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Graphical abstract27

28

Highlights29

 In developing palatal shelves, a K5-positive progenitor pool gives rise to both the30
basal (K14+) and superficial (periderm, K6+) epithelial layers31

 The transcription factor ARID3A is essential for the specification and function of a32
K5+;K14- periderm progenitor population.33

 ARID3A coordinates palate morphogenesis by controlling periderm proliferation34
and integrity, which supports underlying mesenchymal organization.35

 Active enhancers in the ARID3A-dependent progenitor pool are enriched for36
genetic variants associated with risk for orofacial clefts.37

38
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Abstract39

The periderm prevents pathological adhesions during orofacial development, yet its40

lineage origins remain unresolved. Here, we define the murine palatal epithelial41

hierarchy, identifying a transient, ARID3A-defined K5+;K14– progenitor subpopulation42

programmed for periderm differentiation. Genetic ablation of Arid3a impairs this lineage,43

causing severe delay in palate closure rather than complete failure. This "delayed-but-44

functional" phenotype reveals a mechanism of developmental robustness, wherein45

ARID3A drives a rapid lineage trajectory essential for timely morphogenesis.46

Mechanistically, ARID3A binds a distal enhancer to activate the key periderm regulator47

Grhl2. Furthermore, integrating our multi-omic atlas with human genetics demonstrates48

that enhancers in this ARID3A-dependent lineage are enriched for risk variants49

associated with orofacial clefts. Our findings identify a specific progenitor lineage that50

confers developmental robustness and provides a cellular address for human genetic51

risk.52

53
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Introduction54

Congenital birth defects represent a major global health challenge, with orofacial clefts55

(OFCs) ranking among the most common, affecting approximately 1 in every 700 live56

births worldwide1,2. Understanding the etiology of these complex malformations is57

paramount for developing effective prevention and treatment strategies.58

The developing secondary palate, whose failure to form leads to many cases of OFC1,59

provides an in vivo model that undergoes a rapid and highly orchestrated sequence of60

fundamental morphogenetic events—including cell proliferation, tissue elevation,61

adhesion, and epithelial remodeling—all within a narrow and experimentally accessible62

timeframe3,4. This process relies on critical epithelial-mesenchymal interactions4,5, and a63

key player in coordinating these morphogenetic events is the periderm, a transient,64

specialized epithelial layer that covers the developing embryo. This layer serves as a65

protective, "non-stick" barrier that prevents pathological adhesions between juxtaposed,66

adhesion-competent epithelia6,7, such as the nascent palatal shelves and the tongue or67

mandible6,7. Beyond these physical roles, recent work has revealed the periderm to be a68

dynamic and signaling-rich tissue, expressing a diverse array of ligands and receptors69

that suggest a more active role in orchestrating development than previously70

appreciated8. Genetic studies have revealed that mutations in a core network of71

transcriptional regulators are essential for periderm development—including IRF6, p63,72

RIPK4, and the Grainyhead-like (GRHL) family—cause of a class of severe human73

genetic disorders such as Van der Woude syndrome (VWS)9,10, Popliteal Pterygium74

Syndrome (PPS)10, and Bartsocas-Papas Syndrome (BPS)11 as well as non-sydromic75

cleft lip and palate12,13.76
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In light of this functional importance, the precise lineage origins of the periderm and the77

mechanisms governing its expansion remain major unanswered questions. Classical78

studies of epidermal stratification posit that a KRT5+/KRT14+ (K5+/K14+) basal79

progenitor pool gives rise to all suprabasal layers14,15, but this linear model was80

challenged by recent single-cell transcriptomic analyses revealing unexpected epithelial81

heterogeneity at these early stages8, and definitive lineage tracing has been hindered82

by the fact that the widely-used K14-Cre driver fails to efficiently recombine in the83

palatal periderm16. Furthermore, driving Irf6 expression with a K14 promoter only84

partially rescues the periderm defects of Irf6-null mice, strongly suggesting that a non-85

K14-expressing population is required for proper periderm development17. Thus, the86

true lineage hierarchy within the early palatal epithelium from which progenitor(s)87

periderm cells arise, and what molecular mechanisms govern these cells’ expansion5,88

are questions that remain unresolved.89

Here, by integrating inducible lineage tracing, genetic ablation, mathematical modeling,90

and single-cell multi-omics, we define the lineage hierarchy of the palatal epithelium.91

We identify a bipotent K5-positive progenitor pool that gives rise to both the basal layer92

and the periderm, and we discover a distinct, transient K5+;K14– progenitor93

subpopulation uniquely controlled by the transcription factor ARID3A. Crucially, we94

show that ARID3A is not required for periderm formation per se, but rather drives a95

rapid lineage trajectory essential for timely palate morphogenesis. Loss of Arid3a leads96

to a severe delay in closure rather than complete failure, revealing a mechanism of97

developmental robustness where a primary, ARID3A-dependent lineage ensures rapid98

tissue expansion, while a secondary pathway provides functional compensation.99
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Mechanistically, we demonstrate that ARID3A orchestrates this process by binding100

distal enhancers to activate the key periderm regulator Grhl2. Finally, by mapping101

human GWAS data onto our single-cell atlas, we show that regulatory elements active102

in this specific progenitor population are significantly enriched for risk variants103

associated with orofacial clefts. These findings provide a cellular address for human104

genetic risk, suggesting that subtle defects in this "robustness-conferring" lineage may105

underlie the susceptibility to complex birth defects.106

107

Results108

A K5-Positive Lineage is Essential for Early Palatal Epithelial Integrity109

To investigate the lineage origins of the palatal periderm, we first re-analyzed a110

published single-cell RNA-sequencing (scRNA-seq) dataset of the E11.5 mouse111

lambdoidal junction18. RNA velocity pseudotime analysis of the epithelial cells (Epcam+)112

predicted two distinct trajectories originating from different progenitor populations that113

converged on Krt17-expressing periderm cells (Figure 1A). While the basal marker114

Krt1414,15 was enriched in only one of the two progenitor roots, the pan-epithelial115

progenitor marker Krt5 was expressed in both (Figure 1A). To determine if this116

dissociation between Krt5 and Krt14 expression was a specific feature of the developing117

palate, we performed a correlation assays for single cell RNA-seq profiles from multiple118

epithelial tissues, including human skin (HRA000395)19, human foreskin (GSE147482)20,119

human tracheal epithelium (GSE103354)21, human mammary gland epithelium120

(GSE113196)22, human buccal mucosa (GSE120654)23, mouse E14.5 skin (E-MTAB-121
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11920)8 and mouse E12.5 palate epithelium (this study). This analysis revealed that the122

low correlation between Krt5 and Krt14 expression is a distinctive feature of the early123

palate epithelium compared to other epithelial tissues, especially in adults (Figure 1B).124

Next, we performed single molecule in situ expression analysis by RNAscope for Krt5125

and Krt14 on developing palatal shelves. At E12.5, we observed a heterogenous126

expression pattern: Krt5 was expressed in both the basal and superficial epithelial127

layers, whereas Krt14 expression was largely restricted to the basal layer (Figure 1C,128

Figure S1). This resulted in a distinct K5+;K14– population in the superficial layer. By129

E14.5, this heterogeneity resolved, with Krt5 and Krt14 becoming co-expressed130

throughout the epithelium (Figure 1D, Figure S1, schematized in Figure 1E).131

The transient existence of a K5+;K14– population led us to hypothesize that the K5+ and132

K14+ lineages have distinct functional roles during early palatogenesis. To test this, we133

generated a K5CreERT2 knock-in allele (Figure S2A) and validated its activity by134

crossing to the ROSA26-LSL-mTmG reporter. Tamoxifen administration at E10.5135

confirmed specific recombination in the K5+ lineage throughout the craniofacial136

epithelium, including the palate, at E14.0 (Figure S2B). Similarly, we confirmed that an137

established K14Cre line24 showed robust activity in the palatal epithelium (Figure S2B).138

We then performed a temporal ablation series using K5CreERT2;DTA mice and found139

that inducing ablation at E10.5 resulted in severe cleft palate (3/10 at E14.5), epithelial140

adhesions (9/10 at E14.5), and leading to embryonic lethality by E15.5, whereas141

induction at E12.5 produced normal embryos (Figure S3A). This established a critical142

requirement for the K5+ lineage before E11.5.143
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Based on this, we chose E10.5 as the induction timepoint to directly compare the role of144

K5+ and K14+ lineages in palate epithelium. Inducing ablation of the K5+ lineage145

(K5CreERT2;DTA) resulted in a significantly increased apoptotic indices in146

K5CreERT2;DTA embryos compared to DTA controls as indicated by TUNEL staining147

from E12.5 to E14.5 (Figure S4). We observed severe and highly penetrant phenotypes148

in K5CreERT2;DTA, including epithelial disintegration (6/12 at E14.5), adhesions (3/12149

at E14.5), and cleft palate (5/12 at E14.5), culminating in near-complete embryonic150

lethality by E14.5 (11/12) (Figure 1F, G). In contrast, ablation of the K14+ lineage at the151

same timepoint (K14Cre;DTA) produced a much milder phenotype, characterized by a152

thinner epithelium (3/10 at E14.5) and postnatal lethality (Figure 1F, G, and Figure S3).153

To confirm that the severe defect in K5CreERT2;DTA embryos was due to a loss of154

periderm identity, we performed immunostaining for key markers. While KRT6A and155

KRT14 were barely detectable in the palate epithelium of all genotypes at E12.5 (Figure156

S5A), by E13.5 the K5-ablated embryos exhibited a profound loss of KRT14, KRT6A,157

and E-cadherin (ECAD) expression, a phenotype not observed in DTA or K14Cre;DTA158

embryos, both mocked with tamoxifen at E10.5 (Figure 1H and Figure S5B, C). In159

K5CreERT2;DTA embryos, P63 staining in the remaining basal cells was diffuse and160

indistinct (Figure 1H), obscuring clear nuclear morphology. This observation is indicative161

of widespread apoptosis and is consistent with our TUNEL staining results (Figure S4).162

Together, these findings demonstrate a transient heterogeneity in Krt5 and Krt14163

expression within the early palatal epithelium. Although this heterogeneity is surprising164

given that these keratins are typically considered to be obligately co-expressed165

partners15 in basal epithelial progenitors, it is consistent with evidence Krt5 is expressed166
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in the single layer ectoderm in some part of the embryo25 and that KRT5 expression167

precedes that of KRT14 expression in human skin26. Functionally, the findings reveal168

that the K5+ lineage is required for establishing both the basal and periderm layers169

before E12.5, positioning it as the primary progenitor pool for the developing palatal170

epithelium.171

A K5-Positive Progenitor Pool Gives Rise to Both Basal and Periderm Layers in a172

Temporally Defined Manner173

To define the lineage relationship between K5+ cells, the K14+ basal layer, and the174

KRT6A+ periderm (Figure 2A), we first performed lineage tracing using175

K5CreERT2;mTmG mice. A pulse of tamoxifen (TM) at E10.5 robustly labeled K5-176

expressing cells and their progeny (GFP+). At E12.5, cells from this K5+ lineage were177

already present in both the basal and superficial layers of the palatal epithelium, and178

many superficial GFP+ cells being negative for the basal marker KRT14 (Figure 2, B179

and E; Figure S6A). As development proceeded to E14.5, the K5+ lineage gave rise to180

nearly all KRT14+ basal cells and all KRT6A+ superficial periderm cells (Figure 2, C, D,181

F, G, I, J, L, M and N; Figure S6B and C). Thus, a common K5+ progenitor pool exists at182

E10.5 and generates the two major epithelial layers of the developing palate.183

This finding raised a question regarding the timing of lineage commitment: Is the K14+184

lineage specified concurrently with the K5+ lineage from a common K5+/K14+ progenitor,185

or does it emerge later from a K5+ progenitor that has not yet activated KRT14186

expression (Figure 2O)? To resolve this, we generated a dual-recombinase reporter187

mouse (K5CreERT2;K14DreERT2;H11-LSL-GFP-RSR-tdT) capable of labeling the K5+188
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lineage with GFP and the K14+ lineage with tdTomato (tdT) upon TM induction (Figure189

2O and Figure S7A).190

When TM was administered at E10.5, only the K5+ lineage (GFP+) was labeled in the191

E14.5 palate, with no tdT+ cells observed (Figure 2P and Figure S6B). This early K5+192

lineage generated the KRT6A+ periderm and the majority of the KRT14+ basal layer193

(Figure 2, R, T, V and X). Induction at E10.5 resulted in labeling of only the K5+ lineage,194

with no tdT+ cells detected from the Krt14 locus at this early stage. While this could195

reflect a delay in DreERT2 expression, it suggested that the primary periderm196

contribution at this time point is K14-independent.197

In contrast, a TM pulse at E12.5 resulted in the labeling of two distinct lineages by198

E14.5: a GFP+ K5 lineage and a tdT+ K14 lineage (Figure 2, Q, S, U, W and X and199

Figure S7B). The tdT+ K14 lineage was predominantly confined to the KRT14+ basal200

layer, whereas the GFP+ K5 lineage contributed to both the remaining basal cells and201

the entire KRT6A+ periderm. These in vivo lineage dynamics were recapitulated in an ex202

vivo palate culture system (Figure S7C), with higher genetic labeling efficiency using203

direct treatment of 4-Hydroxytamoxifen (4-OHT). To confirm that the observed lineage204

segregation was not due to differential labeling efficiency between the CreERT2 and205

DreERT2 systems, we examined the developing submandibular gland, a tissue where206

KRT5 and KRT14 are homogenously co-expressed after E12.527,28. As expected,207

induction at E12.5 resulted in ubiquitous co-labeling (GFP+;tdT+) of the salivary gland208

epithelium at E14.5, confirming the equivalent activity of the two recombinase systems209

under these conditions (Figure S8).210
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Together, these dual-tracing experiments reveal an important temporal shift in lineage211

potential (Figure 2Y). Before E12.5, a common K5+ progenitor exists that has not yet212

activated K14 expression; this K5+;K14– population is the original progenitors of the213

periderm. By E12.5, this hierarchy resolves into two largely distinct lineages: the K5+214

lineage that continues to fuel the periderm earlier, and a newly established, committed215

K14+ lineage that expands the basal layer and contributes to periderm later.216

Single-Cell Multi-omics Defines a K5+;K14– Progenitor that Gives Rise to the217

Periderm218

To molecularly characterize the K5+;K14– progenitor population identified by lineage219

tracing and to definitively map its fate, we performed single-cell multi-omic (scRNA-seq220

and scATAC-seq) analysis on the K5+ lineage (GFP+) isolated from the palatal221

epithelium of K5CreERT2;mTmG embryos at E12.5 and E14.5 (Figure 3A). We found222

that, consistent with our previous findings, clusters in scRNAseq could be clearly223

identified by Krt5 and Krt14 expression. Integrated analysis of the transcriptomic and224

epigenomic data revealed seven distinct epithelial states, including a “stem” population,225

a transient “K5+;K14–” population with high expression of Krt5 but low expression of226

Krt14, and a terminally differentiated “K5+;K6+” periderm population (Figure 3B). The227

stem cluster, which comprised nearly 50% of epithelial cells at E12.5, was enriched for228

progenitor markers such as Cxcl1429 and Wnt330, while the K5+;K6+ cluster expressed229

mature periderm markers including Krt6a31 and tight junction genes32 like Cldn3 and230

Cldn23 (Figure 3C and S9). Of note, the K5+;K14– cluster, which expressed early231

periderm markers like Grhl333, was present at E12.5 but almost entirely absent by E14.5,232

confirming its transient nature (Figure S10A, B). The remaining clusters included a233
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stable “transit” population, a dynamic “Shh+” signaling center, and two K5-negative234

populations (“K5-” and “Mature K5-”) that expanded over time (Figure S9 and S10C). To235

spatially resolve these transcriptomic states, we analyzed the correspondence between236

our cell type annotations and established regional markers. This mapping revealed237

distinct localization patterns: the “K5-” progenitors were predominantly enriched in the238

Barx1-positive posterior soft palate34, the “Shh+” population localized to the rugae34, and239

the “K5+;K14–” populations were largely restricted to the periderm (Figure S11).240

The chromatin accessibility landscape defined by scATAC-seq correlated well with the241

transcriptional states. For example, the K5+;K6+ periderm cluster showed highly242

accessible chromatin at terminally differentiated gene loci like Krt6a (either within 1kb of243

TSS or enhancers co-activated inferred by Signac35), whereas the K5+;K14– cluster244

displayed greater accessibility at early periderm specification genes such as Grhl3245

(Figure 3D, Table S2-3). This multi-omic approach provided a robust, high-resolution246

map of the cellular states within the developing palatal epithelium.247

The identification of these distinct populations allowed us to resolve the basis for the low248

correlation between Krt5 and Krt14 expression observed previously (Figure 1B). While249

Krt5 and Krt14 were positively correlated in most progenitor populations, they showed250

no correlation in the K5+;K14– cluster at E12.5 (R2 = -0.05) or in the K5+;K6+ periderm at251

both time points (R2 = -0.07 at E12.5 and R2 = -0.66 at E14.5), confirming that overall252

tissue-level heterogeneity is driven by these specific superficial cell states (Figure 3E).253

To map the differentiation paths between these cell states, we performed trajectory254

inference using scVelo36 and Moscot37. This approach integrates RNA velocity with255

experimental time-series data to robustly model cell type transition. These analyses256



13

predicted two major trajectories converging on the K5+;K6+ periderm fate: one257

originating from the stem cluster and, critically, a second major trajectory originating258

directly from the K5+;K14– population (Figure 3F, G and S12A-F). This finding provides259

strong computational evidence that the K5+;K14– population is a direct and significant260

progenitor of the K5+;K6+ periderm.261

We next defined the molecular signatures associated with the two periderm262

differentiation trajectories, lineage  represents the trajectory from Stem to K5+;K6+,263

while lineage  represents the trajectory from K5+;K14– towards K5+;K6+ (Figure 3G).264

We identified eight distinct gene clusters with dynamic expression patterns (Figure 3H,265

Table S4). Notably, lineage  was characterized by an early wave of Sprr1a and Grhl3266

expression, followed by the sequential activation of Klf4, Krt6a, and Cldn3 (Figure 3H267

and S12G). Analysis of chromatin accessibility revealed corresponding dynamic268

changes in transcription factor motif activity. Consistent with the gene expression data,269

motifs for GRHL factors were significantly enriched in the early stages of the lineage ,270

while motifs for factors like TEAD showed divergent activity between the two lineages.271

This was reflected in the gene activity scores of their targets; for instance, accessibility272

near key differentiation genes like Sprr1a and Krtdap was high early in lineage  but273

only peaked late in lineage  (Figure 3I and S12H).274

Collectively, these single-cell analyses provide molecular evidence for a specific275

K5+;K14– progenitor population that differentiates into the K5+;K6+ periderm and define276

the distinct transcriptomic and epigenetic roadmap of this developmental transition.277

ARID3A Is Required for Periderm Progenitor Proliferation to Ensure Palate278

Morphogenesis279
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Having defined the K5+;K14– population as a direct progenitor of the periderm, we next280

sought to identify the principal transcriptional regulators governing this specific cell fate281

transition. By integrating our scRNA-seq and scATAC-seq data, we performed a gene282

regulatory network analysis with SCENIC+38, which predicted that the Arid3a regulon283

was uniquely and highly active in the K5+;K14– progenitor population, distinguishing it284

from the downstream K5+;K6+ periderm cells (Figure 4A and S13A-C). Previous285

publication also identified Arid3a as a robust marker of the periderm cluster39. An in286

silico perturbation screen using CellOracle40 (Figure S13D) independently predicted that287

among 212 transcription factors highly expressed in our scRNA-seq profile. ARID3A,288

alongside known periderm regulators GRHL1 and GRHL3, was a top candidate whose289

loss would specifically inhibit the K5+;K14– to K5+;K6+ periderm differentiation trajectory290

(Figure 4B and Figure S13E). Consistent with these predictions and previous scRNA-291

seq for periderm marker genes18, we confirmed that Arid3a is highly and specifically292

expressed in the K5+;K14– cluster at E12.5 (Figure 4C-E).293

We next validated the in vivo expression pattern by Immunofluorescence, which294

confirmed that ARID3A protein is specifically localized to the superficial epithelial layer295

of the palatal shelves at E12.5 and is lost upon ablation of the K5 lineage (Figure 4F296

and S14). We then generated K5CreERT2;Arid3afl/flmice to conditionally delete Arid3a297

from the early K5 progenitor pool via tamoxifen induction at E10.5 (Figure 4G and S15A,298

B). While both control embryos and K14Cre;Arid3afl/f completed palatal fusion by E15.5,299

the K5CreERT2;Arid3afl/fl conditional knockout embryos exhibited a severe delay in300

palate closure, with a significantly wider gap between the palatal shelves at E14.5 and a301

persistent epithelial seam at E15.5 (Figure 4G and S15C). Ex vivo palatal cultures302
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treated with sgArid3a-virus revealed pronounced developmental delays in the303

experimental group compared to controls as well (Figure S16).304

Histologically, the superficial epithelium of knockout embryos appeared disorganized,305

with regions of abnormal multi-layering (Figure S15C). While there was no increase in306

apoptosis (Figure S15D), we observed a significant and specific reduction in cell307

proliferation, as measured by Ki67 staining, in the superficial epithelial layer. Notably,308

proliferation in the underlying basal layer was unaffected (Figure 4H). This defect in309

superficial cell proliferation had a profound non-cell-autonomous consequence on the310

underlying tissue. The reduced expansion of the epithelial surface was associated with311

a significant condensation of the palatal mesenchyme (Figure 4G).312

To determine if the loss of periderm proliferation is sufficient to drive this mesenchymal313

crowding, we developed an agent-based stochastic model simulating palatal shelf314

growth dynamics (Figure 4I and Figure S17A; see Methods). By specifically inhibiting315

the periderm self-renewal parameter (rself​ ) while maintaining constant mesenchymal316

proliferation, our simulation reproduced the in vivo phenotype: the "knockout" model317

exhibited a significantly smaller total tissue area and a marked increase in internal318

mesenchymal density due to spatial confinement (Figure 4J, Figure S17B, and Movie319

S1). This crowding effect was further validated by quantifying the Nearest Neighbor320

Distance (NND), which was significantly reduced in the proliferation-deficient model321

(Figure S17C). These computational predictions were confirmed by histological322

quantification, which showed a marked increase in mesenchymal cell density directly323

beneath the epithelium in mutant embryos (Figure 4K). Thus, our modeling supports a324
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mechanical coupling where the expansion rate of the epithelial boundary dictates the325

organization of the underlying tissue.326

These findings identify ARID3A as an essential, lineage-specific regulator of periderm327

progenitors. The delayed-but-not-halted fusion phenotype in the Arid3a knockout can be328

explained by the dual-trajectory model of periderm formation we proposed (Figures 2329

and 3). We propose that ARID3A is required for the rapid proliferative expansion of the330

K5+;K14– progenitor lineage, which constitutes the primary source of periderm. In its331

absence, a second, ARID3A-independent lineage, likely originating from the basal/stem332

cell pool, can slowly compensate to eventually form a functional periderm, leading to333

delayed fusion. Supporting this, conditional deletion of Arid3a using a K14Cre driver did334

not cause a palate closure defect, demonstrating that ARID3A function is dispensable in335

the K14+ lineage. Unlike the complete failure of palatogenesis seen in lineage ablation,336

the Arid3a mutant phenotype reveals a critical mechanism of developmental robustness:337

while the K5+;K14– lineage is essential for rapid growth, the palate retains a latent338

compensatory capacity to safeguard organogenesis against genetic perturbations.339

ARID3A Directly Regulates a Grhl2 Distal Enhancer to Control Periderm340

Development341

To uncover the downstream molecular mechanisms by which ARID3A regulates342

periderm development, we performed ARID3A CUT&TAG (Table S5) on palate343

epithelium isolated from E14.5 embryos when the delayed phenotype became most344

significant (Figure 5A). To map the complete regulatory landscape, we integrated these345

data with H3K27Ac CUT&TAG (Table S6) and HiCUT-based chromatin interaction346
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profiles (Table S7) in E14.5 palatal epithelium, developing an Enhancer-Promoter (E-P)347

Annotator to link ARID3A-bound regions to their target genes (Figure 5B).348

This genome-wide analysis revealed that ARID3A binds to thousands of active349

regulatory regions (overlapping with H3K27Ac consensus peaks), showing a strong350

preference for distal enhancers over promoters (2,825 vs. 826 sites, respectively)351

(Figure 5C). Gene Ontology (GO) analysis of the direct target genes revealed a striking352

functional dichotomy: ARID3A-occupied promoters were linked to genes involved in353

general cellular processes like transcription and protein stability, whereas ARID3A-354

occupied enhancers regulated a cohort of genes critical for morphogenesis, epithelial355

development, and cell cycle control (Figure 5D).356

Among the top candidates for regulation by an ARID3A-occupied enhancer was Grhl2,357

a regulator of epithelial identity41. We identified a prominent ARID3A-bound enhancer358

located approximately 20 kb upstream of the Grhl2 locus containing two putative359

ARID3A binding sites (ABS), and this is distinct from the previously reported mm128641360

cleft-related element, situated about 1 kb away (Figure 5E).To functionally test the361

activity of this element, we utilized a zebrafish transgenesis assay as reported before42.362

This putative enhancer drove robust GFP expression specifically in the superficial363

epithelial layer (periderm) in a significant fraction of embryos (103/223) (Figure 5F).364

Critically, mutation of the two ARID3A binding sites (A2ABS) completely abolished this365

enhancer activity (4/205), demonstrating that its function is ARID3A-dependent (Figure366

5G). To validate this regulatory link in vivo, we analyzed GRHL2 expression in our367

K5CreERT2;Arid3afl/fl mice. Conditional deletion of Arid3a led to a marked reduction of368

GRHL2 protein in the superficial epithelium of the palate (Figure 5H).369
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Collectively, these data demonstrate that ARID3A directly controls a key developmental370

gene regulatory network by binding to distal enhancers, with the regulation of Grhl2371

representing a critical node in this network to ensure proper periderm development.372

The K5+;K14– Periderm Progenitor Lineage is a Cellular Hotspot for Human373

Orofacial Cleft Risk Variants374

Having established the K5+;K14– progenitor population as a critical cell type for palate375

morphogenesis, we sought to determine its relevance to human orofacial clefts (OFCs).376

We employed SNP2Cell43, a tool designed to link polygenic traits to cell-type-specific377

gene regulatory networks (GRNs), by integrating published human GWAS data with our378

single-cell multi-omic atlas (Figure 6A).379

We first curated a list of 3,439 SNPs previously associated with human OFCs (Table S8)380

and successfully lifted over 1,123 of these to orthologous regions of the mouse genome381

(Table S9). Of these, 221 SNPs overlapped with chromatin accessibility peaks present382

in our palatal epithelium scATAC-seq dataset (Table S10). We then used SNP2Cell to383

calculate an enrichment score for these OFC-associated risk variants across the GRNs384

of each of our seven defined epithelial cell states (Table S11).385

The analysis revealed a specific enrichment of high SNP2Cell scores in only two386

populations: the K5+;K14– progenitors and their immediate descendants, the K5+;K6+387

periderm (Figure 6B). In contrast, the “Stem” population and other epithelial lineages388

showed no significant enrichment. This result points to the regulatory landscape of the389

transient, superficial epithelial lineage as the primary group of cells by which genetic risk390

variants associated with OFCs are important. By providing a "cellular address" for391
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previously abstract genetic risks, these findings suggest that the K5+;K14– progenitor392

population is a critical cellular locus of susceptibility for human orofacial clefting.393

394

395

396

397
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Discussion398

In this study, we sought to resolve the long-standing controversy regarding the lineage399

origins and differentiation trajectories of the embryonic periderm. This transient400

epithelial layer plays an essential biological function during organogenesis by serving as401

a 'Teflon-like' non-stick barrier that safeguards the extension of tissues like the palatal402

shelves, preventing pathological adhesions during a critical window of morphogenesis6,7.403

Because of its essential role during palatogenesis, we employed the mouse palate as a404

model in a time window from E10.5 to E14.5, when the palatal epithelium stratifies from405

a simple bi-layered to a multi-layered structure. Here, we resolve the lineage origins of406

the embryonic periderm and propose a 'dual-trajectory' model that ensures the407

robustness of craniofacial morphogenesis. Unlike the classical view of a single, linear408

stratification process, we identify a specialized, ARID3A-dependent K5+;K14– progenitor409

lineage programmed for rapid periderm expansion. We demonstrate that this lineage410

acts as a 'fast-track' mechanism essential for timely palate closure, safeguarding the411

embryo against developmental delays that could lead to birth defects. This initial phase412

is driven by an ARID3A-GRHL2 regulatory axis, where ARID3A binds a distal enhancer413

to activate Grhl241,44–46, thereby coordinating the expansion of the epithelium with the414

morphogenesis of the underlying mesenchyme.415

This model fundamentally redefines the lineage hierarchy of the developing palatal416

epithelium, building on the classical, linear model of stratification in which a417

homogenous K5+;K14+ basal layer is thought to generate all suprabasal cells. Our418

finding that Krt5 expression is established in a progenitor pool prior to the widespread419

activation of Krt14 is consistent with foundational studies of epidermal development.420
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Byrne et al. 25 first reported that Krt5 is expressed in the single-layered ectoderm in421

specific embryonic regions, well before stratification is complete. Similarly, KRT5422

expression has been reported to precede that of KRT14 in human fetal skin26. Recent423

single cell profiling of mouse embryonic skin development has indicated an "unexpected424

epithelial heterogeneity at E12.5"8, and our work describes this complexity by providing425

a definitive lineage map and functional hierarchy. The temporal switch we uncovered426

using dual-lineage tracing—from a single, common K5+ progenitor pool at E10.5 to two427

distinct K5+ and K14+ lineages by E12.5—provides an in vivo example of progressive428

fate restriction. This delineation of a specific progenitor pool for the periderm, distinct429

from the committed basal layer, clarifies how a complex, multi-layered epithelium is430

constructed and explains the developmental robustness observed in the Arid3a431

knockout.432

A key finding is the role of ARID3A as a specific regulator of this transient progenitor433

state. ARID3A has been widely reported to drive development of both myeloid and B434

cell lineages47, and more recently, to regulate the proliferation of transit-amplifying435

progenitors in the adult intestinal epithelium, a process essential for injury-induced436

regeneration48. We found that ARID3A is not a general keratinocyte factor but rather is437

specially required for the proliferative expansion of the K5+;K14– population. ARID3A438

appears to exert this tissue-specific control primarily through distal enhancers,439

consistent with our understanding of how fate decisions are regulated by long-range440

chromatin interactions. We identified Grhl2 as a direct target, and proper GRHL2441

dosage is critical for craniofacial development, as both loss44,45 and gain46 of Grhl2442

function cause severe orofacial clefting and neural tube defects in mice. This places the443
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ARID3A-GRHL2 axis within the known periderm gene regulatory network. Notably, the444

ARID3A-responsive enhancer we identified is located near other validated craniofacial445

enhancers, such as mm1286, whose inactivation also predisposes mice to cleft palate41,446

suggesting this locus as a hub for developmental gene regulation and an interesting447

area for future study. Given that IRF6 also regulates GRHL family members9, it is448

plausible that ARID3A functions in a parallel, indispensable pathway that converges on449

common downstream effectors to ensure robust periderm formation.450

Perhaps the most surprising finding of our study is that palatal shelves in Arid3a451

knockouts eventually fuse, despite the initially severe defect in periderm proliferation.452

This observation directly touches on the question of whether the periderm expands as453

the embryo grows by proliferation of cells already residing within the layer or by addition454

of new periderm cells differentiated from the basal epithelial cells 5. Our results provide455

a comprehensive answer: both processes occur, and their coordination underpins the456

developmental robustness of the palate. We show that ARID3A is essential for the457

primary, rapid wave of periderm expansion via proliferation of the K5+;K14– lineage. The458

eventual fusion in its absence strongly suggests that a slower, compensatory459

mechanism exists. We hypothesize that this compensation arises from the established460

K5+;K14+ basal layer, which retains a latent plasticity to contribute to the superficial layer461

through an ARID3A-independent pathway. This model is supported by our lineage462

ablation findings, where complete ablation of the early K5+ lineage results in a persistent463

cleft palate that never recovers, whereas specific deletion of Arid3a in the committed464

K14+ lineage does not. Therefore, we propose that this 'dual-trajectory' system evolved465

to buffer morphogenesis: the ARID3A-dependent lineage provides the necessary466
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'acceleration' to match the rapid growth of the craniofacial complex, while the basal467

layer serves as a resilient reserve. The 'delayed fusion' phenotype thus represents the468

limits of this buffer—sufficient to rescue structure in a controlled mouse model, but likely469

rendering the system hypersensitive to additional genetic hits in complex human cases.470

However, the mechanisms that ensure this expansion occurs horizontally within the471

superficial layer, rather than driving further stratification into deeper layers, are unknown.472

Finally, our integration of single-cell multi-omics with human genetics provides a precise473

'cellular address' for orofacial cleft risk. Integrating our single-cell multi-omic data with474

human genetics, pointed to the K5+;K14–;ARID3A+ progenitor as a potentially critical cell475

type for OFC susceptibility. This argues that the pre-E12.5 developmental window,476

when this progenitor population is specified and expands, is a key period of vulnerability,477

rather than later timepoints such as E14.5, when morphological defects become478

apparent. This provides a concrete, testable model for how non-coding genetic risk,479

acting through specific enhancers in a transient embryonic cell population, can manifest480

as a common and complex birth defect.481

While our study resolves the primary origin of the periderm, we acknowledge certain482

limitations that open avenues for future research. Our model of compensation from the483

KRT14+ basal layer, while compelling, requires formal lineage tracing for definitive proof.484

Our functional data using K14-Cre demonstrates that ARID3A is not required in the485

basal layer for this compensation to occur, strongly implicating it as the source.486

However, future studies employing an inducible K14 driver to label the basal layer in an487

Arid3a-knockout background will be necessary to definitively trace the fate of these cells488

and formally prove they contribute to the regenerating periderm. Furthermore, the489
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upstream signals that activate ARID3A expression specifically within this narrow490

progenitor window remain to be identified, and these transient upstream and491

downstream factors may themselves represent candidate risk factors for orofacial492

clefting.493

In summary, our work fundamentally redefines the lineage hierarchy of the palatal494

epithelium. We identify the ARID3A-GRHL2 axis not merely as a molecular switch, but495

as a critical 'developmental accelerator' that coordinates epithelial expansion with496

mesenchymal growth. By uncovering this lineage-specific mechanism of robustness, we497

offer a new framework for understanding how subtle deficiencies in progenitor dynamics498

can culminate in structural birth defects.499

500

501
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METHODS502

Mouse models503

All mice, used in the present study were maintained under specific pathogen-free504

conditions in the animal center attached to Wuhan University School and Hospital of505

Stomatology under the guideline and approval of the Institutional Animal Care and Use506

Committees at the School and Hospital of Stomatology attached to Wuhan University507

(protocol no.S07924030A). Wild-type (WT) mice were purchased from the Hubei508

Provincial Center for Disease Control and Prevention (Hubei CDC). Krt14Cre (K14Cre,509

#004782), ROSA26mT/mG (mTmG, #007676) and ROSA26DTA(DTA, #009669) mice were510

purchased from the Jackson Laboratory. Arid3a-flox (#T008401) mice were purchased511

from GemPharmatech Co.,Ltd. Krt5CreERT2 (K5CreERT2, NM-KI-200168), and Krt14-512

2A-DreERT2 (K14DreERT2) mice (#NM-KI-190125) and H11-CAG-LSL-H2B-EGFP-513

CAG-RSR-tdTomato (H11) mice (#NM-KI-240880) were purchased from Shanghai514

Model Organisms Centeusing. All mice used in the experiments were maintained under515

C57BL/6J background. Experiments were carried out with male and female mice. No516

gender-specific differences were observed. The investigators were not blinded to517

allocation during experiments and outcome assessment.518

519

Zebrafish Lines520

All zebrafish used in this study were raised at the China zebrafish Resource Center521

(CZRC) and maintained under a 14-h light/10-h dark cycle at 28.5 °C. All zebrafish522

experiments were performed in compliance with the ethical regulations of the University523
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of Chinese Academy of Sciences and the Institute of Hydrobiology, Chinese Academy524

of Science.525

526

METHOD DETAILS527

RNAscope In Situ Hybridization528

All samples were embedded in Tissue-Plus O.C.T. Compound( Sakura Finetek, #23-529

730-571) and sectioned at 10 μm, frozen sections were were air-dried, rehydrated in530

PBS, Fluorescent in situ hybridization was performed on these sections using the531

RNAscopeTM Multiplex Fluorescent Reagent Kit v2(ACD, Bio-Techne, #323100)532

according to the manufacturer’s protocol. For co-detection experiments on wild-type533

tissue, probes for Krt5 (ACD, #415041-C2) and Krt14 (ACD, #422521) were used. For534

analysis of K5CreERT2;Arid3af/f;mTmG and K5CreERT2;Arid3af/-;mTmG mice, probes535

for Krt5 and Arid3a (ACD, #525721) were co-hybridized. The signal was developed536

using tyramide signal amplification (TSA) with TSA® plus fluorophores (Akoya537

Biosciences), such as TSA® Vivid Fluorophore 520 (ACD, #PG-323271)(1: 1500),538

TSA® Vivid Fluorophore 570 (ACD, #PG-323272) and TSA® Plus Cy5 (ACD, #PG-539

323273)(1:1500). Slides were counterstained with DAPI and mounted with ProLongTM540

Gold Antifade Mountant (Thermo Fisher Scientific, #P36930). Tissues were imaged541

using Leica Thunder microscope and analyzed with ImageJ software (v2.14).542

543

Lineage Ablation544
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To achieve temporal and cell-type-specific lineage ablation, we utilized a Cre-loxP-545

based system in which targeted cells express the Diphtheria Toxin Receptor (DTA)546

upon Cre-mediated recombination. K14Cre;DTA and K5CreERT;DTA mice were547

generated by crossing homozygous transgenic lines, with noon of vaginal plug detection548

designated as E0.5. Constitutive Cre activity in K14Cre;DTA embryos initiated549

immediate lineage ablation while Tamoxifen-dependent nuclear translocation of550

CreERT2 in K5CreERT;DTA embryos enabled temporally controlled ablation. For551

temporal induction of Cre recombinase activity, Tamoxifen (MCE, #HY-13757A)552

dissolved in corn oil (MCE, HY-Y1888) was administered at one single dose (75 µl per553

10 g body weight, 10 mg/ml) intraperitoneally to pregnant K5CreERT;DTA mice at554

different embryonic dates from E10.5 to E12.5. Control groups included Cre-555

negative;DTA-positive, Cre-positive;DTA-negative, and untreated littermates. Both556

K14cre;DTA and K5CreERT;DTA embryos were harvested at E12.5 to E15.5 post-557

induction for histological and immunohistochemical analyses, to assess the extent of558

lineage loss and subsequent developmental consequences, using markers specific to559

the ablated cell population. Apoptosis of the DTA+ lineage was confirmed using TUNEL560

assay.561

562

Genetic Lineage tracing563

Inducible lineage tracing was performed using K5CreERT2;mTmG, K14;mTmG(as564

control); K5CreERT2;K14DreERT2;H11( K5;K14;H11) mice. For temporal induction of565

Cre or Dre recombinase activity, the same dose of Tamoxifen as before was566

administered intraperitoneally to pregnant mice at different embryonic dates at E10.5 or567
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E12.5. Tissues were harvested at E14.5 to E15.5 post-induction, After observing the568

overall morphology under a ZEISS Axio Zoom.V16 microscope, these tissue were569

embedded in OCT, and cryosectioned.570

571

Lentivirus Production and Knockout Verification572

The lentiviral expressing short guide RNA (sgRNA) targeting the sequence of573

Arid3a gene (CAGATGCCACCACCGGACCA, LV-Arid3a-sgRNA lentivirus) and574

negative control (CGCTTCCGCGGCCCGTTCAA, control lentivirus) were synthesized575

and cloned into GV708 (lentiCRISPRv2vector with BsmBI sites (purchased from576

Shanghai Genechem Co., Ltd.),recombinant vector was detected by DNA sequencing.577

The viral vector were transfected into 293T cells using Lipofectamine 2000 (Invitrogen;578

Thermo Fisher Scientific, Inc.) together with two helper plasmids psPAX2 and pMD2.G.579

Infectious lentiviruses were harvested 72 h post-transfection, rapid centrifugation to580

remove cell debris, and then filtered through 0.45 μm cellulose acetate filters. Virus titer581

was determined by fluorescence-activated cell sorting analysis of GFP positive 293T582

cells and was approximately 1.4×109 transducing units (TU)/mL medium, and stored at583

‐80 C for further use.584

Design primers that flank the genomic target site (upstream and downstream) to enable585

amplification and sequencing of the edited region. Use DNA from the mixed-cell586

population infected with LV-A-sgRNA lentivirus and from control lentivirus. Amplify the587

target locus with the designed primers and perform sequencing (e.g., Sanger) on the588
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amplicons. Align sequencing reads to the reference sequence and inspect the target589

locus and nearby bases for editing signatures.590

591

Palatal Explant Cultures592

Once embryos were dissected from the uterus in PBS, limb bud morphology was593

immediately examined to urther verify the age of embryos49. We used E10.5 and E12.5594

K5;K14;H11 and WT embryos for palatal explant cultures and removed the the brain,595

tongue and mandible of their heads. The remaining maxilla and palatal shelves (the596

explant) were placed on the NucleporeTM Track-Etch membrane (Cytiva, #10417106),597

filled with 3 mL of BGJb medium containing 1x GlutaMAX (Gibco, #35050061). Penicillin598

(50 unit/mL) and streptomycin (50 μg/mL) were added into the culture medium, but599

serum was not added. After 24 hour treated with 1mg/ml 4-Hydroxytamoxifen (4-OHT)600

for K5;K14;H11 explants or LV-Arid3a-sgRNA lentivirus and control lentivirus for WT601

explants, the explants were transferred into a 15-mL tube filled with 7 mL of BGJb602

culture medium with compliment mentioned above. The culture medium was flushed for603

3 min with oxygen followed by 3 sec with carbon dioxide and left in air for several604

minutes. Explants were cultured with slow rotation (10-20 rpm) on a horizontal rotator in605

incubator. After 24 hour to 96 hour culture, explants were photographed and then were606

either fixed with 4% PFA or continually cultured in the fresh culture medium. At least 5607

explants were prepared for culture at each developmental stage (E10.5 and E12.5608

K5;K14;H11 embryos for lineage tracing ex vivo; E12.5 WT embryos for Arid3a609

knockout exoeriences ex vivo).610
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Mathematical Modeling611

We constructed an agent-based stochastic model to simulate the growth dynamics of612

the palate during developmental stages E13.5–E14.5. The average size of periderm,613

basal cells and mesenchyme cells were measured. The model couples three dynamic614

processes: periderm growth, geometric spatial expansion, and mesenchymal filling. In615

our simulation, the palate is simplified as a semi-circular geometry where the periderm616

cells (NP​ ) form the boundary, and the mesenchymal cells (NM​ ) fill the internal space.617

Periderm Growth Dynamics: Periderm cell population growth is driven by two distinct618

mechanisms: differentiation from basal cells and self-renewal. We assumed the basal619

cell population is proportional to the periderm surface area (NBasal​ ≈NP​ ). The rate620

of change in periderm cell number is described by the differential equation:621

����� = � ∙ �� �� � �� �
Differentiation

+ � ∙ �� �� � �� �
Self−Proliferation

where α (BASAL_TO_PERIDERM_RATE) represents the rate of differentiation from622

basal to periderm cells, and β (PERIDERM_PROLIF_RATE) represents the periderm623

self-renewal rate. To model the biological phenotypes, we defined the periderm with624

proliferation (PwP) condition with βPwP​ >0, resulting in compound growth of the625

boundary. In contrast, the periderm without proliferation (PwoP) condition is modeled626

with βPwoP ​ ≈0, where the periderm loses self-renewal capacity and growth relies solely627

on passive replenishment from the basal layer. Geometric-Spatial Coupling A key628

assumption of our model is that the periderm size physically constrains tissue629

boundaries. The radius R(t) of the palate is derived directly from the periderm count:630

� � = �� � ∙ �
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� � =
� ��

where δ (PERI_CELL_LEN) is the physical length of a single periderm cell. This defines631

a tissue space expansion ratio λ:632

� � =
� �� � − 1

This parameter λ is applied to all internal cells to simulate passive biomechanical633

stretching during tissue growth, updated as xi​ (t)=xi​ (t−1)⋅λ(t).634

Mesenchymal Dynamics and Density Evolution: Mesenchymal cells proliferate635

exponentially within the defined boundary, governed by dNM​ /dt=γ⋅NM​ (t), where γ636

(MESENCHYME_PROLIF_RATE) is the proliferation rate. We assumed γ remains637

constant between PwP and PwoP conditions. A boundary constraint was enforced such638

that for any mesenchymal cell i, its position vector xi​ satisfies∣xi​ ∣≤η⋅R(t), where η639

(MESENCHYME_LIMIT) represents the relative position coefficient of the basement640

membrane.641

Finally, we derived the evolution of cell density ρ(t) by comparing spatial expansion642

versus cellular proliferation. The tissue capacity (Area A(t)) scales with e2(α+β)t, while643

mesenchymal content scales with eγt. The density evolution is thus described by:644

� � =
�� �� � ∝ �훾��2 �+� � = � 훾−2 �+� �

In the PwP model, active periderm proliferation ensures 2(α+β)≈γ, maintaining645

homeostatic density. Conversely, in the PwoP model (β≈0), spatial expansion lags646

behind internal proliferation (2α≪γ), resulting in an exponential increase in cell density647

and the observed "crowding" phenotype.648
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The simulation was initialized at t=0 and evolved for a total duration of 48 hours. To649

account for the stochastic nature of the model and ensure statistical robustness, we650

performed 10 independent simulation runs (n=10) for each experimental condition (WT651

and KO). The final statistical results were derived from the ensemble data of these652

repeated realizations. Detail parameters and scripts for simulation could be found in653

github.654

Immunofluorescence655

Tissue sections were left to equilibrate at 37℃ temperature for 2 hour and washed in656

PBS. Tissue sections were permeabilized in 0.5% Triton-X in PBS for 10 min and657

blocked for 2 hour at 37°C temperature in 2.5% BSA (Sigma-Aldrich) in PBS. Section658

was incubated overnight at 4°C in primary antibody in 0.05% PBS-Tween-20. The659

following primary antibodies were used: rabbit anti-Cytokeratin5 (1:400, Abcam,660

ab52635), rabbit anti-Cytokeratin14 (1:400, Abcam, ab181595), rabbit anti-661

Cytokeratin17 (1:400, Abcam, ab109725), rabbit anti-keratin6a (1:800, Biolegend,662

905701), Anti-GFP(1:400, Abcam, ab290), rat anti-Ecadherin (1:300, Life Technologies,663

13-1900), Anti-p63(1:400, Abcam, ab735), ARID3A Polyclonal antibody(proteintech,664

14068-1-AP), Ki-67 (D3B5) Rabbit mAb(1:200, CST, 9129), Anti Grhl2(1:200, Abcam,665

ab271023), TUNEL staining was performed using the One-step TUNEL In Situ666

Apoptosis Kit (Red, Elab Fluor® 594, Elabscience®). Immunohistochemistry staining667

was perforemed usig the Ready-to-use immunohistochemical UltraSensitiveTM SP kit668

(MXB, KIT-9710) and tissues were imaged using OLYMPUS confocal microscopes669

(SPINSR or FV1200), and analyzed with ImageJ software (v2.14).670

671
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H&E staining of frozen sections672

Frozen sections that had undergone immunostaining were prepared for H&E staining by673

removing the coverslips and washing off the mountant under running water for 1674

minutes. Then slides were sequentially immersed in hematoxylin solution (Servicebio,675

G1005-1) for 10 seconds, running water for 10 seconds, PBS for 5 minutes, following676

eosin solution (Servicebio, G1005-2) for 1 minutes and running water for 10 seconds.677

Sections were dehydrated at room temperature, and then cleaned with three changes of678

xylene substitute (Servicebio, G1138-1L). Finally, slides were mounted in neutral679

mounting medium (Servicebio, G8593). Images were acquired on a pannoramic MIDI680

microscope (3D HISTECH).681

682

Dissociation of mouse palatal epithelium for downstream sequencing683

The protocol for single cell dissociation was modified from previous studies42. Palatal684

epithelial cells were isolated through pooled samples from multiple litters. In ice-cold685

PBS, heads were removed from embryos. The top of the head was cut flat, and the686

head was laid ventral. The secondary palate was exposed by removing the mandible687

and tongue. Paired palatal shelves were washed twice in PBS and incubated with 10688

mg/ml Dispase II (Millipore, Cat#04942078001) at 37°C and swirled at 100 rpm for 32689

min to enzymatically separate the epithelium from the mesenchyme. Following epithelial690

separation using forceps in PBS, tissues were centrifuged at 400g for 5 minutes. The691

pellets were resuspended in 0.25% Trypsin-EDTA for 10 minutes at 37C with frequent692

trituration. The trypsinization procedure was repeated 3-5 times until no visible tissue693
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aggregates remained. Trypsinization was stopped with addition of DME/f12 + 10% FBS.694

Cells were pipetted up and down 20 times to assist in cell dispersion, pelleted at 300 g695

for 3 min, and resuspended in PBS with 5% FBS before being filtered through a 70uM696

cell strainer and maintained under standardized culture conditions prior to downstream697

sequencing applications. Cell numbers and viability were calculated for dissociated cells,698

which showed greater than 90% viability in all samples.699

700

Preparation of Sequencing Libraries for scRNA-seq701

Palatal epithelial cells were isolated from E12.5 (n=12) and E14.5 (n=14)702

K5CreERT2;mTmG conceptuses respectively for scRNAseq. The single cell library was703

generated using the 10x Genomics Chromium Next GEM platform (v3.1). Captured cells704

underwent reverse transcription to generate barcoded cDNA libraries, followed by705

enzymatic fragmentation, adapter ligation, and dual-indexed paired-end sequencing706

(Illumina NovaSeq 6000, PE150).707

708

scRNA-seq data Analysis709

Raw sequencing data were demultiplexed and aligned to the reference genome (mm10)710

using Cell Ranger (v7.1.0) to generate feature-count matrices with unique molecular711

identifier (UMI) correction. Initial QC filters excluded cells with <500 or >6,000 detected712

genes, mitochondrial gene content >10%, or ribosomal RNA content <5%. Doublets713

were identified via Scrublet (v0.2.3; threshold: doublet score >0.25). Raw counts were714
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normalized using SCTransform (Seurat v5.0) to correct for sequencing depth and715

stabilize variance.716

Datasets from E12.5 and E14.5 K5CreERT2;mTmG embryos were integrated via scvi717

(v1.0) 50 to correct batch effects while preserving biological variation. Both the interated718

datas and the scRNA-seq data of E11.5 mouse lambdoidal junction from a published719

dataset18 were analysed by the following procedures. Clustering was performed using720

the Leiden algorithm (resolution=0.5) within Scanpy (v1.11.1). Uniform Manifold721

Approximation and Projection (UMAP) was employed for non-linear dimensionality722

reduction. Cluster identities were annotated via marker gene detection (Wilcoxon rank-723

sum test, log₂FC >0.5, adjusted P<0.01). To validate cell identidy transformation724

between E12.5 to E14.5, we ultilized scvelo (dynamical model) (v0.25.0)51 and moscot52.725

The former was ultilized spliced information to comput RNA velocity, the latter ultilized726

experimental time information. Pseudotime was inferred using CellOracle(v0.18.0) 53.727

Driver genes along trajectories were identified via TradeSeq (v0.99.46)54 . GO728

enrichment analysis was conducted using clusterProfiler.729

730

Preparation of Sequencing Libraries for scATAC-seq731

Palatal epithelial cells were isolated from E12.5 (n=16) and E14.5 (n=14) wildtype732

embryos for scATAC seq. Libraries were prepared using the Chromium Next GEM733

Single Cell ATAC Kit (10x Genomics). Nuclei were encapsulated in GEMs and734

subjected to Tn5 transposition to tag accessible chromatin with cell barcodes.735

Transposed fragments were then PCR amplified to add Illumina adapters and dual736
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indices (i7/i5), followed by purification and size selection. Libraries were sequenced on737

the NovaSeq Plus with paired-end reads and dual-index reads as recommended. Data738

can be processed with Cell Ranger ATAC.739

740

scATAC-seq data Analysis741

The scATAC-seq data analysis was performed as follows. Raw sequencing reads were742

aligned using Cell Ranger ATAC (v1.2.0). The aligned data underwent quality control743

using the Signac package. Subsequently, dimensionality reduction was performed with744

SnapATAC2 (v2.4.0) 55. We first integrated the scRNA-seq and scATAC-seq datasets745

using the scglue (v0.3.3) 56, which enabled the transfer of cell type annotations from the746

scRNA-seq to the scATAC-seq data. Following this integration, ArchR (v1.0.2) 57 was747

used to infer gene scores, calculate motif accessibility scores, and identify differentially748

accessible regions (DARs) between cell clusters. Finally, CellOracle was utilized for749

trajectory inference and tradeSeq was used to identify genomic regions with dynamic750

accessibility along these inferred lineages.751

752

GRN inference:753

To construct a comprehensive gene regulatory network (GRN), The integrated single754

cell data was analyzed with the SCENIC+ pipeline(v1.0) 58 to predict transcription755

factors (TFs), their putative target genes, and associated regulatory regions. The756

workflow began with pseudo-pairing of scRNA and scATAC profiles using figR(v0.1.0) 59.757

Subsequently, pycisTopic (v1.0.2) was applied to the scATAC-seq fragment counts to758
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perform topic modeling, identifying consensus accessible regions that serve as759

candidate TF binding sites. A custom cisTarget database was created based on these760

consensus regions. Regulons were then constructed by identifying enriched TF motifs761

within regions linked to target genes, thereby establishing both TF-region and TF-gene762

relationships. Finally, the activity of each regulon was scored using AUCell based on the763

expression of target genes and the accessibility of target regions. Regulon specificity764

scores were subsequently derived from these activity scores to identify cell-type-specific765

regulators.766

767

We performed in silico TF perturbation analysis using CellOracle to predict the effects of768

TFs on cell fate. The GRN previously predicted by SCENIC+ was imported into769

CellOracle as the base network. Leveraging the differentiation trajectory described in770

the previous section, we derived pseudotime-based differentiation vectors from771

pseudotime gradients. The perturbation scores were then computed as the cross-772

product of these differentiation vectors and simulated perturbation vectors. These773

scores indicate whether the perturbation of a given TF (overexpression or knockout)774

promotes or opposes differentiation along the osteogenic lineage. This simulation was775

performed systematically for all TFs within the GRN to comprehensively map their776

regulatory impact.777

778

SNP2CELL Analysis779
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To identify disease-relevant regulatory networks, we employed the SNP2CELL(v0.2.0)780

43framework to integrate human GWAS data with our mouse single-cell analyses. First,781

we obtained GWAS summary statistics for traits related to cleft lip and palate from the782

GWAS Catalog, comprising an initial set of 3,437 SNPs. These human genome-783

referenced SNPs (hg38) were subsequently lifted over to the mouse genome (mm10)784

using the UCSC Genome Browser's liftOver tool, resulting in 1,123 mappable SNPs. For785

the single-cell component, we used two inputs: a gene regulatory network (GRN)786

inferred from our scRNA-seq data via the SCENIC+ pipeline, and cell-type specificity787

scores derived from cluster marker genes. Finally, the processed GWAS data, the788

SCENIC+-inferred GRN, and the cell-type scores were provided as input to the789

SNP2CELL pipeline to prioritize disease-relevant and cell-cluster-specific modules790

within our transcription factor network.791

792

Preparation of Sequencing Libraries for H3K27Ac HiCUT793

Palatal epithelial cells were isolated from E14.5 wildtype embryos(n=70) for HiCUT seq.794

Genomic DNA was sheared and then subjected to proximity ligation to join interacting795

DNA fragments. Following biotinylation and enrichment of ligated junctions, libraries796

were amplified by PCR. The final libraries were sequenced on an Illumina NovaSeq™797

instrument with dual-indexed paired-end reads.798

799

HiCUT-seq data Analysis800
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Paired-end reads were aligned independently to the mm10 genome using bowtie2801

(global parameters:—very-sensitive–L 30 –score-min L,-0.6,-0.2 –end-to-end—reorder;802

local parameters:—very-sensitive–L 20 –score-min L,-0.6,-0.2 –end-to-end—reorder)803

through the HiC-Pro software60. The valid pair file was used for downstream analysis.804

Trans and < 1kb interactions were filtered out. For comparative analyses, we identified805

chromatin interactions that fall between a 20Kb to 2Mb window that have at least one806

anchor of the interacting pair falling in the Arid3a CUT&TAG peak region. Following the807

Arid3a CUT&TAG peak overlap and distance thresholding, we consider each valid pair808

as an individual interaction. If two overlapping valid pairs were present, we considered809

them as two interaction points.810

811

Preparation of Sequencing Libraries for CUT&Tag812

Palatal epithelial cells were isolated from E14.5 wildtype embryos (n=14) for CUT&TAG813

seq. The CUT&Tag assay was conducted using Hyperactive Universal CUT&Tag Assay814

Kit for Illumina (Vazyme, TD903). Epithelial cells that digested from palate shelves (1 ×815

106) were used for the CUT&Tag experiment. Cells were incubated in the H3K27Ac816

antibody (Abcam, #ab4729) or the Arid3a antibody (proteintech,14068-1-AP) overnight.817

PA-Tn5 transposase was used to cut the genome and add a special adaptor sequence818

to build a library. Libraries were constructed using Hyperactive Universal CUT&Tag819

Assay Kit (Vazyme, TD903) for Illumina’ and TruePrep Index Kit V2(Vazyme, TD202)820

for Illumina.821

822
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CUT&Tag-seq data Analysis823

Raw paired-end sequenced reads were first cut for adaptor sequences and trimmed824

using trim_galore (v0.6.6). Then, cleaned fastq data were mapped using Bowtie 2825

(v2.4.2) to the mm10 reference genome. Picard was used for marking and removing826

duplication. Samtools (v1.11) was used for converting and sorting the SAM files into827

BAM format. Macs2 (2.2.7.1) was used for peak calling. A total of 32,347 and 31,810828

peaks were obtained from H3K27Ac and Arid3a CUT&Tag, respectively. Deeptools was829

used for normalizing signals from sorted BAM files via bamCoverage, and830

computeMatrix was used for calculating the overall signal distribution around the peak831

center called by macs2 using the ‘reference-point’ model. Data were visualized using832

plotProfile and plotHeatmap in deeptools.833

834

Plasmid constructs and transient reporter analysis of periderm enhancer in835

zebrafish836

The candidate enhancer elements investigated in this study (chr15:37,202,744-837

37,203,504) were amplified by PCR using the KOD-Plus-Mutagenesis Kit (Toyobo,838

#SMK-101), with primer sequences showed as follows. Following sequence verification839

by Sanger sequencing, each element was inserted into the reporter vector pSK-MSC-840

GFP-Tol2 via homologous recombination using PCR-generated homology arms (20 bp841

each) for in vivo enhancer assays in zebrafish. For each assay, a minimum of 200 one-842

cell stage zebrafish embryos were injected, with each embryo receiving a co-injection of843

the reporter construct (~20 pg) and tol2 transposase mRNA (~25 pg)61. This procedure844
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was performed in three independent biological replicates on different days. At845

approximately 11 hpf, injected embryos were screened for enhancer-driven activity in846

the epidermis via epifluorescence microscopy (Leica). Subsequently, the detailed847

epithelial expression patterns from transgenic lines that displayed consistent GFP848

expression in at least 20% of the injected individuals were documented.849

Tg(Arid3a_miniF_GFP)_Pla_R GAGTTACAGtaccctgttatccctagta

Tg(Arid3a_miniF_GFP)_Pla_F GGTGTGTTACccagtgacgtaggaagtcc

850

QUANTIFICATION AND STATISTICAL ANALYSIS851

Panels generally represent multiple independent experiments performed on different852

days with different mice. No formal randomization techniques were used but mice were853

allocated to experiments randomly and samples were processed in an arbitrary order.854

No blinding was performed. Power calculations were used to ensure that the number of855

animals used per experiment was high enough to ensure reproducibility. Male and856

female mice were used equally and were grouped together in the analyses. Variation857

was always indicated using standard deviation (SD).858

Statistical analysis was performed with GraphPad Prism software (v 9.2.0), following its859

statistics guide. For analysis of the statistical significance of differences between two860

groups we generally performed two-tailed Student’s t-tests. For analysis of the statistical861

significance of differences among more than two groups, we performed repeated862

measures one-way ANOVAs and Tukey’s multiple comparisons tests. To assess the863

statistical significance of differences among multiple groups at multiple time points, we864
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performed repeated measures two-way ANOVAs and Tukey’s multiple comparisons865

tests. Variability within groups was tested using Levine’s median test prior to performing866

t-tests or ANOVAs.867

Data and code availability868

The data that support the findings of this study are available from the corresponding869

author upon reasonable request. The raw sequence data reported in this paper have870

been deposited in the Genome Sequence Archive62 in National Genomics Data Center63,871

China National Center for Bioinformation / Beijing Institute of Genomics, Chinese872

Academy of Sciences (GSA: CRA030477) that are publicly accessible at873

https://ngdc.cncb.ac.cn/gsa. Scripts for data analysis and figure generation are available874

on GitHub (https://github.com/GilbertHan1011/palateDevelopManuscript and875

https://github.com/Badgerliu/EP_annotator).876
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Figure 1. The heterogeneity roles of K5+ and K14+ lineages during palatogenesis.1047
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(A)UMAP visualization of Krt5(Red), Krt14(Yellow) and Krt17(Green) and trajectory analysis of whole epithelial cells from E11.51048

murine palatal tissues (GSE132462). Red circles mark K5+ enriched population. (B) Correlation analysis of single-cell datasets from1049

epithelial tissues reported in public databases including human skin(HRA000395)19, human foreskin (GSE147482)20, human1050

tracheal epithelium (GSE103354)21, human mammary gland epithelium (GSE113196)22, human buccal mucosa (GSE120654)23,1051

mouse E14.5 skin (E-MTAB-11920)8 and mouse E12.5 palate epithelium (this study). (C-E) Representative Multi-spectral RNAscope1052

analysis of E12.5(C) and E14.5(D) palatal shelves of wild-type embryos and the corresponding schematic diagrams(E). Each1053

staining was performed at three different animals (N≥3 mice from≥3 independent experiments).The white dotted line represented1054

the location of the basement membrane. Green fluorescence, Krt14; magenta fluorescence, Krt5; counterstaining with DAPI, blue1055

nuclear fluorescence. ns, nasal septum; p, palatal shelf; t, tongue. Scale bar, 50μm. (F) Representative morphologies of E14.5 DTA1056

(i), K5CreERT2;DTA (ii) and K14Cre;DTA (iii) mice. Scale bar, 1mm. (N = 6 mice per condition) (G)Tables of embryo phenotypes at1057

E12.5-E15.5 K5CreERT2;DTA(E10.5TM) and K14Cre;DTA mice. N≥3 mice in each timepoints were used. (H)H&E staining and1058

dual immunostaining of KRT5 with KRT14, KRT6A or ECAD at E13.5 DTA, K5CreERT2;DTA and K14Cre;DTA mice palates. Each1059

staining was performed at three different animals (N≥3 mice from≥3 independent experiments). p, palatal shelf. Scale bar, 20μm.1060
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1061

Figure 2. Lineage tracing distinguished the fate of K5+Krt14- cells which contributed to periderm.1062
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(A) Schematic of K5⁺ cell lineage tracing: Tamoxifen (TM) was administered to pregnant K5CreERT2;mTmG mice at E10.5, with1063

embryos harvested at E12.5, E13.5, E14.5. (B-D) Gross phenotypes of K5CreERT2;mTmG mice (morphology and mandible-1064

removed profile views) at E12.5 (B), E13.5 (C), and E14.5 (D). White dashed lines indicate the region selected for subsequent1065

immunofluorescence staining. Scale bars, 1mm. (E-M) Palatal sagittal sections co-stained for GFP (green, K5⁺ lineage) and keratin1066

markers (red, KRT14, KRT17, KRT6A) at indicated stages. Scale bars, 20µm. (N) Quantification of GFP⁺ cells co-expressing1067

differentiation markers (brown: basal cells; blue: superficial cells). This metric (double positive / total GFP+) represents the1068

proportion of the K5⁺ lineage that has differentiated. (O) Dual-recombinase lineage tracing schematic: TM was given to pregnant1069

K5CreERT2;K14DreERT2;H11-LSL-GFP-RSR-tdT(K5;K14;H11) dams at E10.5/E12.5, embryos harvested at E14.5. (P-Q)1070

Fluorescence morphology of E14.5 palates with mandible removed from K5;K14;H11 embryos following TM induction at E10.5 (P)1071

or E12.5 (Q). (R-W) Sections of the K5;K14;H11 embryos at E14.5 injected at E10.5 (R, T, V) or E12.5 (S, U, W) were co-stained for1072

GFP (K5-only lineage), tdT (Krt14-only lineage), and keratin markers (gray ,KRT14, KRT17, KRT6A). Scale bars, 20µm. (X)1073

Quantification of K5⁺K14⁻ (GFP⁺RFP⁻) contribution to K14⁺ basal/KRT6A⁺ suprabasal cells (green: basal; pink: suprabasal). (Y) The1074

schematic diagrams of the fate of K5⁺K14⁻ cells. By E12.5, the K5⁺ lineage that continues to fuel the periderm earlier, and a newly1075

established, committed K14⁺ lineage that expands the basal layer and contributes to periderm later.1076

All experiments: N≥3 mice from ≥3 independent experiments; data presented as mean±SEM; statistical significance (two-way1077

ANOVA): ns=not significant, **p<0.01, ***p<0.001, ****p<0.0001. Nuclei counterstained with DAPI (blue); white arrows indicate1078

periderm cells. ns, nasal septum; p, palatal shelf; t, tongue.1079
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1080

Figure 3. scRNA-seq and scATAC-seq of the periderm revealed the cellular identity of K5+;K14– cells.1081
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(A) Schematic overview of the single cell multi-omics experimental design. (B) Uniform Manifold Approximation and Projection1082

(UMAP) visualization of the integrated scRNA-seq and scATAC-seq datasets. Cells are colored by their assigned cluster. (C) Dot1083

plot showing the average expression level (color intensity) and the percentage of expressing cells (dot shape) of marker genes for1084

each cell cluster. (D)1085

Heatmap displaying the accessibility of differentially accessible chromatin regions across each cell cluster, derived from scATAC-1086

seq. (E) Scatter plot showing the expression patterns of Krt5 and Krt14 gene expression pattern. The expression of these two genes1087

effectively distinguishes cell lineages and exhibits distinct patterns at different developmental timepoints. (F) RNA velocity analysis1088

using scVelo, projecting cellular transitions and differentiation trajectories onto the UMAP embedding. (G) Trajectory inference using1089

Moscot, showing predicted cell-state transitions and developmental flows. (H) Heatmap of dynamic gene expression along the1090

reconstructed pseudotemporal trajectory of the two K6+ Periderm differentiation lineages. (I) Heatmap showing the corresponding1091

dynamic changes in gene activity scores along the K6+ Periderm lineages, as inferred from scATAC-seq peak accessibility1092
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Figure 4. Arid3a regulates cell proliferation in the periderm progenitors K5+;K14– cells.1095

Dot heatmap showing the top three eRegulons of each palatal cell type. Explain Regeion_based_AUC, explain gene_based_AUC.1096
(B) Heatmap showing perturbation score, quantitative measurement to evaluate the effects of the top TF in silico gene perturbation1097
on different palatal epithelial populations. Warm color indicates the promotion effect of the TF in related cell population, and cold1098
color indicates the inhibitory effect of TF in the related cell population. (C) Force-directed graph embeddings of the integrated1099
scRNA-seq from E12.5 and E14.5 palate epithelium. (D) Normalized expression level and distribution of Arid3a in palatal epithelium.1100
(E) In-silico perturbation of Arid3a in palatal epithelium profile. Arrows in the plots indicate the reverse differentiation potential1101
caused by loss of Arid3a. Green indicate negative effect, pink indicate positive effect on differentiation, grey indicate neutral effect.1102
(F) Dual immunostaining of ARID3A(green) with p63(red) at E12.5(Top) and E14.5(Bottom) DTA, K5CreERT2;DTA and1103
K14Cre;DTA mice middle palates. (G) Schematic of conditional knockout Arid3a strategy and sample collection timeline. TM was1104
administered to pregnant K5CreERT2;Arid3af/f;mTmG mices at E10.5. Embryos were harvested at E12.5 to E15.5 .(H) Proliferation1105
ability of K5CreERT2;Arid3af/w and K5CreERT2;Arid3af/f embryos at E14.5 was detected by staining with Ki67(red). Sections were1106
showed at low (top) and high (bottom) magnification. Quantification of the quantity of Ki67+ positive cells in superficial and basal1107
epithelial cells. (I)Stochastic agent-based mathematical modeling simulating palatal growth dynamics (E12.5–E14.5). The model1108
couples periderm proliferation with mesenchymal expansion. (Top) In the "Palate with periderm proliferation" model (simulating the1109
Control condition), periderm cells undergo self-renewal (black dots) while differentiating from basal cells (green squares), allowing1110
the boundary to expand coordinately with the proliferating mesenchyme (blue circles), resulting in normal palatal outgrowth. (Bottom)1111
In the "Palate without periderm proliferation" model (simulating the Arid3a cKO condition), periderm cells lose self-renewal capacity,1112
resulting in insufficient boundary expansion and mesenchymal crowding. (J) Temporal dynamics of simulated mesenchymal cell1113
density (cells/µm²) over the 48-hour simulation period (corresponding to E12.5–E14.5). The red curve(Arid3a cKO model) shows a1114
progressive increase in cell density due to restricted boundary expansion, while the blue curve (Control model) shows stabilization.1115
Solid lines indicate the mean, and shaded areas represent the standard deviation (SD) from N=10 independent simulation runs. (K)1116
Quantification of mesenchymal cell density(cells/µm²) in Arid3af/f;mTmG and K5CreERT2;Arid3af/f;mTmG palates within 50 µm ×1117
50 µm sub-epithelial regions. Bar graph showing mesenchymal cell density at E14.5. All experiments: N≥3 mice from ≥31118
independent experiments; data presented as mean±SEM; statistical significance (two-way ANOVA): ns=not significant,1119
**p<0.01,***p<0.001, ****p<0.0001. Nuclei counterstained with DAPI (blue); white arrows indicate periderm cells. ns, nasal septum;1120
p, palatal shelf; t, tongue.1121
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1122

Figure 5. ARID3A Binds a Distal Enhancer to Directly Regulate Grhl2 in the Periderm1123

(A) Schematic of the experimental workflow for genomic profiling of palate epithelium isolated from E14.5 mouse embryos. (B)1124

Diagram illustrating the E-P (Enhancer-Promoter) Annotator pipeline. H3K27Ac CUT&TAG peaks are classified as promoters (Prom)1125

or enhancers (Enh) based on proximity to a transcription start site (TSS). H3K27Ac HiCUT data identifies chromatin loops, which1126

are filtered to define high-confidence E-P, E-E (Enhancer-Enhancer), and P-P (Promoter-Promoter) pairs. (C) Heatmap showing1127

ARID3A and H3K27Ac CUT&TAG signal intensity centered on ARID3A binding peaks. Peaks are classified as promoter-associated1128

(n=826) or enhancer-associated (n=2,825). (D) Pie chart showing the distribution of ARID3A-mediated chromatin interactions as1129
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defined by the E-P Annotator. Below, Gene Ontology (GO) analysis reveals distinct functions for genes targeted by ARID3A-1130

occupied promoters (left, general cellular processes) versus ARID3A-occupied enhancers (right, developmental morphogenesis and1131

cell cycle). (E) Genome browser view of the Grhl2 locus. Tracks show HiCUT-defined chromatin interactions (arched lines), ARID3A1132

CUT&TAG binding, and H3K27Ac CUT&TAG signals from E14.5 palate epithelium. A prominent ARID3A-bound enhancer1133

containing two ARID3A binding sites (ABS1, ABS2) interacts with the Grhl2 promoter. Notably, this element is distinct from and1134

located proximal to the previously reported Grhl2 craniofacial enhancer, mm1286. The ARID3A binding motif is shown below. (F)1135

Zebrafish transgenesis assay showing the activity of the putative Grhl2 enhancer. The element drives robust GFP expression in the1136

superficial periderm at the bud stage (left, brightfield; right, fluorescence surface plot). Quantification of embryos with enhancer1137

activity is shown (103/223). Scale bar, 50 µm. (G) Quantification of the zebrafish assay using the same enhancer element but with1138

the two ARID3A binding sites mutated (A2ABS), showing a near-complete loss of enhancer activity. (H) Immunohistochemical1139

staining for GRHL2 (brown) in the palatal epithelium of control (K5CreERT2;Arid3af/w;mTmG) and Arid3a conditional knockout1140

(K5CreERT2;Arid3a f/f;mTmG) mice at E14.5. Loss of ARID3A results in a marked reduction of GRHL2 protein in the superficial1141

periderm layer. Black arrows pointed to the periderm cells. N=6 mice were used. Scale bar, 20 µm.1142

1143
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1144

1145

1146

1147

Figure 6. Orofacial Cleft GWAS Variants are Specifically Enriched in the K5+;K14– Periderm Progenitor Lineage1148

(A) Schematic of the SNP2Cell workflow used to link human orofacial cleft (OFC) risk variants to specific cell types. Human GWAS1149

SNPs were lifted over to the mouse genome. Concurrently, a gene regulatory network (GRN) was constructed from the palatal1150

epithelium single-cell data using SCENIC+. SNP2Cell was then used to integrate these two data streams to calculate a cell-type-1151
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specific enrichment score for the OFC-associated SNPs. (B) Heatmap displaying the SNP2Cell enrichment scores for OFC-1152

associated SNPs across the seven identified palatal epithelial cell states. A total of 3,439 human OFC GWAS SNPs were lifted over1153

to 1,123 orthologous mouse SNPs, of which 221 overlapped with epithelial chromatin accessibility peaks. The analysis reveals a1154

striking and significant enrichment of high SNP2Cell scores specifically within the K5+K14- progenitor and K5+K6+ periderm1155

populations. The boxplot at the top summarizes the score distribution, highlighting the specific enrichment in these two cell types1156

compared to all others. Loci for top-scoring SNPs, including the known clefting gene Grhl3, are indicated.1157

1158
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