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Human genetic diversity generates an astonishing variety of facial shapes,
and craniofacial anomalies rank among the most common birth defects.
Identifying the cellular mechanisms that mediate the genome’s influence

on facial variation remains a challenge. Here we created a multimodal facial
atlas across embryonic weeks 6-11, providing single-cell transcriptomics,
chromatin accessibility and spatial transcriptomics, all at single-cell
resolution. We characterized 56 cell states, mapping mesenchymal subtypes
and their gene-enhancer cis-regulatory landscapes in space and time.

Gene expression associations with facial traits were strongest in early
mesenchymal progenitor cells, gradually becoming more region restricted.
Autocorrelation analysis revealed patterning genes that define spatial
neighborhoods of mesenchyme, potentially explaining trait specificity

of their nearby variants. Enhancers of key pathology-related genes were
found to be likely vehicles for generating facial variation in modern human
populations. One such enhancer, linked to PAXI expression, appears to
beimportant for normal skeletal development in mice. Finally, facial
effectsinferred from the genome-wide association study, cell signaling
interaction analysis and validation in mice revealed that peripheral nerves
fine-tune maxilla shape during embryonic development. Together, these
dataoffer new insights into the mechanisms underlying human phenotypic
individuality and yield a multimodal atlas useful for studying craniofacial
development and abnormalities.

The humanspecies shows anastonishing tapestry of facial appearances,
each uniquely crafted to fulfill a role in the theater of social interac-
tion'. The genetic underpinnings of facial variation are evident through
familial resemblance among relatives and the strikingly similar faces of
monozygotic twins. While genome-wide association studies (GWASs)*”
shedlight on the genetic basis of facial diversity, the cellular processes
linking genetic variants to specific facial morphologies remain elusive.

The human face develops primarily from cranial neural crest cells
(CNCCs) and mesodermal progenitor cells that give rise to cartilage,
bones, muscles, adipose tissue, dermis, vasculature and innervation'*"!
through a conserved morphogenetic chronology™ . After neural crest
migration and differentiation into ectomesenchyme®, epithelial signal-
ing centers, such as the frontonasal ectodermal zone'®, and forebrain'”'®

induce skeletogenic condensationsinaspecies-specific pattern'®*. Skel-
etogenic condensations give rise to the cartilaginous chondrocranium,
which helps define facial dimensions and jaw shape, and their spatial
positioning influences overall cranial proportions, including brachy-
cephalic and dolichocephalic aspects® . Later, the chondrocranium
directly either ossifies or serves as a template for dermal bone™*"**,
Nearby tissues, such asmuscle, adipose tissue and dermis, are also likely
toinfluence facial skeletal shape?, in part due to reciprocal mechanical or
paracrineinteractions®*’, However, it remains unclear which cell states
represent the major drivers of adult facial variation, given the substantial
difference between humans and model organisms.

Here we profile spatiotemporal activities of genes, enhancers and
celltypesinthe developing human face. Using single-cell multi-omics
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and spatial transcriptomic analysis, we characterize the transcrip-
tional diversification of ectomesenchyme derivatives, map their
locations and identify likely molecular regulators. We find that the
influence of craniofacial cell types on human morphological varia-
tion diminishes over time, with the strongestimpacts at the earliest
stages of ectomesenchyme development. Integration with GWAS
analysis and validation in a mouse model revealed that peripheral
nerves regulate shaping of the mammalian maxilla. Using spatial
autocorrelation analysis, we identify key genes that appear to con-
tribute to the transcriptional patterning of mesenchymal cell states
across facial regions. While these patterning genes appear to be highly
related to facial diseases, overlapping with epigenomic dataindicates
that genetic variation within dedicated enhancers of patterning
genes drives individuality in facial shaping. Furthermore, many of
the identified candidate enhancers appear to be spatiotemporally
regulated and cell-type specific. Targeted deletion of one suchiden-
tified enhancer sequence, which was linked to expression of PAX1 in
ectomesenchyme progenitors and dermal mesenchyme in humans,
led to skeletal defects in mice.

Results
Comprehensive single-cell atlas of human craniofacial
development
Weinvestigated adevelopmental time series spanning critical periods
of human development (from the 6th to the 12th postconceptional
week or 6-12 PCW) using a battery of methods including single-cell
RNA sequencing (scRNA-seq) transcriptomics, spatial transcrip-
tomics and microcomputed tomography (micro-CT; Fig. 1a). To
link gene expression to chromatin regulation, we performed paired
measurements of gene expression and chromatin accessibility from
single-nuclei RNA (snRNA)/ATAC-seq and further overlapped these
with published epigenomic datasets® 2, Samples were dissected under
a stereo-microscope into subregions and separately processed for
scRNA-seq analysis, with resulting datasets being pooled later (Fig. 1b).
With these data, we aimed to (1) study cell-type specificity and spa-
tiotemporal activity of candidate cis-regulatory elements (referred
to as ‘cCREs’), (2) assign putative cCREs to gene targets and (3) link
the identified cCREs to facial traits and congenital malformations by
overlapping them with GWAS variants (Fig. 1c).

Uniform manifold approximation projection (UMAP) was used
to visualize cell diversity in the dataset (Fig. 1d), their positional

origins (Fig. 1e) and maturation stages (Fig. 1f). Both the single-nuclei
and single-cell datasets captured predominantly ectomesenchyme
derivatives, such as bone, cartilage, pericytes, meninges, dermal
fibroblasts and tenocytes, and retrieved many other expected cell
types (Extended Data Fig. 1). Using differentially expressed marker
genes, we annotated 17 coarse-grain clusters (Fig. 1g) and 56 fine-grain
clusters (Extended Data Fig. 2 and Supplementary Table 1), which
showed numerous differentially accessible regions (DARs; Fig. 1h,
Supplementary Fig.1and Supplementary Table 2).

Anatomical regions were unevenly represented in the inte-
grated embedding, which may reflect both compositional effects
and position-dependent expression within cell types. While some
cell types were transcriptionally compact regardless of origin, most
mesenchyme showed origin-dependent enrichment (Fig. 1e) and
a left-to-right temporal progression as progenitors differentiated
(Fig. 1f). Mean CytoTRACE score negatively correlated with cluster
age, indicating aloss of multipotency over time (Fig. 1f). The primary
ectomesenchyme derivatives included cartilage, bone, perivascular
cells, meninges and dermis (tenocytes and dental clusters did not
separate from the mesenchyme supercluster). Chondrocytes emerged
first (Fig. 1f, dark blue and cyan region of chondrogenic trajectory),
along with meninges-like cells, while other fates developed later, in
linewithreports that CNCCs engage the chondrogenic program early®.
Exploration of the underlying transcriptional trajectories identified
major phases for both chondrogenesis and myogenesis, and also
identified potential positional effects in the mesenchymal cell fate
decision hierarchy (Supplementary Note 1, Supplementary Figs. 2-4
and Supplementary Table 2).

Spatial codes in human embryonic facial tissue

Annotating facial cell heterogeneity was limited by the noisy, dynamic
and overlapping gene expression profiles of mesenchymal subpopula-
tions, which we suspected was caused by sampling cells from different
anatomical regions (Fig. 1e and Supplementary Fig. 3). To resolve this,
localization of observed cell clusters was achieved by spatial transcrip-
tomicsanalysis (Stereo-seq**, n = 8 sections fromn =2 week 6.5 embryos)
offrontal sections across different rostrocaudallevels (Fig. 1i), resultingin
ahigh-resolutionmap of facial cells (Fig. 1jand Extended Data Figs. 3 and
4) suitable for visualizing scRNA-seq cluster marker signatures (Fig. 1k
and Extended Data Figs. 3 and 4). The 10x Genomics Visium platform
was also used to characterize tissues from sagittal and frontal sections

Fig. 1| Spatially resolved, multi-omic, single-cell atlas of human craniofacial
development. a, Above the timeline—cranial regions of human embryos are
illustrated at the depicted stages. Frontonasal prominence is shownin pink,
maxillary prominence is shown in yellow, mandibular prominence is shown in
blue and the second branchial arch is shown in green. Middle: the assay modality
used to analyze that particular stage is listed. Summary and ages of allembryos
are used to generate datasets for the study and the modalities are used. Bottom:
summary of published datasets is re-analyzed. b, Top: micro-CT scan of a PCW8
humanembryo, anterior region, color coded by the strategy used to subdivide
samples into regions. Bottom: breakdown of samples by age and region. Numbers
represent embryo age in PCW. Black dots indicate the presence of scRNA-seq data
for the given stage-region combination (not including biological replicates);

red starsindicate the presence of multi-omics SnRNA/ATAC-seq data for the
given stage-region combination (not including biological replicates). Overall,
for scRNA-seq, n =30 samples were generated from n = 11 embryos; for the
multi-omics, n =12 samples were generated from four individuals. ¢, lllustration
ofthe general aims of the human developmental atlas study—describe cellular
trajectories, link enhancers to gene partners and determine cellular bases for
GWAS traits. d, UMAP embedding of the combined scRNA-seq and snRNA/ATAC-
seq datasets, calculated using gene expression data only, which will be referred
to as the ‘general embedding’. The embedding is color coded by, and labeled with,
the coarse-grained cell-type annotations (see Extended Data Fig. 2 for the fine-
grained annotations). e, General embedding, color coded by the facial region
each cell wasisolated from. f, General embedding. Left: fine-grained clusters

are color coded by the average age of the embryo the cells were isolated from (in
weeks). Right: fine-grained clusters are color coded by their average CytoTRACE
score, a measure of transcript diversity in cells (used as a proxy for cellular
maturity; Methods). Pearson’s product-moment correlation test (two sided)

was used to determine asignificant anticorrelation between cluster averages in
age and CytoTRACE score (r=-0.5867, P=2.015 x 107®); no multiple-comparison
adjustment was applied. g, Dot plot showing enrichment of a few major cell-
type-specific marker genes used to annotate the cell types in the dataset. Dot size
indicates the fraction of cellsin each cluster expressing the gene, and dot color
shows the normalized expression levels. h, Heatmap of DARs across cell clusters.
For each cluster, the top 40 peaks with the largest absolute log,(FC) were selected
for visualization. Rows represent annotated cell clusters (coarse grained).
Values are row-scaled log,(FC), with color indicating relative accessibility

(blue = decreased, red = increased). i, Micro-CT scan of a PCW8 human embryo,
anterior region, marked with dotted lines indicating relative positions of cutting
planes used to generate frontal Stereo-seq sections at different rostrocaudal
levels (n = 8).j, Midrostral section of PCW6 human embryo, analyzed by Stereo-
seqand color coded by Leiden cluster (see Extended Data Figs. 3 and 4 for
characterization of these sections). k, Example gene signatures of mesenchymal
derivatives (bone, cartilage, dermis and teeth), plotted on the midrostral Stereo-
seq section. Red indicates high expression, blue indicates medium expression
and gray/white indicates low expression. MO, multi-omics; FC, fold change;
DEGs, differentially expressed genes.
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of tissue near sensory organs (n =3 embryos; Supplementary Fig. 5);
however, due to its comparatively lower resolution, we treated the Visium
results as confirmatory and instead primarily relied on the Stereo-seq
datatoidentify cell typesinaspatially resolved manner. Together, these
data, spanningseveral craniofacial regions (Supplementary Note 2), facil-
itated deducing gene signatures that could be used for anatomy-aware

regulators of cell positional identity.

categorization of mesenchymal cells, as well as identifying potential

Spatially heterogeneous mesenchyme gives rise to various cell
types, but the factors driving this cellular patterning process in the
embryonic human face are not well understood. The establishment of
positional identity in progenitor cells often relies on nested patterns
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of transcription factor (TF) expression across different cell types,
restricted to a specific body location. Thus, to discover genes that are
highly associated with specific spatial regions (that is, spatial codes), we
used Moran’smetricto examine autocorrelation of genesinanatomical
space®, as well as gene expression space such as principal component
analysis (PCA) space or UMAP (Fig. 2a). Moran’s  metric asks whether
neighboring locations (cells) are likely to have similar or different values
foragiven parameter (gene expression). Comparing positional versus
transcriptional autocorrelation can allow for distinguishing genes that
arelocationspecificbut not cell-type specific, whichis a defining feature
of aspatial code such as the Hox code*. Application of thisapproach to
the Stereo-seq datarevealed 396 so-called ‘spatial’ genes (examplesin
Fig.2b and Extended Data Fig. 5, full list in Supplementary Table 3 and
further discussionin Supplementary Note 2).

Assessment of molecular function of the spatial gene list through
Gene Ontology revealed TF activity as the top functional annotation, and
craniofacial diseases were enriched in the top associated phenotypes
(Fig. 2c and Supplementary Table 4). Hierarchical clustering based on
the expressionin downsampled Stereo-seqbins (Methods) revealed nine
modules of correlated TFs that mark distinct facial domains, namely
predermis, forming eyelids, nasal region, eyeregion, lens, dental region,
lower face, surface of tongue and submandibular region (Fig. 2d). Binding
sites for spatial TFs were significantly enriched in DARs for a multitude
of mesenchymal cell types, with cell-type specificity partially overlap-
ping per module (Fig. 2e and Extended Data Fig. 6). Enhancer-driven
gene regulatory network (eGRN) inference using SCENIC+ revealed
widespread activity of spatial TF networks, their candidate enhancers
and downstream target genes in mesenchymal clusters (Fig. 2f and
Supplementary Fig. 6).Inaddition, trajectory analysis of mesenchymal
differentiationin nose and jaw showed expression of spatial TFs, includ-
ing genes like ALX1and DLX5that encode known patterning regulators”,
were pseudotime associated, with region-specific expression profiles
(Fig. 2gand Supplementary Fig. 6). Thus, weidentified groups (modules)
of coexpressed TFs that are active in various spatial compartments of
the early human face. The data suggest that, for each facial region and
corresponding mesenchymal cell type, adifferent module of dedicated
TFs influences the site-specific and cell-type-specific differentiation
within that region.

Enhancer screening reveals a new genomicregion influencing
facial growth

Spatiotemporal tuning of gene expression through enhancers is a
hypothesized vehicle for noncoding variants’ influence on facial
shape®®. We sought to identify CREs (focusing on enhancers) that

interact with key patterning genes during human facial development.
While enhancer grammar and logic have not been fully elucidated,
certain characteristics can be used to find them. First, enhancers physi-
cally associate with distant target promoters kilobases away (although
exceptions have been noted, up to 1.5 Mbp*), driven by DNA looping or
by the boundaries of topologically associating domains (TADs)*’. Hier-
archically nested sub-TADs are thought to promote further short-range
enhancerinteractions. Second, enhancers often display bidirectional
transcription of capped enhancer RNAs (eRNA), which is detectable
through the cap analysis of gene expression (CAGE)*.. Third, enhanc-
ers show histone marks such as acetylation of lysine 27 on histone 3
(H3K27ac)***®, Finally, chromatin accessibility of enhancers ought to
correlate with expression of target genes, or upstream partners*. Using
these molecular features, we explored the hypothesis that enhancers
(potentially of spatial genes) drive facial shape variationin adults and/
or pathologiesin newborns. To link promising cCREs to target genes, we
used the LinkPeaks function fromthe Signac package, which screens for
correlationsbetween open chromatinand gene expression (gene-peak
pairs referred to as ‘links’), and overlapped the result with published
facial enhancer and GWAS datasets, which revealed numerous pre-
dicted gene-enhancer interactions (Fig. 3a, Supplementary Note 3,
Supplementary Figs. 7 and 8 and Supplementary Table 2).

To validate cCRE importancein vivo, a proof-of-principle experi-
ment was performed (Fig. 3b,h), to target a peak conserved in mouse
that is linked to a spatial TF and contains genome-wide significant
SNPsidentified by previous GWASs>’. This peak resides inside of along
noncoding RNA, roughly 20 kilobases (kb) upstream of its linked gene
PAX1, which is the gene responsible for otofaciocervical syndrome
OTFCS2 (Fig. 3b). PAX1 is expressed in facial mesenchyme, in scler-
otome and in the pharyngeal pouches****. Pax1 knockout (KO) mice
were reported to develop characteristically long noses (among other
symptoms), and OTFCS2 patients with a combination of symptoms
and facial dysmorphisms, including a narrow nasal bridge***. The
PAXI-cCRE bears enhancer marks (Fig. 3b) and a variant associated
with nasal width (Fig. 3c; Methods). PAXI was observed in early mesen-
chymal progenitors and dermal mesenchymein the general scRNA-seq
embedding, and is specifically found in the predermal domain in our
Stereo-seqanalysis (Fig. 3d), notably in predermal cells adjacent to the
formingnasal cartilage. Similarly, PAXI-cCRE showed cell-type-specific
accessibility (Fig. 3b) in both progenitor cells and differentiated der-
mis (Fig. 3e). Because lineage tracing studies in mice have suggested
that neural crest cells are bipotent across skeletal and dermal tissues,
and given that PAX1 is known to engage in transcriptional competi-
tion with cartilage master regulator SOX9 (ref. 46), cis-regulatory

Fig. 2| Positional codes in the developing human face. a, Unbiased classification
of genes according to positional enrichment. Left: midrostral section (top,
bin=50) and general embedding (bottom) color coded with expression levels of
MSX1 (left) and COL2A1 (right) genes, as representative examples of genes with
regional enrichment, and with low (left) or high (right) transcriptional dispersal.
Darker red color indicates greater expression. Right: schematic illustration of
ascatterplotin which each gene’s anatomical and transcriptional Moran’sl are
plotted. b, Scatterplot of spatial (y axis) and transcriptional (x axis) Moran’s

Ifor allgenes detected in the midrostral section. Genes with greater spatial
value than 0.1and spatial/GEx ratio of at least 5 were highlighted, of these a few
selected gene symbols are shown in the box. Please explore the full gene listin
the Supplementary Table 3. ¢, Bar plots showing significance levels of selected
results from the top ten hits from a gene set enrichment analysis of spatial genes
through Enrichr (GO molecular function 2025, top; MGl mammalian phenotype
level 4 2024, bottom). Enrichment was assessed using Fisher’s exact test, with
Benjamini-Hochberg correction for multiple testing. d, Top-left, hierarchical
clustering of spatial TFs (transcriptional regulators found among the list of
spatial genes) based on distance in a Pearson correlation matrix reflecting
coexpression of genes inadownsampled midrostral section (bin = 500). Genes
are color coded by module. Combined module gene signatures are plotted on

the midrostral section (bin=50); darker red color indicates greater expression.

e, Motif-cell-type dot plot showing TF motif enrichment and expression. Motif
enrichment was assessed using a hypergeometric test, with FDR calculated by
Benjamini-Hochberg adjustment of Pvalues. Motif-cluster pairs were retained

if any pair met mean expression of >0.1and FDR of <0.05. Dot size indicates —
log,,(FDR), and dot color indicates mean expression (white to black, clipped to
0-3).Pairs with FDR > 0.05 were not plotted. f, Regulon enrichment calculated

by SCENIC+. Color (gene based) refers to the expression level of the genesin

the regulon, whereas dot size (peak based) refers to the percentage of cells

with AUC above threshold. +/+indicates that the TF is predicted to both open
chromatin and activate gene expression. g, Expression of patterning genes

MSX1 (top), DLXS (middle) and ALXI (bottom), and ona dendrogram embedding
generated through scFates for nose (left) and jaw (right) samples. Darker red color
indicates greater expression. DerM, dermal mesenchyme; PerivM, perivascular
mesenchyme; StroM, stromal mesenchymal cell; osteo; osteogenic mesenchyme;
chondro, chondrogenic mesenchyme; GEx, gene expression; POM, periocular
mesenchyme; EOM, extraocular mesenchyme; OP, optic progenitor cells; FNP,
frontonasal prominence; FB, fibroblast; MPC mesenchymal progenitor cell; MC2,
mesenchymal cell 2; FDR, false discovery rate; GO, Gene Ontology; MGI, Mouse
Genome Informatics; AUC, area under the curve.
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influences on the PAXI expression domain would be hypothesized
to affect development of the frontonasal structures. We identified a
276 bp region within the PAXI-cCRE that was 94% conserved between
mouse and human and highly conserved across other vertebrates
(Fig. 3f). We took advantage of the iGONAD system to use CRISPR edit-
ingtodelete this conserved region (Fig. 3g). Crossing PaxI-cCRE-edited

mice consistently produced litters containing mice with smaller bodies,
shorter heads and apparent calvarial defects (Fig. 3h). Interestingly,
these mice lacked some characteristic features of Pax1 KO mice, such
as scoliosis or a kinked tail*. These results provide evidence that the
targeted conserved enhancer regionis co-activated with the gene PAX1,
and hasimportance for mammalian skeletal morphology, but further

a Positional marker Cell type/tissue structure marker b ASPN GO molecular function
x . 0.6 4 CALB1 Sequence-specific DNA binding
( % t c Spatial ,/ Cell-type s I G Sequence-specific dsDNA binding
Anatomy B W S gene ,  marker ®© . 2 CRABP1 dsDNA bindi
e 4 = K 5 L FABPS s inding
space - % ® o/ @ " = 04 o8 FOXC1 RNA Pol Il regulatory region binding
Max = - @ B . . Receptor ligand activity
5| @ Cat FOXD1
— o @ ) @ @ 1°3 . T T
8 @ FOXF2 o 10
GEx 1mm = S FOXL2
o © — 02 MEOX2 MGI mammalian phenotype
-g S MGP Neonatal lethality
Gene (:% S MSX1 Small lens
expression Transcrlptlorjal = o RPN PENK Craniofacial bone morphology
space autocorrelation : ‘ : : Cleft secondary palate
0 0.2 0.4 0.6 Respiratory distress
%‘% - y . T T T
Morans | on GEx PCA graph o] 10 20
-log,o(P,4)
d e  HAND2 - 910t aci
Module 1 )
Max TWIST2 - Tmm \o mict D
EMX2 HAND2 Mean GEx
GEx IRX5 EBF3 . 000 3
o IRX3 < DLXS
PAX1 - BARX
VGLL3 ZIC -~ PRRXT |® « @ - - -« & « @ « « o o o o 2
POU3F3 \
IRX1 Module 2 ' . 1
TFAP2B Loy A 0 T s
EGRT ZEVYXWVTIFAVEY - ZZI/CC; - -0
PRDM6 g FOXC1
(s ¥: d
sl o 00D - X
M FOXL2 A A i Motif
FOXP2 T E POU3F3 -log;o(Pyg)
L rousra AAIAIC I Ewe 1 S
E)T)%X2 Module 3 /// Fgﬁig o 1
T DS e POUSF3 - X2
NEURODT /" GATAS ® 2
FOXP2 . RN K ® 3
Sox2 '|' PAX3 . o o :
i FOXG1 axAl] Q 1Tz ALX1 ® 5
fl MAFB o i MAFB ®
10
GATA2 OSR2
PAX3 @ »
ALX1 NSogoom o BOOOOSHS O
PAX7 BETEEEREE330532 8080353533
A S E8S55EESEENRSS55208m05 2 50
aVIvANVY 2008022055 % 5hs oq,;__n_a;otgo%g’
0y B5ElahgoCsxt2282453685
55 32EEB8S 3% WSC‘GQBQQESS\
Po P2g8<bglz 2wW2eelHS. §3
< c X on < <n® Z «
H3F3B &) < = Qg % (@) (S) o UJ Sa
gg? Module 5 Ta 2 8
— <
pAx6  OP a o
HMX1
PROX1
FOXES f Tenocyte - « o o o [RES] o 9 Nose region Lower jaw region
Skeletal MPC - o [@8] » @ @] o GEx
SalivGlaM -« » o o efs @ . ) ) 3.5
Early MPC - e [@l@e @ @@ ® I o] T
PrePerivaM - @ @ o @ © @ T b T TPy ]
S ARONE Posterior MPC - « - i 1 =
- ) Pericyte - o [@ @ > A { { 11 1
Nasal chondro - « g i . !
DLX2 Myoblast - e i
BARX1 Anterior DerFB - e .
Meninges - e |
Module 7 KeratOCyGtﬁ: : : o}
| — Mandibular POM/ScleraM - e o L - .
Anterior MC2 - e ] I :
DerFB - o Pl 11—
e Y] DentaM - « ) B | m 1
TRPS1 ’ . RS } i
MOXD1 Connective MPC - o i i |
SHOX Chondrocyte 2 - o Q 1.4 4
MEOX2 Chondrocyte 1 -|e i
DLX5 Chondroblast - e
— TLX3 Anterior MPC - e . |
PITXI § POSTN"FB - ° o
e PAX7/9" nasal StroM2 -« @ ®
iteny LinguaM - « (@ « @ i i z L, 25
oo FOXP EOM -/e [@18] o § : ir= = g
o i o o {
NR2F1 N o e 05—
ZNF503 Module 9 1 .0 axx0 T == ! ; Tty 8 1 B
L PHOX2B submandibular l 075 @ 0.25 <Z( DT >j { i o L] é o oi5 |t
oe S.050 @050 T A O °E ﬁ e ]
| U S | #
g;?}%ﬂ --0.25 : 0.75 eRegulon L : o 6 -(C)
HANDI -0 1 direct (+/+) 5. L o
L—————— Clorf6l Gene Peak g S
based based a

Nature Genetics


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-026-02748-y

studies should determine whether this sequence directly interacts with
PAX1,because LinkPeaks analysis alone cannot effectively distinguish
this possibility.

Associating embryonic facial cell types to facial traits through
GWAS signatures

In humans, as well as other vertebrates such as mice, musculoskel-
etal tissue shapes are generally established early and appear to
scale faithfully during development, as indicated by micro-CT scans
(Supplementary Fig. 2 and Extended Data Fig. 7), but how cell states
influence specific traits remains unclear. To understand the contri-
bution of each cell type to natural variation in facial shaping during
embryogenesis, we set out to overlap our datasets with a large facial
GWAS?, whichrecently identified thousands of highly significant vari-
ants associated with >60 distinct facial traits ordered by size (Fig. 4a
and Extended Data Fig. 8; overlaps with several other GWASs can be
found in Supplementary Fig. 9). Our aim was to connect SNPs with
particular cell populations using the following rationale: (1) most
SNPs are located outside of coding regions; thus, acommon expla-
nation for their influence is that variants affect enhancer activity. (2)
Enhancer-based gene activation occurs within nested TADs, resulting
inaninverse relationship between genomic distance and the likelihood
ofregulatoryinteractions. To achieve this, a distance-weighted metric
of trait enrichment was calculated for each cell type by aggregating
gene expression nearby highly significant trait-associated variants
(Supplementary Methods). Mesenchymal progenitor cell types were
significantly enriched with larger global (top 19) traits compared to all
other celltypes, consistent with afoundational rolein shaping (Fig. 4a).
Comparably minor or local traits were enriched in more mature cells
(Fig.4aand Extended DataFig. 8), suggesting adiminishing influence of
cellsonfacial traits over time. This can be explained in part by how the
initial shape of mesenchymal condensations and cartilages providesa
template for early endochondral and intramembranous bone deposi-
tion (Extended DataFig. 7), thereby influencing bone morphology even
long after the chondrocranium recedes”.

We noticed that the highest-ranking mesenchyme population,
originating from frontonasal and maxillary prominences, was preferen-
tially enriched in anterior traits such as the upper face (Fig. 4a). Because
the pattern of gene expression in the human embryo is expected to
influence the shape of the adult face, we tested whether expression
localization could explain trait specificity of their genomically proxi-
mal variants. A nose-jaw score was calculated by contrasting signifi-
cance of all SNPs and expression of nearby genes (Methods). Although
only weak to no correlation was found when considering all genes,
nearly all cell types showed strongly positive correlation between
trait expression and trait specificity when considering the 396 ‘spatial’

genes only, as well as when considering genes linked to peaks bearing
face-variation SNPs (Fig. 4b). This correlation was well-exemplified by
mesenchyme progenitors, notably the PCW6.5-enriched SOX1I" cell
cluster 16 (Extended Data Fig. 2a), as well as some early chondrogenic
progenitor clusters (Fig. 4¢).

Trait-expression coherence was driven in part by genes encod-
ing spatial TFs with known patterning roles, such as ALX1, which is
restricted to upper face regions (Fig. 4c¢). ALX1, the gene responsible
forautosomal recessive frontonasal dysplasia*®, marks the upper mid-
face spatial domain (Fig. 2d) and resides near genomic variants with
strong upper face specificity, suggesting a functional link. Indeed, we
observed an ALXI-linked cCRE 80 kbp upstream (residing in an intron
of the gene LRRIQI) showing nose-specific accessibility and putative
enhancer activity (Fig. 4d), bearing upper face variants (Fig. 4e). Gen-
erally, region-specific DARs were found linked to more than 100 of
theidentified spatial genes (Supplementary Table 2). Gene set enrich-
ment analysis and exploration of the 1000 Genomes project revealed
a significant overlap between genes driving variation and congeni-
tal disorders, and suggested that variants in enhancers targeting key
developmental genes are likely hotspots for generating facial diversity
in humans (Supplementary Note 4 and Supplementary Figs. 10-12).
Together, these findings reveal a potential basis for variant trait specific-
ity involving localized activation of enhancers in specific populations
of progenitor cells.

Distinct facial traits associated with differentially active
enhancers linked to the MSX1 gene

Gene expression patterns are thought to emerge compositely through
activity of multiple enhancers with distinct activation profiles, whichis
supported by the LinkPeaks analysis (Supplementary Fig. 7). We found
astriking example of this for MSX1, the gene associated with facial
anomalies such as oligodontia, cleft palate and Witkop (tooth and nail)
syndrome, and is sometimes missing in patients with Wolf-Hirschhorn
syndrome (WHS), caused by a partial deletion in the short arm of chr.
4 (refs.49,50). WHS craniofacial severity correlates with deletion size,
even in patients where the MSX1 gene is undisturbed*’. MSXI marks
the dental mesenchymal cell cluster (Fig. 5a) and predental spatial
domain (Fig. 2d), in line with its role as an important factor during
tooth development. However, we also observe MSX1 expressionin the
upper midface and nasal region (Fig. 5b). Indeed, MSX1 expression is
highly specific to nasal cartilage compared to other facial cartilages
(Extended Data Fig. 5c). To investigate gene regulation of MSX1, we
consulted our SCENIC results, which suggested that both anterior
and posterior facial patterning factors lie upstream in the MSXI GRN,
possibly representing a mixture of region-specific regulatory inter-
actions (Fig. 5¢). Referring to our list of cCREs, we observed multiple

Fig. 3 | Linking enhancers to partner genes reveals a new driver of facial
skeletogenesis. a, Stacked bar plot showing the proportions of chromatin states
(ChromHMM, 25-state model) observed among ATAC peaks (left) and linked
peaks (right). b, Chromatin accessibility and enhancer activity across dermal,
endothelial and progenitor populations are shown (top; normalized signal).
Gene models for RP5-106502.4 and PAX1 are displayed with SNP locations. cCREs
and enhancer state annotations (chromHMM) are shown below, with significant
predicted enhancer-gene links (arcs) connecting distal elements to PAXI. Right:
violin plot showing PAXI expression across profiled cell types. c, Plot of facial
effects for SNP at chr. 20: 21,682,649 (rs6047572). Left: normal map—normal
distances between the shapes exaggerated in the direction of both alleles for
theindicated facial segment. Red represents an outward protrusion, while

blue represents aninward depression. Right: radial dendrogram corresponds

to facial segmentsmentioned inref. 2. A darker border indicates genome-wide
significance. The asterisk indicates the plotted segment. d, Expression of PAX1
on the midrostral section. Darker red color of dots indicates greater expression
levels. The border of the tissue section is outlined. Cartilages, bone, tongue
muscles and eyes are highlighted as reference landmarks. Scale bar, 1 mm.

e, Expression levels of PAXI gene (left) and chromatin accessibility of PAXI-cCRE
peak (right) among nuclei from the general embedding. Darker purple color of
dotsindicates greater value. Color scales indicate expression/openness values.
f, Evolutionarily conserved region within the PAXI-cCRE. PhyloP scores across
vertebrates are shown, with peaks indicating nucleotide-level conservation
within a 278 bp portion of the PAXI-cCRE. g, Schematic of the iGONAD
experimental procedure used for generating cCRE-KO mouse strain (Methods).
h, Micro-CT analysis of the craniofacial skeleton in the PaxI-cCRE-edited mouse
strain. The 3D reconstructions of skulls show craniofacial wall thickness (color
scale) in the PaxI-cCRE-edited mice developing small bodies (top), compared
to normal control littermates (CTRL, bottom). An asterisk indicates regions of
reduced bone formation (apparent cranial defects). Box plots (right) quantify
number of skull holes (top) and skull length (bottom) from n = 6 mutant and
n=S5littermate control mice (each measurement shown as a point; box shows
median * IQR; whiskers show most extreme points within 1.5x IQR). 3D, three
dimensional. EnhA, active enhancer; EnhW, weak enhancer; ReprPC, polycomb
represesion; Biv, bivalent; DNAse, DNAse accessible.
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Fig. 4| Cellular basis for facial trait specificity. a, Left: heatmap showing distance-
weighted enrichment zscores (Supplementary Methods) for the top 30 traits
mentioned inref. 2, across facial cell types (granular clustering). Asterisks indicate
significance at P< 0.05, based on a one-sided ztest (uncorrected for multiple
comparisons). Clusters not passing P < 0.05 for at least one trait from the top 30
were excluded. Trait 16, for which no significant enrichment was observed for any
cluster, was also excluded; see full heatmap in Extended Data Fig. 8. Right:illustrated
schematic of thetop 15 segments fromref. 2. b, General embedding, where cell types
(granular clustering) are color coded by Pearson’s correlation between nose-jaw
specificity in SNP significance and nose-jaw differential gene expression (for

trait specificity and expression specificity scores, see Methods). Darker red color
indicates that the cluster has a greater agreement between localization of gene
expression and impact of nearby SNPs, for the spatial genes (left) and genes linked
to peaks containing variation SNPs (right). Clusters colored within the indicated
starred regionare significant (FDR < 0.05). ¢, Scatterplot of trait specificity (x axis)
and expression specificity (yaxis) in nose versus jaw for all spatial genes within

500 kb ofalead SNPin ref. 2, measured only from cluster 16 (SOX11' mesenchyme
progenitors). Correlation was assessed using Pearson’s product-moment
correlation (two sided; R*=0.392,r=0.626, P=5.5x10"®).d, Regional activity of an
ALXI-linked enhancer. ATAC-seq signal across nose and jaw populations. The cCRE
(red asterisk) is highlighted in gray. Gene models for LRRIQ1, RP11-193M21.1 and ALX1
areshown. Face-related SNPs are indicated in black. Chromatin state annotations
(ChromHMM) are shown with predicted enhancersindicated in yellow. Peak-gene
links (arcs) connect the cCRE to ALXI. Right: violin plot shows ALXI expression
across the nuclei profiled from different facial regions. e, Plot of facial effects for
SNPs rs11609649 (chr.12: 85,182,714) and rs7966105 (chr.12: 85,183,223) within the
ALXI-cCRE. Left: normal map—normal distances between the shapes exaggerated
inthe direction of both alleles for the indicated facial segment. Red represents
anoutward protrusion, while blue represents an inward depression. Right: radial
dendrogram corresponds to facial segments® A dark border indicates genome-wide
significance. The asterisk indicates the plotted segment. NPC, neural progenitor
cell; HET, heterozygous; TSS, transcriptional start site; Prom, promoter.

MSX1-linked cCREs (Fig. 5c-h) accessiblein progenitor cells (Fig. 5d,e),
showing putative enhancer activity (Fig. 5f,g) and bearing trait-specific
variants (Fig. 5h), in agreement with differences in accessibility across
regions (Fig. 5f) and cell types (Fig. 5g). This example illustrates how

multiple enhancers across different facial regions may compositely
establish important gene expression domains during development,
having consequences for facial shaping and potentially pathologies
such as WHS.
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Fig. 5| Spatiotemporal and cell-type specificity of multiple MSX1-linked
enhancerregions. a, Feature plots of the dental mesenchymal cell cluster

marker gene signature (Supplementary Table 1) on the general embedding (left)
and midrostral section (right). Expression levels are shown using the scale—

gray, none; blue, low; red, high. b, Plot of MSX1 gene expression on the general
embedding (left) and midrostral section (right). Expression levels are shown

using the scale—gray, none; blue, low; red, high. ¢, Predicted eGRN upstream of
MSX1.Directed edges connect TFs to their targets. Edge color encodes predicted
regulation type (blue, activation), and edge width is proportional to the interaction
strength (importance x correlation). To the right, long-range candidate enhancer
interactions for MSXI on chr.4. Gene models for several genes are shown, along
with peak-gene links (arcs) connected to MSX1. Two regions are highlighted—one
peakaround 3.7 Mb (cyan), and five peaks around 4.5 Mb (purple).d, Chromatin
accessibility of MSX1-cCRE1 (chr. 4:3,710,100-3,711,213) within nuclei in the general
embedding. e, Chromatin accessibility of MSX1-cCRE2 (chr. 4:4,520,935-4,522,648)
within nucleiin the general embedding. f, Regional activity of an MSX1-linked cCREL.
Normalized ATAC-seq signal across nuclei from PCW6 nose, PCW6 jaw and PCW11
nose samples. The cCRE (red asterisk) is highlighted in gray. Face-related SNPs

areindicated in black. Chromatin state annotations (ChromHMM 15-state model)
areshown with predicted enhancers indicated in yellow. g, Cell-type specificity of
MSX1-linked cCRE2. Normalized ATAC-seq signal across nuclei from osteoblast and
NPC clusters. Gene models for STXI8 and NSG1 are shown. Below, all ATAC peaksin
theregion are shown, including the cCRE (red asterisk, highlighted ingray). Bottom:
CAGE signal and facial SNPs are shownin black. Chromatin state annotations
(ChromHMM 25-state model) are shown with predicted enhancers indicated in
yellow. h, Predicted impact of rs115587413 (chr. 4: 3,710,209) and rs16835830 (chr.
4:4,521,471), the SNPs overlapping MSXI-cCREs. Left: cCRE1 contains a variant
associated with outer canthus width (illustrated) with PV6 (near genome-wide
significance, result fromref.7), as well as a variant associated with nasal bridge (PV2,
notgenome-wide significant, fromref. 2). Right: cCRE2 contains an SNP significantly
associated withlower jaw shape (from ref. 2). Normal distances between the shapes
exaggeratedin the direction of both alleles for the indicated facial segment. Red
represents an outward protrusion, while blue represents aninward depression.
Radial dendrogram corresponds to facial segments®. A dark border indicates
genome-wide significance. Asterisk indicates the plotted segment. Scale bars, 1mm.
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Fig. 6 | Cleft-associated epithelial-specific gene signature and linked
enhancer. a, Left: heatmap showing enrichment (z scores) for orofacial cleft
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types (granular clustering), for chromatin accessibility (top) and for distance-
weighted gene expression (bottom). Asterisks indicate significance at P < 0.05
based on Pvalues derived from a one-sided z test; no multiple-comparison
correction applied. See full heatmap in Supplementary Fig. 9. b, Left: feature
plot of the average expression of genes coexpressed with /RF6/GRHL3 in the
general embedding. Right: list of the coexpressed genes. Bolded and asterisk
indicate asingle peak linked to multiple genes in the signature. ¢, Feature plot
of the chromatin accessibility of an IRF6 enhancer within nuclei in the general
embedding.d, Cleft-associated epithelial gene expression in orofacial tissues
inthe midcaudal section. Top-left: Leiden clusters are shown as morphological
reference. Top-right: feature plot showing average expression of epithelial gene
markers (see Supplementary Table 1 for full marker list). Bottom-left: feature
plot showing average expression of the cleft-associated epithelial gene signature
fromb. Red, high expression; blue, low; gray, none. Bottom-right: predicted
COMMOT signaling activity for the PDGF pathway, color coded by selected cell
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types. Arrows indicate the directionality and magnitude of signaling scores. Scale
bar,1mm. e, Cell-type specificity of an /RFé6-linked enhancer on chromosome 1.
Normalized ATAC-seq signal across nuclei from epithelial and chondroblast cell
clusters. The H3K27ac signal shown is from the UCSC Genome Browser. Bottom:
agene model for IRF6 is shown. ATAC peaks, including /IRF6-linked peaks, are
showningray. Cleft-related SNPs (rs76145088, rs642961, rs77542756, rs11119348)
areshown as vertical lines. /IRF6-cCRE (chrl1: 209,815,652-209,816,694) is
highlighted in red and marked with the asterisk. Top-right: violin plot of IRF6
gene expressionin epitheliaand chondroblasts. f, Left: eGRN downstream

of IRF6. Directed edges connect /RF6 to its predicted targets (edge width -
interaction strength). Right: feature plot showing average expression of the same
targetsin the general embedding. Inset: a magnified view of the epithelial cluster.
g, Left: eGRN upstream of IRF6. Directed edges connect TFs to their predicted
targets (edge width -~ interaction strength). Right: feature plot showing average
expression of the same genes in the general embedding. Inset: a magnified

view of the epithelial cluster. nsCP, non-syndromic cleft palete; nsCL/P, non-
syndromic cleft lip or with or without cleft plate.
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Cleft-related epithelial gene expression signature reveals
pleiotropic enhancer-gene link

We wondered if variants underlying craniofacial pathology would also
be most strongly enriched in mesenchymal progenitor cell types, but
this was not the case when examining GWAS datasets focused on oro-
facial clefts, as epithelial cells were the most cleft enriched through
expression and accessibility across multiple studies”* (Fig. 6a). We
found a population of epithelial cells in our dataset expressing both
known cleft palate-related genes IRF6 (ref. 55) and GRHL3 (ref. 56), which
act together in a gene circuit that is essential for timely periderm dif-
ferentiation and clearance during palatogenesis. A gene signature was
identified to mark this cleft-related epithelial subpopulation (Fig. 6b),
as well as a cCRE linked to multiple genes within this signature—IRF6,
MIR205HG and LAMB3 (Fig. 6¢). The cleft-epithelial signature was found
tobe expressed in the epithelium overlying the forming palatesandin
salivary gland epithelia (Fig. 6d), at PCW6 (when periderm formation
isbeginning). This gene signature partly colocalized with a predicted
center for the platelet-derived growth factor (PDGF) signaling path-
way based on COMMOT? analysis (Fig. 6d; Methods). PDGF signal-
ing is required for salivary gland morphogenesis*® and palatogenesis
in mice*® and may be broadly deployed across craniofacial epithelial
niches. The IRF6-cCRE, which overlaps enhancer markings and cleft
palate-associated SNPs (Fig. 6e), has previously been described as an
IRF6 enhancer®, but to our knowledge has notbeen linked to LAMB3 or
MIR205HG. Accessibility for this pleiotropic cCRE was specific to epi-
thelial cells (Fig. 6e). Finally, SCENIC+analysis reconstructed a partial
IRF6 GRN, identifying numerous potential targets including LAMB3,
as well as several spatial genes (including both basal and periderm
keratins; these spatial gene targets shown in Fig. 6f) and arestricted
set of upstream regulators including genes encoding ELFS, ELF3 and
EHF (Fig. 6g). This analyzes a glimpse into the potential regulation of
cleft-related epithelial markers during human development, as an
examplethat the generated datasets can be used to discover new targets
and regulators underlying facial pathologies.

Peripheral neurons fine-tune the facial skeleton

Facial domains of localized CRE and/or TF activity are thought to be
established in part by secreted signaling molecules. Noticing that
receptor-ligand signaling ranked highly among the molecular functions
of spatial genes (Fig. 2c), we calculated domains of coexpressed sign-
aling factor modules (Fig. 7a), resulting in similar expression profiles
when comparedto TF domains (Fig. 2d). Plotting spatial gene cell-type
distributions revealed that several of the identified signaling factors
wereexpressed primarilyin peripheral neurons (Supplementary Fig.13).
Based on the trait enrichment of peripheral neurons bothin variation
in zygomatic shape (Fig. 4a) and in cleft palate (Fig. 6a), we grew curi-
ous about the role of peripheral neurons in facial growth. COMMOT"
was used to investigate the signaling landscape of the developing
human face (overview of top pathways and their predicted target genes

summarized, Supplementary Figs. 14 and 15). As expected, pathways
such asnoncanonical Wntsignaling, endothelin, insulin growth factor,
PDGF and other established craniofacial-associated pathways showed
high levels of activation at PCW6, and COMMOT analysis predicted
known target gene associations such as the activation of DLXS5 by
endothelin signaling (Supplementary Fig. 15b). We then focused on
pathways where neurons are predicted senders (Fig. 7b) and identi-
fied cell types that are likely receivers of neuronal secreted signaling
(Fig. 7b). This analysis predicted that Neuregulin and Pleiotrophin
signaling interactions occur between peripheral neurons and multiple
mesenchyme subtypes (Fig. 7c). Incoming Pleiotrophin signaling cor-
related with activation of numerous spatial genes, as well asimportant
pro-skeletal markers such as RUNX2 and ZFHX3 (Supplementary Fig.15b
and Supplementary Table1). To explore a potential role for peripheral
neurons in fine-tuning the facial skeleton, we analyzed craniofacial
morphology of mouse embryos lacking cranial sensory ganglia due
to genetic KO of Neurogenin 1 (Neurogl)®®®', and discovered specific
facial anomalies (Fig. 7d). Although we did not observe differences
in the length of the zygomatic, we found significant and clear differ-
encesinthe shape of maxillaand alisphenoid (Fig. 7d), suggesting that
peripheral neuronsinfluence craniofacial skeletal shaping in mamma-
lianembryos. Further efforts should be aimed at determining whether
defects in Neurog1-KO bones were caused by altered cell signaling or
by other mechanisms®,

Discussion
What cell types contribute most to facial diversity? Although postnatal
growth contributes most to changes in a person’s facial appearance
throughout life, prenatal development drives variation among faces
through a mix of genetic and environmental factors (for example,
diet)*>. In agreement with previous embryological work in model
organisms, as well as previous epigenomic measurementsin humans,
our trait enrichment findings point to early ectomesenchyme progeni-
tors as the principal substrates for variants shaping broad facial dimen-
sions, while more localized traits become enriched in progressively
differentiated cells, including an unexpected association between
peripheral neurons and maxillofacial aspects. As expected, theimpact
of SNPs strongly correlated with patterns of ‘spatial’ gene expression
in mesenchymal cells, suggesting that genetic associations to facial
trait variation in adults can be partly explained by effects on pattern-
ing of ectomesenchyme cells. When visualizing coexpression among
signaling molecules and TFs within this gene list, we observed regional
domains that partly correspond to what is known from model organ-
isms (see further discussion in Supplementary Note 5). Whether the
identified domains represent gene modules actively competing for
cellular real estate at their mutual borders, or areindicative of the out-
comes of even earlier patterning decisions, will be interesting to pursue.
Although the human face differs substantially from that of mice
and other model organisms®*, and likely relies on key human-specific

Fig. 7| Peripheral neurons may fine-tune craniofacial bone shaping.

a, Left: hierarchical clustering of spatial signaling genes (secreted molecules

or receptors found among the list of spatial genes) based on the distanceina
Pearson correlation matrix reflecting coexpression of genes in adownsampled
midrostral section (bin =500). Genes are color coded by module, and highly
expressed ECM molecules were excluded from modules to prevent single

genes from dominating signatures. Right: combined module gene signatures
(averaged) are plotted on the midrostral section (bin = 50) with darker red color
indicating higher expression. b, Bar plots showing COMMOT scores of the top
ten predicted target cell populations (left) and pathways (right) of predicted
receptor-ligand signaling activity from neurons. ¢, Predicted COMMOT signaling
activity for the NRG (left) and PTN (right) pathways, color coded by selected cell
types. Arrows indicate the directionality and magnitude of signaling scores.

d, Micro-CT analysis of craniofacial skeleton in Neurogenin 1KO mouse embryos.
Left: 3D reconstructions of skulls in NeurogI-KO (top) and HET (bottom) control

littermates. Maxillais highlighted and color coded by wall thickness (color
scale), and displayed from a slightly rotated angle in the insets. Arrows indicate
differences in maxillashape. Scale bar, 1.5 mm; inset scale bars, 0.65 mm. Right:
box plots quantify the length of zygomatic, volume of alisphenoid and maxilla
inner width/height (box shows median + IQR; whiskers show most extreme
points within1.5x IQR). Statistical comparisons between n = 5 mutant embryos
and n =11littermate controls were performed using two-sided Wilcoxon
rank-sum tests. Significance is indicated as **P = 0.002; not significant (NS),
P=0.497.PRCs, photoreceptor cells; INs, inhibitory neurons; Epi, epithelial
cells; Ery, erythrocytes; Periv, perivascular cells; Melano, melanocytes; MK,
Midkine; PTN, Pleiotrophin; NRG, Neuregulin; BMP, bone morphogenetic
protein; VEGF, vascular endothelial growth factor; ECM, extracellular matrix;
mes, mesenchymal; EBF, mesenchymal expressing EBF genes; SEMA3, Class Il
Semaphorinsignaling pathway.
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regulatory elements®**, human-specific aspects of chondrocranial
developmentremainrelatively understudied®. In this work, to identify
genetargets of human noncodingregulatory elements, we assembled
aregion-resolved and cell-type-resolved map of 50,000 cCREs whose
peak accessibility mirrors gene expression (that is, ‘links’). Building
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overlap genomic regions showing loop-based enhancer logic, as well
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opmental enhancers active in human facial tissues. Overall, these data
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supported a multitude of evolutionarily conserved and a number
of human-specific enhancer interactions. Following this result with
massively multiplexed activity assay experiments to define the spa-
tiotemporal windows of enhancer function should help accelerate a
resolution to the problem of identifying enhanceropathies, which is
astill-growing category of diseases*-**57°,

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41588-026-02748-y.
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Methods

Ethical approval

The Swedish Ethical Research Authority and the National Board of
Health and Welfare approved all procedures for acquiring human
prenatal tissue for research (ethical references 2018/769-31, 2019-
04595, 2020-03045 and 2024/00280-02). The use of fixed embryos
for micro-CT analysis was approved by the Ethics Board of Masaryk
University (ethical referenceis 79/2022). Allanimal experiments were
approved by the Swedish Animal Welfare Body, Jordbruksverket and
theregional animal ethics committees, Stockholms djurforsoksetiska
namnd and Goteborgs djurforsoksetiskanamnd (permits N15907-2019,
18314-2021and 004225)

Collection of human embryonic tissue

Human prenatal tissue was obtained from elective terminations of
pregnancy (induced abortions) with informed oral and written con-
sent fromthe patient, and pseudonymized. The material was donated
for general nonprofit research purposes, especially with a focus on
embryonic tissue development. Sample staging involved clinical
ultrasound, using crown-rump length and anatomical landmarks.
The chondrocranial regionand surrounding tissue were separated and
placedinice-cold PBS before tissue dissociation. This study analyzed
20 embryos using transcriptomics-based methods (between 6 and 11.5
weeks of gestation). For morphological analysis by microcomputed
tomography, human embryos fromthe repository of the Department of
Anatomy, Faculty of Medicine, Masaryk University, Brno, were fixed in
formaldehyde solution. They were sourced from the Maternity Hospital
of the University Hospital Brno on Obilni trh, collected in the second
half of the 20th century. Five embryos were used for micro-CT in the
study (at 8-12 weeks of gestation).

Phosphotungstic acid contrasting

To enhance soft tissue contrast for micro-CT scanning, we used a stain-
ing protocol adapted from Brian Metscher’s laboratory (University
of Vienna). This involves fixing embryos in a formaldehyde solution,
followed by a dehydration process using varying ethanol concentra-
tions. For enhanced scanning results, we used phosphotungstic acid for
contrasting the samples as described”. Post-treatment, the embryos
were rehydrated and embedded in agarose gel for stability during
X-ray CT scanning.

Micro-CT scanning of human embryos

The micro-CT analysis of human embryos was executed using a GE
phoenix vitome|x L 240 system, equipped with a nanofocus X-ray tube
and a high-contrast flat panel detector as described. The accelera-
tion voltage of X-ray tube was 80 kV with 200 pA current. Exposure
time was 500 ms and three projections were acquired and averaged
ineach position (2,100-2,300 projections depending on the sample
width) over 360 °C. The voxel size of the generated volumes varied
depending on the embryo size in the range between 11 and 20 pm,
and tomographic reconstructions were performed with specialized
GE phoenix datos|x software. For the cartilage segmentation, Avizo
software was used, and the data were transformed into a polygonal
mesh. Surface smoothing of this mesh was done using VGSTUDIO
MAX 2.2 software.

Animal experimentation

Animals from nongenetically modified mouse lines CD-1and C57BL/6
were purchased from Charles River Laboratories and Janvier. Neu-
rogenin 1 KO (‘NeuroglTm2and’) mice were purchased from Jax Lab
(RRID: IMSR JAX:017306). Animals were kept in an SPF animal facility
with standardized conditions (24 °C,12-h light/12-h dark cycle, normal
humidity, food and water ad libitum). After producing the PaxI-cCRE
strain using iGONAD, heterozygote mice were crossed to generate
experimental and control animals distinguished by size.

Micro-CT analysis of mouse bones

For scanning of mouse bones during functional experiments for the
role of peripheral nerves (n = 5E18.5 NeurogI-KO mouse embryos, n =11
littermate heterozygote/wild-type mouse embryos, fromn =3 litters)
andtherole of the predicted Paxlenhancer (n = 6 ‘small’ mice from the
Pax1-cCRE line and n = 5 littermates, from n =2 litters at 2 months of
age), mice werekilled, fixed in4% paraformaldehyde for24-48 hat 4 °C,
stored in 70% ethanol and subsequently analyzed by micro-CT scans
at the Karolinska Experimental Research and Imaging Center within
the Department of Comparative Medicine at Karolinska University
Hospital. These CT scans were performed using the Mediso nanoS-
can PET/CT system, operated through Nucline software. The acquisi-
tion parameters were as follows: 720 projections per rotation, helical
scanning mode with a pitch of 1, Ultra Zoom setting, exposure time of
170 ms, binning ratio of 1:4 and an X-ray tube voltage of 35 kVp. Image
reconstruction was conducted using Fourier back projection withinthe
same software environment. The resulting volumetric dataset consists
of isotropic voxels with an edge length of 49 um. Downstream image
analysis was performed at the Central European Institute for Technol-
ogy using Avizo software and VGSTUDIO MAX 2.2 software as above.

Tissue dissociation and single-cell suspension preparation

Tissue digestion buffer was preparedin advance of the dissection—1 ml
of the 20 mg ml™ Collagenase P (Sigma-Aldrich), 1 ml of 25 U mlI™ dis-
pase (Gibco/Invitrogen), 1 ml of 10x TrypLE Select and 7 ml of Hank’s
buffered salt solution (HBSS; HyClone, with Ca*" and Mg?", without phe-
nol red). Whole craniofacial complex samples, and external ear sam-
ples, were received from the Human Developmental Tissue Biobank.
Then, dissection of different regions was performed under a stereo-
scope with darkfield illumination to enrichsamples for cells originating
fromaspecific facial region (see Supplementary Methods for regional
dissection details). Each dissected tissue (lower jaw region, nasal
region, ears region, eyes region and forehead region) was chopped
intol mm pieces with ascalpeland placed into15 mlFalcon tubes con-
taining 2.5 mltissue digestion buffer. Then, tissue was gently triturated
using atransfer pipette and briefly vortexed. The samples were placed
inal50 rpmshakingincubator at 37 °C and digested for four periods of
5mineach, agitating each sample inbetween each incubation period.
Agitation consisted of tapping the tube, vortexing 5 s, triturating 10x
with a transfer pipette, and triturating 10x with a1 ml pipette. After a
final agitation following digestion, the remaining tissue chunks were
allowed to gravitate to the bottom. Supernatant was collected after
30 s. The supernatant was transferred to a new 15 ml Falcon tube and
2% FBS in HBSS (without Ca®*, without Mg, without phenol red) was
added onice to each tube until they were filled up to 10 ml, and from
thenonsamples were keptonice. Samples were centrifuged at 500g for
15minat4 °C,andeach pellet was resuspended in 2 ml of 2% FBS/HBSS
and subsequently passed through a40-pm filter. Cell suspensions were
placedinto 2 ml Eppendorftubes and centrifuged at 500g for 5 min at
4 °Conatabletop centrifuge. Supernatant was removed and cell pellets
were resuspended in 100 ml of PBS/0.05% BSA. For samples that would
be used to make gene expression libraries, 400 ml cold methanol was
added dropwise to the cell suspension, and the tubes were equilibrated
to a—80 °C freezer using a Mr. Frosty freezing container. For samples
that would be used to make 10x multi-omics (RNA + ATAC) libraries,
pellets were instead suspended in 20% FBS (HyClone), 10% dimethyl
sulfoxide (Sigma-Aldrich),in RPMImedia. On the day of library prepara-
tion, the cells were brought to +4 °C and centrifuged at 1,000 RCF for
10 min at 4 °C. Supernatant was removed and 500 pl of rehydration
buffer (1x DPBS (Gibco, 14190144) containing 1.0% BSA (Sigma-Aldrich,
B4287) and 0.5 U pl'RNAse out (Thermo Fisher Scientific,10777019))
wasaddedto cell pellet, resuspended and centrifuged at 1,000 RCF for
10 minat4 °C. The cell suspension was sorted and debris was removed
by FACS usinga BD FACS Aria Fusion instrument equipped with100 pm
nozzle (BD Biosciences). FACS-sorted cells were pelleted again and
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resuspended inrehydration buffer, and concentrated until the sample
concentration was roughly 10,000 cells in 50 pl. Nuclear isolation for
multi-omics experiments was performed in accordance with the 10x
Genomics Chromium Single Cell Multiome ATAC + gene expressionKkit.

RNA-seq library preparation and sequencing

Library preparation was donein accordance with10x Genomics Chro-
mium Single Cell 3’ protocol for Reagent Kits (v3.1),and the 10x Genom-
ics Chromium Single Cell Multiome ATAC + gene expression kit. For
human fetal cells, we aimed to recover 10,000 cells or nuclei per chip
with the lllumina NovaSeq 6000 Sequencing System (NovaSeq 6000
S1Reagent Kit or NovaSeq 6000 S2 Reagent Kit was used). The read
setup was the standard recommended from 10x Genomics—read1=28
cycles (cell barcode and UMI), i7 index = 8 cycles (sample index) and
read2=91cycles.

Processing of scRNA-seq

Atotal of 30 scRNA-seq and 12 snRNA-seq datasets from humanembryo
samples between 6 and 11 weeks were analyzed by the Scanpy package
(v1.9.3). We kept only cells with a number of detected genes of >200
and cells with mitochondrial gene expression percentages <4.5. Genes
expressed in <3 cells were removed. To detect doublets, Scrublet was
performed on eachsample by setting the parameter ‘threshold = 0.15
(ref. 78). Sex-related genes were removed from the gene list to avoid
batch effects. We merged the count matrices fromall the samples using
an inner join of genes across sample batches resulting in a merged
count matrix containing 295,141 cells and 21,237 genes. Next, the gene
expressionmatrix was normalized and log transformed. Highly variable
genes were calculated and the PCA was performed. The cell cycle was
regressed out using Scanpy’s ‘regress_out’ function. For nose and jaw
embeddings, batch effect correction was conducted on the principal
components (PCs) with Harmony algorithm’. The neighborhood
graph computed by the pp.neighbors function was used for clustering
performed by the Leiden algorithm®°.

Developmental trajectory inference from scRNA-seq data

We used the Python command-line velocity tool to generate aloom
file for each sample based on the BAM files of the samples®*?to deter-
mine amounts of spliced versus unspliced transcripts. The spliced
counts, unspliced counts and highly variable genes were used to cal-
culate velocity values. To aid trajectory inference during the analy-
sis of the count matrix, we used the scFates Python packages®. PCA
was performed on the count matrix subset of the 1,500 highly vari-
able genes. Palantir was used to obtain multiscale diffusion space
and then embedding from the multiscale diffusion space was gen-
erated®. The trajectory inference was performed in two stages. For
nose and jaw harmonized embeddings, a 200-node tree was fitted,
using SimplePPT approach on the UMAP space using tl.tree function
(scFates, method = ‘ppt’ sigma = 0.5, lambda =100, metric = ‘euclid-
ean’). Forindividual samples, a3,000-node tree was fitted, using Sim-
plePPT approach onthediffusion space using tl.tree function (scFates,
method = ‘ppt’ sigma = 0.0005, lambda =200, metric = ‘euclidean’).
The tree is composed of a soft assignment matrix R, where each node
of the tree contains a value for all cells; each cell has an assignment
strengthtoanodebetween 0 and 1, with1being the closest to the node.
Pseudotime value was then generated as a distance onthe tree fromthe
selected roots and projected to cells using the R assignment matrix. For
analysis using CytoTRACE, the subset count matrix was used as input
for the CytoTRACE pipeline using default parameters®.

Visium and Stereo-seq sample preparation and data analysis

Humantissue samples were snap frozenin OCT using liquid nitrogenand
stored at —-80 °C. Frozen tissue blocks were sectioned on a Leica NX70
cryostat and placed on a 10x Visium capture slide. RNA quality of all
samples was determined to be RIN > 9. Tissue optimization slides were

used to determine the timing of tissue permeabilization. Library prepa-
ration was performed according to the user manuals for Stereo-seq
(https://en.stomics.tech/) and Visium (https://www.10xgenomics.
com/). The detailed notebooks used to analyze the dataare available at
https://github.com/TBouderlique/human_face_development. Briefly,
Visium reads were processed with Space Ranger (10x Genomics). To
account for dropouts, we denoised the datasets. The denoised and raw
counts were then processed with the Scanpy pipeline®. The denoised
count tables were used only to compute the neighborhood graph and
cluster the Visium spots. The GWAS enrichment scores were calculated
on the normalized raw counts. We calculated the cell-type scores with
Tangram¥, using areference scRNA-seq corresponding to the section,
coming from the same sample when possible. For Stereo-seq analysis,
the read mapping, counting and cell segmentation were performed with
SAW pipeline®®. After that the conversion to hSad was performed with
Stereopy (v0.12.1)*. Annotation of Stereo-seq datawas done using label
transfer from the scRNA-seq datawith CellTypist (v1.6.3)°°. Inference of
cellsignaling communication in all spatial datasets was performed using
COMMOTY. Toanalyze target genes, the top global gene activation from
pathways wasretrieved from the COMMOT results. COMMOT outputs
thessignificantly differentially expressed genesin response to a pathway
using associationTest() from tradeSeq”.. It also fits a smooth curve to
each pathway, and with this, we filtered for positive associations with
gene expression to retrieve gene activation. For each sample, the top
50 gene-pathway activations were selected. Genes that contribute to
the pathway activation score (for example, receptors) were removed.
Amongthese genes, across all samples, the greatest strength of associa-
tionscore for each pathway-gene pair was selected.

Spatial codes analysis

For cell and bin embedding creation, loglp transformation followed
by PCA was performed with Scanpy®. In the case of cells’ embedding
from Stereo-seq data, the first PC was excluded from further analysis
as it captures only differences in cells’ sequencing depth. K-nearest
neighbor graphs were built based on the embeddings and were further
used for clustering with the Leiden algorithm®°. Spatially restricted
and cluster nonrestricted cells were detected as a trade-off between
Moran’s | of spatial graph and Moran’s | of gene expression graph.
More precisely, Squidpy (v1.2.2)°? was used to calculate Moran’s I** on
both spatial and gene expression graphs. Per tissue section, the top
100 genes with the highest difference between spatial Moran’s I and
squaredroot gene expression Moran’sl were selected as potential genes
ofinterest. This resulted in 396 unique spatial genes saved from at least
one section (Supplementary Table 3 shows averaged scores) and 134
unique genes saved across both embryos. For downstream analysis,
we proceeded with the 396 genes. These genes were curated by known
molecular functions into lists such as transcriptional regulators or
secreted signaling or extracellular matrix factors. To assess coexpres-
sion profiles, Stereo-seq sections were downsampled into roughly 400
bins (bin size =500) and Pearson’s correlation was calculated across
gene pairs based on expression per bin. Hierarchical agglomerative
clustering with average linkage (UPGMA) on a correlation-distance
matrix followed by module assignment through dendrogram cutting
using the ‘cutree’ package (k = 25) was used to define gene modules,
with some adjacent genes added or excluded based on expression
profile similarity. A consensus tree was constructed using all spatial
genes and all Stereo-seq sections, but spatial TF and signaling mod-
ules were analyzed using the midrostral section as it shows the most
regions of interest and above-median agreement with the consensus
tree (Supplementary Table 3).

Preprocessing and normalization of joint snRNA/ATAC-seq
data

Cell Ranger ARC with default parameters was used on all samples to
obtain count matrices for both modalities by aligning reads to the
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human genome and transcriptome (hg38). Resulting samplesincluded
count matrices from 6.5 weeks (first embryo face sectionedinto eyes,
nose, jaw regions; second one with anterior and posterior regions) and
10and11weeks (divided into eyes, nose, jaw regions and asample with
remaining tissues). The resulting gene expression, ATAC-seq count
matrices and fragment files were preprocessed using Seurat (v5.0.0)
and Signac (v1.14.0) packages on R (v4.4.2)%%,

To merge multiple single-cell ATAC-seq datasets, we first created
a unified set of peaks using the ‘reduce()’ function from output bed
files. Next, we quantified peaks in each dataset using features from
aunified set of peaks and fragment files and created a feature matrix
with ‘FeatureMatrix(). Then we created objects for each dataset using
‘CreateChromatinAssay()’ and ‘CreateSeuratObject(). Theresulting 12
objects were merged using the merge() function. For quality-control
metrics, we computed ‘NucleosomeSignal()’ and transcription start
site (TSS) enrichment score ‘TSSEnrichment()’ and used ‘subset()’ to
filter out the low-quality peaks using the following thresholds: TSS.
enrichment >4 and <10, nucleosome_signal < 2 and for the total num-
ber of ATAC-seq fragment counts per cell nCount_ATAC < 250,000
and nCount_ATAC >1,300. We removed peaks on nonstandard chro-
mosomes and in genomic blacklist regions with ‘keepStandardChro-
mosomes()’ and ‘subsetByOverlaps()’. GC content for each peak was
computed using ‘RegionStats()’ (EnsDb.Hsapiens.v86 (v2.99.0),
GenomelnfoDb (v1.42.0))°°. We further processed DNA accessibility
data by performing latent semantic indexing by finding top features
for peak assay ‘FindTopFeatures()’, performing term frequency inverse
document frequency normalization ‘RunTFIDF()’ and performing
partial singular value decomposition with RunSVD().

Gene expression count matrices were merged using the ‘merge()’
function following JoinLayers()’. The result was added to the existing
ATAC-seq object using ‘CreateAssayObject()’. RNA assay was filtered
using subset() function for percentage of mitochondrial genes per-
cent.mt <10; for the total number of molecules detected within a
cell nCount_RNA < 20,000 and nCount_RNA >2,000; for the num-
ber of genes detected in each cell nFeature_RNA <1,000 and nFea-
ture_RNA <5,000. Then, gene expression data for each dataset were
normalized using ‘NormalizeData()’ for the total number of counts per
cell, multiplied by ascaling factor 10,000 and natural-log transformed.
Atotal of 2,000 variable features (genes) were found using ‘FindVari-
ableFeatures()’ with the ‘vst’ selection method. RNA assay was scaled
and centered using ‘ScaleData()’ for all genes. Furthermore, the gene
expression assay was normalized with‘'SCTransform()’ and we reduced
dimensionality with ‘RunPCA()".

Downstream multi-omic analysis and visualizations

Tofind aset of peaks that may regulate gene expression, we computed
the corrected correlation between gene expression and accessibility
of nearby peaks using the ‘LinkPeaks()’ function*’. We used 3 Mbp
distance from the genes as threshold. Results for particular genes and
peaks were visualized using ‘CoveragePlot()’. SNPs associated with
facial features or craniofacial diseases were overlapped using peak
coordinates. GWAS SNPs were reused from published studies® %%,
Minimum P values for each SNP/segment pair from ref. 2 were col-
lected by comparing UK and US cohorts. A total of 25-state model
coordinates based on ChIP-seq from Carnegie stage 17 (ref. 30; -6
weeks) and H3K27ac ChIP-seq data®**® from weeks 4, 5, 6, 7 and 8
were downloaded from GEO. CAGE" regions were re-analyzed* as
described above. Vistaenhancers were downloaded on19 September
2025 from the VISTA Enhancer browser tool’®*’, LiftOver (rtracklayer)
was used to ensure coordinates across all datasets matched the hg38
reference genome. Overlap between peaks or linked peaks with other
datasets was identified using subsetByOverlaps() and findOverlaps()
functions from the GenomicRanges (v1.58.0 and v1.60.0) and IRanges
(v2.40.0) packages in R (v2025.09.0 + 387)%. A total of 572 links had
SNP overlap, and together, links overlapped 874 SNPs in total. The

12,699 CAGE regions overlapped with 8,762 links. Thus, 6,874 links
were found to contain an H3K27ac " region. Cell-type annotations, both
the general coarse-grained and more fine-grained annotations (56 cell
types), were made on the merged dataset based on gene expression
for all experiments containing both snRNA-seq and scRNA-seq data
(filtered altogether; ‘Processing of scRNA-seq’). For the ATAC-seq
assay, differentially accessible peaks between cell types, sectioned
regions and collected time points were found using ‘FindAliIMarkers()’
and ‘FindMarkers(min.pct = 0.1)’ functions using the Wilcoxon test.
Theresulting DAR activity for various cell types and spatial-temporal
groups of cells was visualized using pheatmap (v1.0.12). For this, the
average openness of cells was calculated using ‘AverageExpression()’,
andresulting values were zscaled before plotting. Cell types were hier-
archically clustered based on correlation distances and the Ward.D2
linkage method, resulting in an order applied toboth the columns and
rows of the heatmap. We added motif information to the Seurat object
using the ‘AddMotifs()’ function and alist of motif position frequency
matrices from the JASPAR database (JASPAR2020, v0.99.10)'°°. To find
enriched motifs in a given set of cell-type-specific DARs compared
to a GC-content-matched set of peaks, we applied the ‘FindMotifs()’
function. To examine disease association of peaks, we took the various
sets of peaks that contained trait-associated SNPs and calculated the
average peak accessibility for this set on asingle-cell level, subtracted
by the aggregated accessibility of control feature sets using AddMod-
uleScore() from Seurat. All the tables and visualizations were handled
using dplyr(v1.1.4), tydir(v1.3.1) and ggplot2(v3.5.1) libraries inR.

SCENIC+

Tobuild eGRNs using SCENIC+ (refs.101,102), we first created metacells
using SEACells (v0.3.3) on Python (v3.11)'. We used latent semantic
indexing dimensionality reduction of the scATAC-seq assay to create
metacells, aiming for 75 cells per metacell. Fifteen eigenvalues were
used for initializing the metacells. Created ATAC-seq metacells were
then used tosummarize gene expression values for cellsin each meta-
celland toassignthe probable granular cell type. The resulting metacell
ATAC-seq object was converted into cisTopic objects with create_cis-
topic_object() and then used for downstream analysis with pycistopic
(v2.0a0) for enhancer candidate identification and topic modeling'**.
Next, topics were binarized and annotated by cell type, and DARs
and genes were found across cell types (find_diff features()). For the
RNA-seq part of the metacells, we preprocessed the data using Scanpy
(v1.8.2)%. Count matrix was normalized (sc.pp.normalize_total()), log
tranfromed (sc.pp.loglp()) and scaled (sc.pp.scale()). Because we had
human data, we used precomputed cisTarget ranking, score databases
and SCENIC+ motif collection, cisTopic object and preprocessed GE
matrix to run the SCENIC+ pipeline with default parameters with the
2 Mbp search space upstream and downstream of TSS of a gene to
create eGRNSs.

Visualization of SNP impact

Weinvestigated the facial effect of SNPs using summary statistics from
a GWAS meta-analysis focused on 63 hierarchical facial regionsin 4,680
participants from the United States and 3,566 from the United King-
dom?”, For each SNP, we obtained the multivariate effect coefficients
correspondingto the facial region and cohort with the strongest asso-
ciation (thatis, lowest Pvalue). Briefly, these effect sizes were derived
through canonical correlation analysis, applied to PCs that capture
facial shape variation. The PCs were adjusted for covariatesincluding
sex, age, age squared, height, weight, facial size, the first four axes of
genomic ancestry and the imaging system used”. The multivariate
effect coefficients yielded by canonical correlation analysis can be
interpreted as the axis of shape variation most strongly correlated with
the SNP. To visualize the phenotypic effects, we computed normal dis-
tances between facial shapes positioned at +3 s.d. along the identified
axis, effectively exaggerating the effect of both alleles. These distances
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wererendered as heatmaps, withblue and red indicating and outward
displacements, respectively. To better understand the span of anSNP’s
effect onthe face, its Pvalues across all 63 facial regions were plotted
onapolardendrogramstructured according to facial regions defined
inref.2—the central node represents the full face, while the surround-
ing quadrants, arranged clockwise from the top-right, correspond to
the upper face, lower face, nose and upper lip. The MeshMonk (v0.0.6)
spatially dense facial mapping software is free to use for academic
purposes (https://github.com/TheWebMonks/meshmonk). MATLAB
2017b implementations of the hierarchical spectral clustering are
available from an earlier publication'®.

CRISPR-Cas9

Target sites for gRNAs of the human homolog sequence were identified
using RGEN Tools, Cas-Designer 2023.05.05 (BAE Labs, Seoul National
University College of Medicine). All genome editing reagents were
purchased from Integrated DNA Technologies. CRISPRRNAs (crRNAs)
for candidate sites and tracrRNA were complexed to form a crRNA-
tracrRNA complex (called ‘gRNA’) and incubated with Cas9 for RNP for-
mation. The design of long ssDNA was based on the details mentioned
inref. 106, taking into account (1) the polarity of the repair template,
(2) asymmetry of the homology arms and (3) the removal of putative
internal homology between the Cas9 cleavage and insertion sites by
introducing (silent) mutations in the repair template. The replacement
for thehuman homolog was designed by choosing anon-native random
nucleotide sequence of 274 bp length. Long ssDNA was purchased
from Integrated DNA Technologies. Human homologous sequencein
mouse chr2 wasreplaced by randomized nucleotide sequence bearing
nosimilarities to original and none of the found TF binding sites. Guide
RNAswere chosen 80 bp upstream and 67 bp downstream of the region
tobereplaced. Homologous arms were chosen 50 bp above and below
each guide’s PAM. See Supplementary Table 6 for sequences used.
Details of the iGONAD and downstream genotyping can be found in
the Supplementary Methods.

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

Data availability

Please explore the dataset on CELLXGENE at https://adameykolab.hifo.
meduniwien.ac.at/cellxgene_public/.

CAGE data have been made available in the Supplementary Table 7.
The raw CAGE data have also been analyzed in a different context by
our teamas part of a different published paper* (accessible at https://
zenodo.org/records/10363659 (ref.107)).

Micro-CT scans are available at Zenodo via https://doi.org/10.5281/
zenodo.17347142 (ref.108).

Count matrix data have been submitted to Dryad, and is accessible
under the following https://doi.org/10.5061/dryad.7mOcfxq8t.

All raw FASTQ files have been deposited to the European
Genome-Phenome Archive and are available upon request from the
accession EGAS50000002001.

Code availability

Original code hasbeenarchived at Zenodo via https://doi.org/10.5281/
zenodo.21825224 (ref.109) and is available on GitHub at https://github.
com/TBouderlique/human_face_development.
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Extended Data Fig. 2| See next page for caption.
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Extended DataFig. 2 | Spatiotemporal distribution of facial cell types and
their markers. a, Granular cell clustering. The general embedding is shown,
color coded and numerically labeled by granular cell-type annotations. Cell-
type names are shown in the right. b, Stacked bar plots showing each cluster
subdivided by facial regions that cells were isolated from. Color key below
the embedding as shownina (left). ¢, Stacked bar plots showing each cluster

subdivided by age of embryo that cells were isolated from. Color key below
the embedding as shownina (right).d, Dot plot showing enrichment of some
cell-type-specific marker genes used to annotate the granular cell typesin the
dataset. Dot size indicates the fraction of cells in each cluster expressing the
gene, and dot color shows the normalized expression levels.
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Extended Data Fig. 3 | Stereoseq analysis of week 6 embryonic human face
tissues. a, All eight Stereoseq sections (rendered at bin size 50), color coded by
consensus cell-type assignments (labels to theright). b, Cell-type annotation
using Stereoseq data. Left, the midrostral section is shown color coded according
to the Leiden cluster. Hematoxylin and Eosin stain to the upper right. Signatures
defining specific clusters are mapped on the right (bin 50), and can be explored

in detail via Supplementary Table 1. Darker color indicates greater expression.c,
Cell-type annotation using Stereoseq data. Left, the caudal section is shown color
coded according to the Leiden cluster. Hematoxylin and Eosin stain to the upper
right. Signatures defining specific clusters are mapped on the right (bin 50),

and can be explored in detail viaSupplementary Table 1. Darker color indicates
greater expression.
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Example mesenchymal cell signature plotting with gene markers from CellxGene companion
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Extended Data Fig. 4| Example mesenchymal signatures. Feature plots using all eight Stereoseq sections to plot average gene expression levels of entire gene
signatures (genes used can be found in the Supplementary Table 1).
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TFBS motif enrichment across cell types
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GWAS enrichment for 63 traits across 54 cell types (White et al 2021)

White 1 - Whole face

White 2 - Central midface

White 3 - Rest of face

White 4 - Lower central midface

White 5 — Upper central midface

White 6 - Lower face

White 7 — Superior midface/forehead region
White 8 — Paramedian upper lip 1

White 9 - Upper lip region

White 10 — Nasal sidewall + frontal maxillary process
White 11 - Nose

White 12 — Cheek region

White 13 — Lower jaw region

White 14 — Forehead

White 15 - Lateral upper face

White 16 Nasolabial fold

White 21 — Frontal process of maxillary bone
White 22 — Nose tip complex

White 23 - Nasal dorsum

White 24 - Middle cheek

White 25 — Lower cheek

White 26 - Ch|n and posterior jaw

White 27 -

White 28 - Central forehead

White 29 - Supraorbital region

White 30 — Orbital region

White 31 - Zygomatic region

White 32 - Supralateral oral commissure
White 34 - Lateral subnasale region
White 35 — Medial root of nasolabial fold

White 37 — Lower [)hlltrum

White 38 — Central upper lip vermilion
White 39 — Oral commissure

White 40 - Nasion

White 41 — Midlateral nasal sidewall
White 42 - Nasiofacial sulcus
White 43 - Alarfacial groove

White 44 — Nasal apex

White 45 — Nostrils

White 46 — Upper nasal dorsum
White 47 — Lower nasal dorsum
White 48 — Malar cheek

White 49 - Buccal cheek

White 50 — Jowl region

White 51 — Marionette line

White 52 — Posterior jaw

White 53 - Anterior chin

White 54 — Mentum

White 55 - Lateral chin

White 56 Glabella

White 58 - Lateral brow strip
White 61 — Infraorbital region

White 62 - Temple
White 63 — Upper cheekbone

|ewiapang
01puOYD

2Z 1199 Joyuaboud |einaN

Jopuaboud [ewAyoussaw [ewsag

Joyuabouid jewAyoussaw +| | XOS
2 1se1qoAN

Jsejqospuoyd
ayj-sabuluswolda
ise|qoalso
sajhooiyifig

swAyoussaw [ewlaq
BWONS +2110X0 +1M1a
| @)fooipuoy)

A

BWOAS +YG1NM
BswAyoussaW [BLPUO

15B|q0Iql [2ULISQ

Joyuaboud [ewAyoussawoios Alue3
1se|qoiqy

15€|q0iqY IO
awAyouasaw JejnoseAliad-ald

lselqo"(i!i +NL1SOd
O
suonau [ess

P4
@
<
Bl
]
o
Q
[}
E
g
@

I
x
T
+
2
§
o
a
=
(_\‘)
3
@
o
o
3
Q
S
2
3
@

8}A00IpUOYD [eSEN

swAyoussaw |eyueq
S8)A00jRI)Y [EBUIOD

1SB|qOIql} [2WISP JOLBIUY
BWAYOUSSBW BIB[DS PUE JB|NOOLAd

BawAyouasaw [ESBU +£XVd
Jopusboid [ewAyoussaw [e}o[aNs
Joyuaboud ‘saw aAoauUUO)

@
@
@
4
Q
S
Q
<
@
=
g,
S
=2
o
28

[¢]
x
(]
5
>
+
Q
[
3
o
3
23
S5 @
280
[eRLN.]
T3
375
© <
3
@

Joyuaboud [ewAyoussaw JoLsjuy

GWAHOUSSGUJ |eseu +/XVvd/6XVd

o
o
&
)
g
3
[}
&
(o]
S
[+]
S
<
3
o
'_D‘
o
«Q
[}
ES
g

Extended DataFig. 8 | Cellular specificity of enriched facial traits. Heatmap showing distance-weighted enrichment z-scores (Methods) for all traits in ref. 2, across
all facial cell types (granular clustering). Stars indicate one-sided p-values computed from z-scores < 0.05 (nominal, not corrected for multiple comparisons).
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Data collection  micro-CT analysis of human embryos was executed using a GE phoenix v|tome|x L 240 system, equipped with a nanofocus X-ray tube and a
high-contrast flat panel detector as described21. The acceleration voltage of X-ray tube was 80 kV with 200 LA current. Exposure time was
500 ms and three projections were acquired and averaged in each position (2100-2300 projections depending on the sample width) over 360
degrees. The voxel size of the generated volumes varied depending on the embryo size in the range between 11 and 20 um, and tomographic
reconstructions were performed with specialized GE phoenix datos|x software. For the cartilage segmentation, Avizo software was used, and
the data was transformed into a polygonal mesh. Surface smoothing of this mesh was done using VG Studio MAX 2.2 software

CT scans of mice were performed using the Mediso NanoScan PET/CT system, operated via Nucline software. The acquisition parameters
were as follows: 720 projections per rotation, helical scanning mode with a pitch of 1, Ultra Zoom setting, exposure time of 170 ms, binning
ratio of 1:4, and an X-ray tube voltage of 35 kVp. Image reconstruction was conducted using Fourier back-projection within the same software
environment. The resulting volumetric dataset consists of isotropic voxels with an edge length of 49 um. Downstream image analysis was
performed at the Central European Institute for Technology (CEITEC) using Avizo software and VG Studio MAX 2.2 software as above.

Data analysis Code Availability Statement
Original code has been deposited to GitHub and can be found using the following link:
https://github.com/TBouderlique/human_face_development

The MeshMonk (v0.0.6) spatially dense facial mapping software is free to use for academic purposes (https://github.com/TheWebMonks/
meshmonk).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- A description of any restrictions on data availability
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Data Availability Statement

Explore the dataset on CELLXGENE:

https://adameykolab.hifo.meduniwien.ac.at/cellxgene_public/

CAGE data has been made available in the Supp. Table 7. The raw CAGE data has also been analyzed in a different context by our team as part of a different
published paper (accessible here: https://zenodo.org/records/10363659).

MicroCT scans have been submitted to Zenodo and will be available under the following DOI https://doi.org/10.5281/zenodo.17347142

Count matrix data has been submitted to Dryad, and is accessible under the following DOI:

https://doi.org/10.5061/dryad.7m0Ocfxq8t

FASTQ files have been deposited to the Karolinska Institute Data Repository via the DORIS system from the Swedish National Data Service (SND): https://
doi.org/10.48723/pq77-v833b
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Population characteristics The tissue donors were recruited among pregnant women after their decision to terminate their pregnancy. All patients were
18 years of age or older and fluent in Swedish.

Exclusion criteria: abortions performed for any medical reasons, by socially compromised women and/or by women showing
any signs that the consent may not be informed.

All women provided written consent for tissue usage for research purposes and for their ability to withdraw their consent at
any time.

Recruitment Human prenatal tissue was obtained from elective terminations of pregnancy (induced abortions) with informed oral and
written consent from the patient, and pseudonymized. The referral to hospitals was done by a central office for all abortion
clinics in the Stockholm region. The recruitment was handled by midwives who were not involved in the research study.

Ethics oversight Ethical approval
All procedures regarding the acquisition of human pre-natal tissue for research was approved by the Swedish Ethical
Research Authority and the National Board of Health and Welfare (ethical references are 2018/769-31, 2019-04595,
2020-03045 and 2024/00280-02). Use of fixed embryos for micro-CT analysis was approved by the Ethics board of the
Masaryk University (ethical reference is 79/2022).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was not determined ahead of the study. We aimed to cover multiple critical stages, with 2-3 embryos per time point for scRNAseq
(except PCW10.5, n=1 embryo for scRNAseq). Twenty embryos were analyzed via transcriptomics-based methods in this study. Five embryos
were used for Micro-CT in the study (at 8-12 weeks of gestation). For scanning of mouse bones during functional experiments for the role of
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peripheral nerves (n=5 E18.5 Neurog1-KO mouse embryos, n=11 littermate heterozygote/WT mouse embryos, from n=3 litters) and the role
of the predicted PAX1 enhancer (n=6 ‘small’ mice from the PAX1-cCRE line and n=5 littermates, from n=2 litters), mice were sacrificed and
subsequently analyzed with similar results across experiments.

Data exclusions  One of the microCT scans of a human embryo showed significant deformation of the embryo, and this scan was excluded.

Replication Cell types observed across biological replicates are very similar.
Functional tests in mice showed consistent effects results across multiple independent embryos and across independent litters.

Randomization  Not applicable. The study is primarily descriptive/atlas study. For the few experiments that were performed, allocation of mice to
experimental groups was done according to genotype or an obvious phenotype.

Blinding Blinding was not possible. This study is primarily a descriptive atlas study, so no group allocation is possible. In case of experiments, blinding
would be impossible due to the obvious phenotypic differences between the groups studied.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Mus musculus

Animals from non-genetically modified mouse lines CD-1 and C57BL/6 were purchased from Charles River Laboratories and Janvier.
Neurogenin 1 knockout (Neurog1Tm2and) mice were purchased from Jax Lab (RRID: IMSR_JAX:017306).

E18.5 Neurogl1-KO mouse embryos
Pax1-cCRE: 2 months of age

Wild animals not applicable
Reporting on sex no specific sex studies or sex selection was done for embryological work reported in this manuscript.
Field-collected samples  not applicable

Ethics oversight All animal experiments were approved by the Swedish Animal Welfare Body Jordbruksverket De regionala Djurforstksetiska
namnderna, Stockholms Djurforsoksetiska namnd, and Goteborgs djurforsdksetiska namnd, permits N15907-2019, 18314-2021, and
004225.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
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assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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