the developing face, the
cell types that underly facial differences were unknown. Using our cell
subtype annotations, we found distinct differences in enrichments for
measurements across the human face. In general, the enrichments we
observed were mutually exclusive, features likely driven by mesench-
yme subtypes were not associated with an ectodermal subtype and
vice versa. As expected, mesenchyme subtypes were associated with
features that are likely driven by hard structures like bone and carti-
lage, while ectoderm subtypes were associated with measures related
to soft tissue shape or thickness. The most consistent enrichments
were related to variation in measures of the midface for mesenchyme
subtypes, including the maxillary process, palatal shelves, and fusion
zone. While the two studies we utilized were performed in populations
with distinct ancestries, it is possible that other subtypes could influ-
ence facial variation in other populations. Further identification of
genetic associations with more facial measures in a more diverse set of
individuals will be needed to address this issue.

The most common form of craniofacial abnormalities, non-
syndromic cleft lip and/or cleft palate, is thought to occur between 4
and 6 weeks in human development®"2, We found that variants asso-
ciated with risk for orofacial clefting are enriched in regulatory
sequences active in craniofacial tissues from this developmental
window”. However, the cell types in which these variants manifest their
effects were unknown. Indeed, we found the genes that specify some
subtypes of mesenchyme, ectoderm, and early progenitor populations
to be significantly enriched for nearby variants associated orofacial
clefting or other abnormalities of mouth. Interestingly, several of the
enrichments we observed for subtypes were shared across the facial
variation and craniofacial abnormality analyses, including cartilage,
MxP.aLNP, palate.3, and palatal.fusion.2. This is particularly interesting
as it has been speculated that some of the same processes that drive
normal facial variation can result in disease’®>™. Our analysis of marker
genes for the MxP.aLNP subtype revealed plausible localization near the
fusion zone termed the “lambdoid junction”®%, Failure of this region
to fuse in humans has been suggested to cause cleft clip that could also
involve the nostril region and primary palate’®™*'*2, Thus, subtle dif-
ferences in the timing of migrations and fusion of cells residing in this
region could influence the shape of the midface. Interestingly, some of
the major markers of the specialized EMT subtype are the EBF family of
transcription factors, which have been linked to regulation of differ-
entiation and predisposition for several tumor types”™?. Our previous
work suggested that these genes were co-expressed more strongly in
human craniofacial cell types than mouse and found compelling evi-
dence that EBF3 is a bona fide orofacial clefting risk gene®. The timing of
differentiation of cells at a fusion zone could influence the degree to
which structures fuse and impact both clefting risk and facial shape.
Studies leveraging the marker genes we have identified for each of these
subtypes could allow for future experiments studying the impact of
facial variation and disease risk.

Our analysis of curated gene lists not included in standard gene
ontologies revealed cell subtypes likely enriched in craniofacial

diseases. For instance, our previous prioritized gene list” as well as the
curated CleftGeneDB resource are heavily biased toward mesenchymal
subtypes, including the maxillary process, palatal shelves, and LNP.
While both the common variant analyses for orofacial clefting and the
curated craniofacial disease gene lists were biased toward mesench-
yme subtypes, genes harboring rare de novo protein damaging var-
iants identified in cleft probands showed much greater enrichment in
ectodermal subtypes. This trend was further supported when we
examined the frequency of de novo protein altering variants, where we
found significant enrichment for CL/P in multiple ectodermal sub-
types. While the number of CP only cases were fewer than CL/P, we
found these de novo variants were also enriched in a few ectodermal
subtypes (palate.l, EMT, and palate.surface.3), early progenitor sub-
types (Prog.1, Prog.2, and NeuralProg.5), and a single mesenchymal
subtype (cartilage). Overall, this points to the significance of ecto-
dermal subtypes, that make up a small proportion of craniofacial tissue
but play a major role in clefting risk.

While we have endeavored to create a high-quality resource and
analyze the resulting data in an unbiased fashion, there are several
important caveats and limitations that should be acknowledged. First,
our two earliest timepoints, CS12 and CS13, are made up of only female
or male samples, respectively. While we did not observe any sex-
related bias an any of our main cell type clusters, some subtypes were
made up of only one sex. Thus, some of the differences we observed in
overall conservation of main cell types, particularly for CNCCs, could
be influenced by this bias. However, most of the subtypes had a clear
counterpart in mouse subclustering that were equally mixed for male
and female samples. Second, the nature of the human tissue we
received precluded precise dissection, as we can perform in mouse
guided by anatomical landmarks of the entire embryo. We attempted
to identify and remove extraneous cell types from the human samples
using module score-based approaches. However, these could have
resulted in over- or under-filtering of cell types. Indeed, we were able to
identify subclusters that clearly reflected thyroid and pituitary gland
progenitors. However, inclusion of these subclusters as well as
immune and erythrocyte clusters, served as excellent negative con-
trols demonstrating the specificity of our analyses. Lastly, the gene
expression profiles we generated are based on RNA that is either newly
transcribed or retained in the nucleus. The levels of mature mRNA
could differ substantially in individual cell types, across the cell cycle,
and over developmental time. Further direct comparisons of single-
nucleus and single-cell gene expression in the same biological contexts
are required to understand these differences.

Despite these caveats, we have demonstrated the biological and
disease relevance of the cell types and subtypes identified. In total, this
is a substantial resource for understanding the cell types and gene
expression patterns that build the human and mouse face. Our ana-
lyses revealed relationships between specific cell subtypes and many
aspects of human biology, including facial shape and orofacial clefting
risk. We also illuminated the contribution of ectodermal subtypes to
de novo protein altering variants in orofacial clefting. Finally, to make
this resource more widely useful and accessible, we distribute the
results via a user-friendly web interface (https://cotneyshiny.research.
chop.edu/shiny-apps/craniofacial_all_snRNA_v2/) and deposited in the
CellXGene Discover database (https://cellxgene.cziscience.com/
collections/690fb28b-e364-4d3d-8934-bae50ae93857). Future inte-
gration with cell-type-specific chromatin accessibility could reveal
specific variants and regulatory regions that encode such phenotypic
differences, risk factors, and species-specific biology.

Methods

Human tissue samples

The use of human embryonic tissue was reviewed and approved by the
Human Subjects Protection Program at UConn Health (UCHC 710-2-13-
14-03) and Children’s Hospital of Philadelphia (IRB 24-022258). Human
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embryonic craniofacial tissues were collected via the Joint MRC/Well-
come Trust Human Developmental Biology Resource (HDBR) under-
informed ethical consent with Research Tissue Bank ethical approval
(18/LO/0822 and 18/NE/0290, project 200225). Donors are asked to
give explicit written consent for the fetal material to be collected, and
only after they have been counseled about the termination of their
pregnancy. Donors do not get anything in return for their donation and
receive the same hospital care as those who decide not to donate.
Further documentation of all policies and ethical approvals for HDBR
sample collection can be found at https://www.hdbr.org/ethical-
approvals. Tissues were flash-frozen upon collection and stored at
-80 °C. Upon thawing, the samples were quickly inspected for intact-
ness of the general craniofacial prominences and the whole sample
was processed for single nucleus multiomics. As these are not entire
embryos, we lack many of the additional anatomical landmarks that
are available in intact mouse embryos. Thus, we expect that additional
tissues and/or cell types will be present in human samples that can only
be removed through computational filtering.

Mouse embryonic tissue samples

The use of mouse embryonic tissues was reviewed and approved by
the UConn Health Institutional Animal Care and Use Committee
(Protocol AP-2000061-0723). Eight-week-old wild-type male and
female C57BL6/) mice were obtained from Jackson Laboratory. Mice
were housed according to recommendations by Jackson Laboratory
with 12 h light:dark cycle beginning at 7 a.m. The ambient temperature
was maintained between 20 and 22 °C and humidity was maintained at
40-60%. Mice were given ad libitum access to food and water. Timed
matings were established by the identification of vaginal plugs the
morning following the housing of a single male with multiple female
mice. Pregnant mothers were euthanized by carbon dioxide narcosis at
mid-day either 10, 11, or 12 days after identification of the vaginal plug
and embryos were harvested. The staging was confirmed by counting
somites and comparing overall morphology to the Theiler Staging
Criteria”®. Allembryos from a given litter were combined for individual
biological replicates, and at least three biological replicates were col-
lected and processed for each stage. Craniofacial prominences were
collected in a very similar fashion to human samples, flash frozen, and
stored at —80 °C until prepared for single nucleus multiomics.

Single-nucleus multiomics

Primary human craniofacial prominences, excluding the eyes and
more anterior tissue from CS12, CS13, CS14, CS16, CS17, and CS20, each
stage represented by a minimum of 3 replicates, were obtained from
HDBR. Tissue from each embryo was mechanically broken into single-
cell suspensions and cells were checked for viability and counted using
Trypan blue staining following the 10x Genomics protocol for single-
cell multiome sequencing using the ChromiumX controller. Samples
were sequenced on multiple lllumina NovaSeq runs according to 10x
Genomics recommendations. Raw fastqs were processed using Cell-
Ranger ARC™' (v2.0.2) using hg38 genome and gene annotations pro-
vided by 10x Genomics. For purpose of this paper, we have focused on
gene expression to identify cell types in depth and understand their
biological relevance. The chromatin accessibility data was of generally
high quality based on reports from CellRanger ARC. This data forms
the foundation of a separate manuscript that will leverage the cell-type
and subtype labels generated and validated in this study.

Primary mouse craniofacial prominences, excluding the eyes and
more anterior tissue from E10.5-E12.5 from multiple (3-5 depending on
stage) mixed sex C57BL/6J Mus Musculus embryos (Jackson Labora-
tories) were pooled. Animals were raised and sacrificed in compliance
with UConn Health IACUC approval (protocol AP-200061-0723).
Samples were mechanically broken into single-cell suspensions, pro-
cessed for multiome using the ChromiumX controller, and sequenced
in the same fashion as for human samples above. Raw fastqs were

processed using CellRanger ARC (v2.0.2) using mm10 genome and
gene annotations provided by 10x Genomics.

Processing of snRNA and identification of major cell types

Raw barcode matrices from each human samples generated by Cell-
Ranger ARC were utilized for downstream processing to maximize
total nuclei. Raw barcode matrices for each sample were individually
loaded with Read10X_h5 command in Seurat™ (v. 5.2.1). Subsequently,
the emptyDrops function within the DropletUtils R package (v. 1.24.0)
was used to identify nuclei containing ambient RNA for each sample
(emptyDrops FDR < 0.001). Individual sample Seurat objects were then
merged into a single object. Percentage of mitochondrial reads were
calculated for each cell and filtering was performed to only retain cells
with less than ten percent mitochondrial derived. Further filtering was
performed based on number of counts per cell (500 <x <25000) and
number of genes detected per cell (500 <x <7000), resulting in a total
of 130,427 nuclei. Filtered data were normalized with default values
and cell cycle scores were calculated using Seurat. Data was scaled
based on S and G2M score regression and dimensionality reduction
with principal component analysis (PCA) were performed using
respective commands in Seurat. The top 2000 variable features were
identified, and sample-level batch correction was performed using the
harmony R package' (v. 1.2.3). Nearest neighbors based on harmony
corrected embeddings were calculated with up to 30 dimensions and
clusters were identified with multiple resolutions from 0.1 to 1 in
Seurat. Resolution parameters were selected for clustering based on
generated elbow plots and identification of the elbow point to deter-
mine the optimal number of clusters. We then performed Uniform
Manifold Approximation and Projection (UMAP)*® dimensionality
reduction using harmony corrected embeddings in Seurat (dimen-
sions =30, minimum distance = 0.3). Resulting clusters were inspected
for expression of multiple craniofacial markers from Li et al.”* and
marker genes were identified for each cluster. Module scores were
generated using the AddModuleScore function in Seurat for neuronal
markers and radial glia markers from Eze et al.**. Cells from clusters
identified with high neuronal or radial glia module were removed (See
Supplementary Note), resulting in 95,892 nuclei. The process of nor-
malization, harmonization, and clustering was repeated with remain-
ing cells from all samples. We observed that early samples had
consistently higher mitochondrial reads (Supplementary Fig. 2D),
however, this was not due to increased apoptosis as tested by gen-
erating an apoptosis module score using gene markers from the
Hallmark Apoptosis gene set within the human MSigDB Core Collec-
tion (Supplementary Fig. 2D). The sex of each embryo was also iden-
tified using known sex determination genes for males (UTY, DDX3Y,
KDMSD, 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).
Marker genes for major cell types were identified using FindAlIMarkers
(logfc.threshold=0.25, min.pct=0.1, test.use=“wilcox”, min.-
cells.feature =3, mi.cells.group =3, pseudocount.use =1, and return.-
thresh =0.01). The top 100 marker genes for each cluster (p <0.05,
ranked by log2fold change versus all other clusters) were then ana-
lyzed for gene and disease ontology enrichments using compar-
eCluster in clusterProfiler R package (v. 4.12.6). Cranial neural crest
genes were compiled based on markers identified by regulatory net-
work construction in human cultured CNCC and craniofacial tissue
data®. Major cell type labels were applied to each cluster.

RNA velocity analyses. RNA velocity analyses were performed on the
main cell types to assess their transcriptional dynamics. We used the
“run” command within the velocyto python package™ (v. 0.17.17)
with the sorted bam files from each sample and the human Gencode
v32 gtf file as input. This resulted in the computation of a loom file
for each sample containing two count matrices: one containing
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unspliced counts and another containing spliced counts. The loom
files for each of the samples were merged and subset to exclude the
previously filtered out cells. We then used the scVelo package (v.
0.3.3) in Python to further filter, normalize, and process the data. We
used the filter.and _normalize function with paramters min_shar-
ed_counts set to 20 and n_top_genes set to 2000. Next, we computed
the moments using moments function with n_pcs and n_neighbors
set to 30. Then, the recover_dynamics function was run with n_jobs
set to 30. Using the CellRank package™ (v. 2.0.6) in python, we set up
the VelocityKernel containing the scVelo-computed velocities to
compute a transition matrix using the compute_transition_matrix
function. To increase the robustness of this calculation, we combined
the VelocityKernel with the similarity-based ConnectivityKernel. To
accomplish this, we also used the compute_transition_matrix func-
tion with the ConnectivityKernel and then combined the two
kernels using the following function: combined_kernel=0.8 x
VelocityKernel + 0.2 x ConnectivityKernel. We visualized the transi-
tion matrix on the UMAP of all main cell types using the plot_pro-
jection function.

For mouse data sets, filtered barcode matrices from each mouse
E10.5 to 12.5 samples generated by CellRanger ARC were individually
loaded with Readl0X_h5 command in Seurat™ and merged with
E13.5-E15.5 data from Pina et al.”® (GSE205448). Calculation of percent
mitochondrial reads and filtering were performed with similar thresh-
olds to human data above. Subsequent harmonization, dimensionality
reduction, and clustering were performed identically to those for human
data above. Less significant contamination of neuronal cell types was
observed in mouse data, which was identified and filtered as described
for human. Identification of marker genes and gene ontology enrich-
ments, and CNCC modules scores were performed as above for the
human data. Major cell type labels were applied to each mouse cluster.

Marker gene comparisons across species
Lists of all marker genes for each of the eight main subtypes for each
species (p<0.05) were compiled and orthology based on HGNC
symbol = was obtained using the convert_orthologs command in the
orthogene R package™ (v. 1.10.0) with non121_strategy set to “drop_-
both_species” and method set to “gprofiler”. Only genes that had one
ortholog in each species and a HGNC symbol were retained
(n=15,699). Significant overlaps between all orthologous marker gene
lists were determined using the newGOM command in GeneOverlap R
package™® (v 1.40.0). Conserved and species-specific genes were
determined based on HGNC symbol and the intersection matrix
obtained by getMatrix in GeneOverlap. Gene and disease ontology
enrichments were calculated using clusterProfiler.

Final Seurat objects were prepared for display in an interactive
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webapp using the ShinyCell R Package'”.

Subclustering of major cell types
For major cell types labelled as mesenchymal and ectodermal, further
subclustering was first performed on mouse data. For each major cell
type, normalization, scaling with regressed cell cycle impacts, har-
monization, and subclusters were identified using the same procedure
as described above. Marker genes were identified for each cluster and
functional enrichments were determined using clusterProfiler. Anno-
tations for each cluster were manually assigned based on those ori-
ginally described” . Mouse cell subtype assignments were also
confirmed with ToppGene*° using the toppFun function from the
scToppR package'"'. Mouse main and subtype annotations were fur-
ther confirmed by projection on mouse E15.5 spatial transcriptomics
data® (GSE245469). Links between snRNA and spatial data were
determined using FindTransferAnchors and transferred using Trans-
ferData in Seurat.

Following annotation of subtypes and for comparison with human
data, an intermediate data set was created where mouse genes were

reduced and converted to those to those with one-to-one fig. orthol-
ogy with human genes using the orthogene R package (v. 1.10.0) as
described above. The intermediate dataset was used to transfer mouse
subtype annotations to human subtypes by first identifying shared
features across clusters using FindTransferAnchors in Seurat with log
normalization and canonical correlation analysis (cca) or reciprocal
PCA projection (rpca). Predicted subtype labels were transferred to
human subtypes using TransferData in Seurat and further confirmed
with a confusion matrix. As an orthogonal approach to label transfer-
ring in Seurat, we used SAMap’? (v. 1.0.15), an algorithm implemented
in Python that uses self-assembling manifolds to map homologous cell
types with shared expression programs across species. Briefly, we used
the map_genes function within the SAMAp package, which performs a
BLAST search between species, with t1 and t2 both set to “nucl”, trl set
to the gencode v32 human fasta file, tr2 set to the the gencode v10
mouse fasta file, nl set to “hu” for human, and n2 set to “mo” for
mouse. This generates a “maps” directory with the transcriptome
mapping BLAST results. Next, we used the SAMAP, run, and get -
mapping_scores functions within the SAMap package to calculate
alignment scores between cell types and subtypes across species. To
finalize cell subtype annotations, we used a combinatorial approach
considering the three annotation methods (label transfer by
Seurat using cca, label transfer by Seurat using rpca, and label mapping
using SAMap). Final annotations were confirmed using contingency
matrices, significant marker gene overlap between human and mouse
subtypes using the GeneOverlap R package™, and functional enrich-
ments using the compareCluster function in the clusterProfiler R
package'*’.

The putative CNCC and early progenitor clusters were annotated
by generating functional and/or regional module scores using marker
genes from various publicly available databases and resources. To
label the subclusters of the putative CNCC population, we generated a
Schwann cell module score using the marker genes from Cao et al.*.
Additionally, we used the gene markers from various functionally
specific, fate committed CNCCs in Soldatov et al.’”® and identified one
cluster of mesenchymal-committed CNCCs and one cluster of sensory-
committed CNCCs. The remaining putative CNCC subclusters were
labeled according to Carnegie stage-specific biases. We randomly
downsampled the number of cells to 200 cells per stage and quantified
the percentage of cells in each cluster; those that were biased towards
CSI12 and CS13 were labeled as early (early.CNCC) and those that were
biased towards CS13-C17 were labeled as intermediate (int.CNCC).
When subclustering the early progenitor population, we generated
module scores for neural progenitors using markers genes from the
ScType database'*®, neural stem cells using marker genes from Wang
et al.”®, mesenchymal progenitors using markers from Wang et al.*® and
epithelial progenitors using markers from the human CellMarker2.0
database'*“.

Marker genes for human subtypes were identified as performed
for major cell types and functional enrichments were characterized
with compareCluster in clusterProfiler. Final Seurat main objects and
subtype objects were prepared for display in an interactive webapp
using the ShinyCell R Package'. Seurat objects were also converted to
hS files using the SaveH5Seurat and Convert functions in the Seur-
atDisk R package (v. 0.0.0.9021). These files are compatible with
Python packages, including scanpy'*® and anndata'*® and were used for
hosting at the Chan Zuckerberg Initiative CELLXGENE Discover

resource'¥’.

Processing of spatial transcriptomics

Spatial transcriptomics data for two sagittal sections of a human CS13
embryo® were retrieved from https://heoa.shinyapps.io/code/. Slice 1
is more laterally localized, while Slice 2 is more medially localized.
Thus, representative plots for ectoderm are shown in Slice 1 and for
putative CNCC’s and mesenchyme are shown in Slice 2.
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Raw sequence count matrices were loaded using the Readl0x
command of Seurat™ and converted to HDF5 format. These counts
were then combined with spot coordinates and section images using
CreateSeuratObject. Data from both slices were merged and variable
features were determined using Seurat. The percentage of mitochon-
drial reads was determined for each cell and was used to transform all
data in the merged object using SCTransform'*® from Seurat. Data was
clustered using UMAP and plotted, which revealed a strong batch
effect between the two spatial objects. Data was further normalized
using Harmony (v. 1.2.3), projected using UMAP, and clustered with a
resolution of 0.8. Marker genes for the 22 clusters were identified using
FindAlIMarkers in Seurat. The top 100 marker genes for each cluster
(p<0.05, ranked by log2fold change versus all other clusters) were
then analyzed for gene and disease ontology enrichments using
compareCluster in clusterProfiler R package (v. 4.12.6). Enrichments
and spatial localization were compared to previous annotations by Xu
et al.” and labelled accordingly. The top 100 marker genes from each
of the subclusters identified in human craniofacial data were used to
calculate module scores across the merged spatial object and plotted
using SpatialFeaturePlot in Seurat.

E9.5-16.5 spatial transcriptomics datasets were retrieved from the
MOSTA resource” and loaded into Seurat as for human data above. For
representative images in the supplement, we chose to use the mouse
E11.5 spatial transcriptomics data as it is most morphologically similar
to CS13 human embryos. For the E9.5-E16.5 combined stages object,
we converted the mouse genes to those with one-to-one orthology with
human genes using the orthogene R package (v. 1.10.0). Following, we
used FindTransferAnchors in Seurat with log normalization and cano-
nical correlation analysis (cca) to transfer the human main cell type and
subtype annotations to the mouse spatial transcriptomics dataset using
only the highly variable genes identified using FindVariableFeatures in
Seurat. Predicted labels were then transferred to mouse spatial tran-
scriptomics data using TransferData in Seurat. For each EILS5 section,
module scores of top 100 marker genes for each main cluster or sub-
cluster were calculated. Gene spatial feature plots for selected genes
and module scores were then generated with Seurat.

Facial variation and congenital abnormality GWAS enrichments
We retrieved summary statistics for facial variation®”*¢ and all con-
genital abnormality GWAS summary statistics from FinnGenn®% Raw
summary stats were further processed and standardized with hg38
coordinates with MungeSumstats R package'*’ (v. 1.10.1). Variants were
mapped to genes +/- 100 kb using MAGMA™°. Frontal facial measures
and FinnGenn data were processed based on 1000 Genome European
population, while profile facial measures were processed with the
1000 Genome Middle/South American population all obtained from
the MAGMA website (https://cncr.nl/research/magma/). We converted
the Seurat snRNA-seq expression data to a CellTypeData set with the
Expression Weighted Celltype Enrichment (EWCE) R package™ (v.
1.12.0) and then assessed each study trait for a linear positive corre-
lation of cell type gene expression specificity and gene-level genetic
associations using MAGMA.Celltyping™ (v. 2.0.14). Plots were gener-
ated using tidyheatmaps™ (v. 0.2.1) and ggplot2 (v. 3.5.1) in R.

Spatial GWAS enrichments

The human CS13 spatial transcriptomics Seurat object was subset to
include only Slice 1 and then converted to h5ad format using the
Convert function from the SeuratDisk package in R. GWAS summary
statistics of facial variation and congenital abnormalities from FinnGen
were then mapped to the human CS13 spatial transcriptomics data
using gsMap®>. The format_sumstats function was first used to convert
the FinnGenn GWAS summary statistics to a format compatible by
gsMap. A sumstats configuration file was then generated with infor-
mation for all GWAS traits analyzed and then gsmap quick_run was run
with default parameters. The gsMap run_cauchy combination and

run_report functions were run for each GWAS trait to visualize the
results. Genetic spatial mapping and gene specificity score plots were
generated using Seurat’s SpatialFeaturePlot function in R.

Gene list enrichments per cell type

The CellTypeData-formatted human craniofacial snRNA-seq objects
were generated using generate_celltype_data in EWCE (v. 1.12.0). Mean
and specificity metrics for several marker genes (SOX10, TP63, and
MSXI) were inspected across main cell types and subtypes using
plot_ctd in EWCE. Gene lists were compiled from multiple resources,
including gnomAD (v4.1), CleftGeneDB, prioritized genes, and black
module from craniofacial WGCNA”, and genes affected by de novo
variation in orofacial clefting probands®>®’. For Neanderthal intro-
gressed regions and HARs coordinates were obtained from respective
publications™'** and assigned single nearest gene using rGREAT (v.
2.6.0)"¢ with “oneClosest” association rule. Each gene list was then
tested for linear association using bootstrap enrichment test in EWCE
(reps =10,000; geneSizeControl=TRUE). As an additional negative
control, we generated random gene lists based on the mean number of
all the lists tested here. Results from all gene lists were then merged,
corrected for the total number of gene lists and cell types tested using
the Benjamini-Hochberg approach, and then plotted using the
pheatmap package"’ (v. 1.0.12) in R.

Phenotype-cell type association tests

To map the relationships between cell types and phenotypes, we ran
pairwise association tests between all combinations of cell types in our
snRNA-seq-derived CellTypeData and phenotypes across the Human
Phenotype Ontology (HPO; release v2025-08-11)°° using the run_phe-
nomix function from MSTExplorer (v. 1.0.9). In contrast to the gene
list-based approaches (e.g., EWCE) this function reframes the problem
as a series of generalized linear regressions by leveraging continuous
scores that summarize the current strength of evidence for a causal
relationship between each gene-phenotype pair (using additional data
from the Gene Curation Coalition)*****, The continuous nature of these
data allows us to more accurately capture phenotype-cell type rela-
tionships, especially for phenotypes with large gene lists where only
some genes have strong causal evidence for the phenotype. The gene
signature vectors for each phenotype were previously merged and
shared as a single precomputed gene (5180 unique gene symbols) x
phenotype (11,606 unique HPO phenotypes) association matrix. Next,
a series of linear regressions tests were performed between the gene
specificity vectors of each cell subtype (n =89 vectors) and the gene
association vectors of each phenotype (n=11,606 vectors). Finally,
multiple-testing correction was applied using Benjamini-Hochberg
False Discovery Rate'® (at FDR < 5% significance).

For the purposes of summarization and visualization, the number
of significantly associated phenotypes per cell type were then com-
puted within each major HPO branch (Fig. 7c). Here, we define HPO
branches as groups of related phenotypes that can be labeled
according to their shared ancestral term, e.g., “Abnormality of the
immune system”. Next, we sought to determine whether some cell
types were disproportionately more often associated with phenotypes
of a particular HPO branch. To accomplish this, we performed a series
of proportion tests comparing the proportion of total phenotypes that
a given cell type was significantly associated with within a target HPO
branches relative to all other HPO branches. In practice, we computed
2 x 2 contingency tables (number of significant phenotype association
vs. number of non-significant phenotype associations x target branch
vs. non-target branches) for each cell type within each HPO branch,
which were then used as inputs to the prop_test function within the
rstatix R package' (v. 0.7.2). This test appropriately takes into account
the different number of phenotypes across HPO branches. Only one-
sided tests were performed to test whether the target HPO branch was
greater than all other (non-target) branches (set with the
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alternative = “greater” parameter). All proportion tests were then cor-
rected for multiple testing at FDR < 5%.

Orofacial Clefting de novo variant analysis

We used the R package DenovolyzeR'® (v. 0.2.0) to test enrichment of
de novo variants (DNs) in a dataset of OFC case-parent trios. Enrich-
ment is calculated by comparing the expected number of variants, as
determined by mutation models described by Samocha et al."™, to the
observed number of variants in a given gene or group of genes using
the “DenovolyzeByClass” and “includeGenes” functions. Using our
dataset of 2031 DNs in 1171 genes identified in 1676 trios with OFCs, we
first compared this list of genes to those with calculated mutational
rates in the R package “DenovolyzeR” using the “view-
ProbabilityTable()” function. Broken down by subtype, there were 1180
cleft lip with or without cleft palate (CL/P; 226 cleft lip (CL), 966 cleft
lip and palate (CLP)), and 484 cleft palate (CP) trios. We then tested
enrichment of all OFC trios and by subtype within the top 20% of genes
by log2FC derived from single nucleus RNA sequencing of human
craniofacial tissue at CS20.

Statistics and reproducibility. Detailed statistical analyses are
described the “Methods” section above. Biological replicates for the
human embryonic face samples were collected in the following way:
four at CS12, six at CS13, three at CS14, three at CS16, three at CS17, and
five at CS20 for single nucleus multiomics. Biological replicates of
pooled mouse embryonic face samples were collected in the following
way: three at E10.5, three at E11.5, and three at E12.5 for single nucleus
multiomics. Appropriate negative controls were used throughout the
study for GWAS enrichment across main cell types and subtypes. The
investigators were not blinded to allocation during experiments and
outcome assessment. No statistical method was used to pre-determine
sample size. No data that passed quality control criteria for experi-
ments were excluded from the analyses. The experiments were not
randomized. Unless otherwise stated, default parameter settings were
employed for any software tool that was used in the analyses. When-
ever a p-value is reported in the text, the statistical test is also indi-
cated. All statistics were calculated, and plots were generated using
R v4.4.0.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw human and mouse data generated in this study have been
deposited in the FaceBase database under accessions 8D-2JQ0'° and
7N-54BY™!, respectively. Raw data from human samples is controlled
access. Access request procedures can be found on Facebase. The
processed cellranger ARC gene expression outputs for both human
and mouse are available on Zenodo'. Source data of all plots are
available in Seurat R objects at the Zenodo repository'®%, An interactive
browser of these data can be found at https://cotneyshiny.research.
chop.edu/shiny-apps/craniofacial_all_ snRNA_v2/. The data can also be
explored on the Chan Zuckerberg CellxGene Discover Database
(https://cellxgene.cziscience.com/collections/690fb28b-e364-4d3d-
8934-bae50ae93857).

Code availability
Code for analysis and generation of figures can be found on GitHub
(https://github.com/cotneylab/craniofacial_snrna)'¢,
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