
ll
OPEN ACCESS
iScience

Article
GRHL2 and AP2a coordinate early surface
ectoderm lineage commitment during
development
Ann E. Collier,

Samantha N.

Piekos, Angela

Liu, ..., Sadhana

Gaddam, Hanson

Zhen, Anthony E.

Oro

oro@stanford.edu

Highlights
GRHL2 is required for

surface ectoderm

formation and neural cell

identity repression

GRHL2 promotes AP2a

binding and AP2a

regulates the level and

sites of GRHL2 binding

Craniofacial-associated

SNPs disproportionately

fall in ectopic GRHL2

binding sites

rs1211213 regulates

GRHL2 and AP2a binding

in its enhancer and gene

target expression

Collier et al., iScience 26,
106125
March 17, 2023 ª 2023 The
Author(s).

https://doi.org/10.1016/

j.isci.2023.106125

mailto:oro@stanford.edu
https://doi.org/10.1016/j.isci.2023.106125
https://doi.org/10.1016/j.isci.2023.106125
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106125&domain=pdf


iScience

Article

GRHL2 and AP2a coordinate early surface
ectoderm lineage commitment during development

Ann E. Collier,1,4 Samantha N. Piekos,2,3 Angela Liu,1,2 Jillian M. Pattison,1,4 Franco Felix,1,2

Alessandro A. Bailetti,1 Egor Sedov,1 Sadhana Gaddam,1 Hanson Zhen,1 and Anthony E. Oro1,2,5,*

SUMMARY

Ectodermal dysplasias including skin abnormalities and cleft lip/palate result
from improper surface ectoderm (SE) patterning. However, the connection be-
tween SE gene regulatory networks and disease remains poorly understood.
Here, we dissect human SE differentiation with multiomics and establish
GRHL2 as a key mediator of early SE commitment, which acts by skewing cell
fate away from the neural lineage. GRHL2 and master SE regulator AP2a balance
early cell fate output, with GRHL2 facilitating AP2a binding to SE loci. In turn,
AP2a restricts GRHL2 DNA binding away from de novo chromatin contacts. Inte-
gration of these regulatory sites with ectodermal dysplasia-associated genomic
variants annotated within the Biomedical Data Commons identifies 55 loci previ-
ously implicated in craniofacial disorders. These include ABCA4/ARHGAP29 and
NOG regulatory regions where disease-linked variants directly affect GRHL2/
AP2a binding and gene transcription. These studies elucidate the logic underlying
SE commitment and deepen our understanding of human oligogenic disease
pathogenesis.

INTRODUCTION

Ectodermal dysplasias, including skin, craniofacial, visual, and hearing abnormalities are among the

most common birth defects.1 Proper formation of craniofacial features, in particular, relies on the

precise balance of neural, mesodermal, and surface ectoderm (SE) lineage interactions that lead to proper

embryonic patterning and folding.2–4 Previous investigations have established lineage-specific master

transcription factors which open chromatin and regulate gene expression required for proper lineage con-

tributions to neural tube and SE maturation.4–7 However, experimental systems to link high resolution ge-

nomics and functional studies during lineage commitment in ectodermal dysplasia have been lacking.

To understand the SE contribution to disease, we interrogated human embryonic stem cell (hESC)

in vitro differentiation with retinoic acid (RA) and bone morphogenetic protein 4 (BMP4).8 Previous

inference network modeling identified key transcription factors such as AP2a/c, GRHL2, and GATA3

that initiated SE chromatin and TP63 expression to drive the epidermal lineage.8,9 The central upstream

role for AP2c, which is associated with orofacial clefts and ectodermal dysplasia, came from the

demonstration that it was sufficient to induce SE in the absence of RA/BMP4. Subsequent analysis

demonstrated the importance of cell-cell communication between the germ layer cell types in SE

differentiation.10

Recently, we created the Biomedical Data Commons (BMDC), a community-based knowledge graph that

enables complex queries across multiple types of publicly available biomedical data.11 BMDC addresses

GWAS limitations such as linkage disequilibrium (LD), activity across diverse cell types, and loci with mul-

tiple genes.12 These issues lead to overemphasis of variants with relatively rare minor allele frequencies,

overlooking those in non-coding regions, and failing to identify many variants associated with common oli-

gogenic diseases. In particular, the lack of functionalization of non-coding regions, which compose 98.5%

of the genome, forces many studies to instead rely on evolutionary conservation and linear relationships

between coding and regulatory regions.13,14 Our workflow prioritizes disease-related genetic variants

within BMDC and has been applied to Type 1 diabetes to identify non-coding, poorly conserved, common,

cell type–specific variants.11
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In this study, we find that GRHL2 skews ectodermal fate away from the neural lineage toward SE by promot-

ing AP2a DNA binding, which then feeds back to restrict GRHL2 activity. BMDC prioritization of human

craniofacial genetic variants revealed a surprisingly large overlap of single nucleotide polymorphisms

(SNPs) within GRHL2 or AP2a enhancer binding sites, altering their binding and downstream target

gene expression. Together these results illustrate a mechanism for how reciprocal transcription factor in-

teractions precisely pattern gene expression during ectodermal lineage specification and provide a refer-

ence framework for genetic variant prioritization for ectodermal dysplasia.

RESULTS

GRHL2 promotes surface ectoderm and inhibits neural cell differentiation

We previously demonstrated that RA/BMP4 treated hESCs recapitulate regional development of the SE

and reciprocal signaling with the underlying mesoderm8–10 (Figure 1A). To uncover regulators of these lin-

eages in our system, we performed single cell multiome sequencing (scRNA + scATAC-seq) after addition

of RA/BMP4. Weighted nearest neighbor analysis revealed that EPCAM+ SE and PDGFRA+ mesoderm

were the two major cell types (Figures 1B and S1A–S1D), with a small population of neural cells. The top

enriched motif in the early SE was GRHL2 (Figures 1C and 1D, Table S1). Although GRHL2 loss-of-function

studies have been reported in human cancer cells, epiblasts, mouse embryos, zebrafish, and fly eye

disks,2,15–18 its role in the differentiating human SE has not been studied. GRHL1 and GRHL3 mutations

cause epidermal defects in mice,17–20 but GRHL3 is not expressed in our system. Importantly, GRHL2

craniofacial expression precedes that of the other isoforms during mouse development,21 and it has

been implicated in ectoderm development in both mice and Drosophila.2,18

We therefore used CRISPR to deplete GRHL1 or GRHL2 protein in hESCs. Gene expression analyses

suggested that loss of GRHL2, but not GRHL1, had a significant effect on lineage-specific transcripts in

our system (Figures S1E and S1F). This is consistent with our previous network inference modeling which

implicated GRHL2 (as opposed to GRHL1),9 and the observation that GRHL1 does not appear to play a

role in ectoderm or craniofacial development in mice and zebrafish.19,22 Upon addition of RA/BMP4,

GRHL2 KO hESCs (Figures 1E and S1G) failed to flatten and produce characteristic KRT18 networks, exhib-

iting striking abnormalities (Figure 1F). By RNA-seq, the expression of thousands of transcripts was altered

(Figure S1H, Table S2), including 70% of those reported previously in a GRHL2 null mouse model.2 Tran-

scripts encoding epithelial adhesion and extracellular matrix proteins such as CDH1 and CXCL14 were

severely reduced in the KO, and neural development markers such as ZIC2 and PAX3 were increased

(Figures S1I–S1K). GRHL1 expression was reduced in the KO, suggesting it likely acts downstream of

GRHL2. GRHL2-dependent genes were enriched in the SE population identified by scRNA-seq (Figure 1G).

Of interest, GRHL2-repressed genes were expressed primarily in the small neural population.

Loss of GRHL2 resulted in a striking reduction in the SE at the expense of 4-fold expansion of the neuro-

ectoderm (Figures 1H–1J). SE markers such as TP63, CXCL14, and GRHL1 were virtually absent in the

KO (Figures 1K and S2A) alongside expansion of the neural transcripts PAX6 and PAX3. There was a small

de novo neural population that appeared only in the GRHL2 mutant, which was enriched for ASCL motifs

Figure 1. GRHL2 promotes surface ectoderm and represses neural identities

(A) Differentiation strategy to produce early SE. RA and BMP4 are added to hESC colonies for 7 days, resulting in a mixture of SE and supporting

mesenchymal cell types.

(B) Joint neighbor UMAP representing both single cell gene expression and DNA accessibility measurements from hESCs after 7 days of RA/BMP4.

(C) Gene expression of GRHL2 on joint UMAP.

(D) GRHL2 motif enrichment on joint UMAP.

(E) CRISPR strategy and confirmation immunoblot for GRHL2 deletion in hESCs.

(F) Representative immunofluorescent images of WT and GRHL2 KO hESCs after 7 days of RA/BMP4 using antibodies against GRHL2, Keratin-18 (KRT18) or

DAPI for nuclei. Scale bars in each micrograph represent 25 mm.

(G) Expression of GRHL2-dependent or repressed genes across clusters identified using integrated scRNA from WT and GRHL2 KO cells.

(H) UMAP of integrated WT and GRHL2 KO cells colored by cell type.

(I) Integrated UMAP colored by genotype.

(J) Proportion of each identity in WT or GRHL2 KO cells.

(K) UMAPs showing gene expression of individual transcripts colored by log2-transformed rendering of UMI counts.

(L) UMAPs of motif enrichment colored by motif Z score.

(M) Integrated UMAP colors by k-means clusters based on gene expression or (N) ATAC accessibility.

(O) Pseudotime plots of WT and GRHL2 KO cells colored by integrated identities.
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Figure 2. GRHL2 is required for AP2a activity at SE loci

(A) Enrichment of various chromatin states in relation to GRHL2 ChIP-seq coordinates. Chromatin states were defined by ChromHMM using previously

published histone mark ChIP-seq and ATAC-seq datasets in hESCs treated with RA/BMP4 for 7 days.

(B) Expression of GRHL2-bound genes across integrated scRNA-seq identities.

(C) Distribution of ATAC-seq signal (score based on number of reads per bin) relative to GRHL2 binding sites in WT and GRHL2 KO cells.

(D) AP2a motif enrichment joint UMAP.
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and neural progenitor markers such as STMN2 and TUBB3 (Figures 1L and S2B). PCA analysis suggested

this cluster of cells is a maturing neural progenitor population (Figure S2C). An advantage of multiomic

scRNA/scATAC is the ability to generate 3D chromatin information, linking a gene and enhancer using

the statistically significant correlation between gene expression and chromatin accessibility across all cells

in the dataset (Table S3). Consistent with neuroectoderm expansion was the appearance of GRHL2-

repressed links between neural genes and distal enhancers (Figure S2D, Table S3) likely originating from

new open chromatin sites at ZIC, SOX, and RFX motifs (Figure 1L).

Through k-means clustering of the integrated WT/GRHL2 KO projection, we discovered that GRHL2 KO

gene expression and chromatin accessibility identities do not overlap with WT cell types (Figures 1M

and 1N). Gene expression that was once distinct to the SE (EPCAM, PDGFRA, PERP, etc.) became reduced

and diffused across all cells in the GRHL2 KO, indicating the inability of GRHL2 to effectively resolve canon-

ical SE (Figure S2E). GRHL2-deficient cells also fail to produce distinct branches of pseudotime-based dif-

ferentiation trajectories (Figures 1O and S2F). Together these results suggest that GRHL2 skews stem cell

differentiation away from neural/neuroectoderm cell fates and toward SE commitment.

GRHL2 facilitates AP2a DNA binding

We elucidated the mechanism by which GRHL2 enforces SE differentiation by integrating GRHL2 ChIP-seq

with chromatin states defined by histone marks and chromatin accessibility (Figure 2A, Table S2). Consis-

tent with binding site profiles in human epiblast and Drosophila studies,15,18 we found that GRHL2 binds to

enhancers and promoters at SE loci as well as opens chromatin at its binding sites (Figures 2B and 2C).

Importantly, we observed that GRHL2 directly binds to only 16% of its regulated gene promoters

(Table S2), suggesting it acts at a distance or in coordination with one or more upstream transcription

factors.

Because previous work in our lab showed that AP2 transcription factors are sufficient to drive SE and ker-

atinocyte formation in the absence of RA/BMP4,9 we investigated the GRHL2/AP2 genetic network inter-

action. Our multiome data showed that all three AP2 family members (AP2a/TFAP2A, AP2b/TFAP2B,

and AP2c/TFAP2C) were enriched in the SE, with TFAP2B expression at much lower levels (Figures 2D

and S3A). Further, AP2a and AP2b have been implicated in ectodermal processes including human

epidermal signaling, mouse and zebrafish neural crest and craniofacial development, as well as human

branchiooculofacial syndrome.5,23–28 To investigate the relationship between GRHL2 and AP2 family mem-

bers, we used CRISPR to deplete AP2a or AP2b protein (AP2c depletion was lethal). Consistent with mouse

mutant data,28 AP2a-depleted cells display a much more prominent mutant phenotype than AP2b

(Figures S3B and S3C), which provided rationale to specifically interrogate the interaction between

GRHL2 and AP2a (Figure 2E).

By RNA-seq, we found that GRHL2 and AP2a regulate a statistically significant set of overlapping SE genes

(Figures 2F–2H, Table S1) without affecting each other’s expression (Figures 2I, 2J, and S3D). Loss of GRHL2

caused a significant reduction in both TFAP2B and TFAP2C expression, suggesting it acts upstream of

these transcripts (Figure S3E) Strikingly, despite unchanged AP2a protein levels or chromatin accessibility

at AP2a binding sites (Table S1, Figure 2K), we observed dramatically reduced AP2a DNA binding in the

GRHL2 KO (Figures 2L and 2M). Differential AP2a binding strength was observed at 9,560 sites, with

only 10% remaining in the GRHL2 KO (p value<0.01, Table S2, Figures 2L and 2M). This observation was

consistent across SE markers, including CDH1, EPCAM, and ITGA6 (Figure 2N). These data demonstrate

that GRHL2 promotes AP2a binding at open chromatin sites to enforce SE gene expression.

Figure 2. Continued

(E) CRISPR strategy and immunoblot confirming AP2a KO hESCs.

(F) Expression of GRHL2 and AP2a-dependent genes across integrated scRNA-seq identities.

(G) Overlap of GRHL2 and AP2a-dependent and bound genes. Significance was calculated by Fisher exact test, *** indicates p value <0.0001.

(H) Heatmap of read counts from WT, GRHL2 KO, and AP2a KO RNA-seq.

(I) Expression of TFAP2A orGRHL2 in hESCs or WT, GRHL2 KO or AP2a KO hESCs treated with RA/BMP4. Error bars represent mean +/�SD, n= 2 biological

replicates.

(J) Immunoblot showing levels of AP2a protein in WT and GRHL2 KO cells treated with RA/BMP4.

(K) Distribution of ATAC-seq signal (score based on number of reads per bin) relative to AP2a binding sites in WT and GRHL2 KO cells. Distribution of AP2a

ChIP-seq signal (score based on number of reads per bin) relative to (L) all transcription star sites or (M) AP2a binding sites in WT and GRHL2 KO cells.

(N) Representative bedgraphs of AP2a ChIP-seq in WT or GRHL2 KO cells.
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Figure 3. AP2a restricts GRHL2 binding to appropriate target genes

(A) Distribution of GRHL2 ChIP-seq signal (score based on number of reads per bin) relative to GRHL2 or AP2a binding sites in WT and AP2a KO cells.

(B) Distribution of ATAC-seq signal (score based on number of reads per bin) relative to the new GRHL2 binding sites in WT or AP2a KO cells.

(C) Enrichment of various chromatin states in relation to AP2a KOGRHL2 ChIP-seq coordinates. Chromatin states were defined by ChromHMMusing histone

mark ChIP-seq and ATAC-seq datasets in hESCs treated with RA/BMP4 for 7 days.

(D) Percentage of GRHL2 peaks found at or connected to promoters or AP2a binding sites in both WT and AP2a KO cells. p values were calculated with two-

tailed Fisher’s exact tests. **** indicates a p value <0.0001.
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AP2a restricts GRHL2 DNA binding

Although GRHL2 promotes AP2a DNA binding, we were surprised to find that loss of AP2a in turn caused a

marked increase, rather than decrease, in GRHL2 DNA binding without affecting its expression levels (Fig-

ure 3A, Table S2). Although GRHL2 can be detected binding to a modest 2,500 loci genome-wide, AP2a

loss caused new GRHL2 binding sites at over 15,000 loci in the absence of any changes in chromatin acces-

sibility (Figure 3B). Half of these new sites directly overlap with AP2a (Table S2), and the rest are enriched at

promoters and enhancers connected to AP2a in 3D space (Figures 3C and 3D, p value <0.0001). Further-

more, the increase in GRHL2 DNA binding occurred alongside the appearance of de novo 3D chromatin

contacts, a near 3-fold increase compared to WT (Figures 3E and 3F). This suggests chromatin contact in-

sulation as a possible mechanism by which AP2a restricts GRHL2 binding. Promoters connected to these

ectopic binding sites were mis-regulated in AP2a KO cells and enriched for cell migration, wnt signaling,

and chromatin remodeling genes (Figures 3G and 3H). Furthermore, the loss of AP2a caused a marked in-

crease in the neural lineage at the expense of the SE by scRNA-seq, similar to the GRHL2 KO (Figures 3H

and 3I). Together these results suggest that AP2a prevents GRHL2 from binding to and forcing the expres-

sion of inappropriate neuroectodermal lineage factors during SE development (Figure 3J).

To determine whether increased GRHL2 levels are sufficient to alter gene expression, we introduced a

doxycycline-inducibleGRHL2 into theCLYBL safe harbor locus.29 Overexpression of GRHL2 indeed caused

abnormal expression of many key developmental regulatory genes includingDLX6, TBX1,NOG, and PAX6

all of which are associated with known human craniofacial phenotypes30–33 (Figure 3K, Table S2). Gene

expression changes in response to ectopic GRHL2 expression are consistent with previous reports on chro-

matin accessibility in Drosophila brain and mouse embryos.2,18 However, GRHL2 fails to induce a statisti-

cally significant (p = 0.06) number of its target genes likely because of the presence of AP2a (Figure 3L).

Furthermore, by scRNA-seq, GRHL2 overexpression alone induces a modest increase in the neuroecto-

derm lineage (Figures 3M and 3N). We conclude that proper SE lineage specification depends on

dosage-dependent GRHL2/AP2a regulatory interactions.

GRHL2 and AP2a binding sites overlap with craniofacial SNPs

Both GRHL2 and TFAP2A loss-of-function mutations cause craniofacial and neurulation defects including

cleft lip/palate in numerous species and recent murine data implicate AP2a specifically in SE.28 Further,

vertebrate embryologic studies demonstrate that facial morphogenesis requires not only neural crest,

but also interactions with the overlying SE.28,34,35 We therefore sought to validate the relevance of our

GRHL2/AP2a multimodal network by integrating these data with previously published cleft lip/palate

GWAS variants.2,7,21,36,37 We compiled a list of 500 variants with 13,378 in LD,38 followed by integration

of the GRHL2/AP2a ChIP-seq, ATAC-seq, and chromatin conformation (cohesin Hi-ChIP) datasets using

a previously developed informatic pipeline11 (Table S4). We identified 141 genetic variants located in

175 unique enhancers, which are distally looped to 165 unique genes in 55 genomic regions (Figures 4A

and 4B, Tables S5 and S6). Of interest, the majority of these variants have no previously reported clinical

significance (Figure 4C) and had a minor allele frequency (MAF) above 2% (Figures 4D and S4A–S4E) indi-

cating they are relatively common. In addition, Combined Annotation Dependent Depletion (CADD)

Figure 3. Continued

(E) Number of chromatin contacts in WT and AP2a KO cells as measured by cohesin HiChIP.

(F) Chromatin contact strength at ectopic GRHL2 binding sites in WT and AP2a KO cells. Boxes represent the median with interquartile range and error bars

represent the minimum and maximum.

(G) Empirical cumulative distribution function of the log2FoldChange in gene expression of promoters bound or looped to GRHL2 or AP2a binding sites

(n = 6,564, purple) compared to all protein coding genes (n = 19,923, black) in WT vs. AP2a KO cells. p value <0.01 calculated by Student’s two-tailed test.

(H) UMAP of integrated WT and AP2a KO cells colored by cell type.

(I) Fold change in AP2a KO cell type proportions compared to WT, as measured by scRNA-seq.

(J) Model of GRHL2 and AP2a regulation of gene expression. GRHL2 acts by blocking neural gene expression and promoting AP2a binding at surface

ectoderm genes. In the absence of AP2a, GRHL2 binds unrestricted to inappropriate loci.

(K) MA plot of differential expression analysis between WT and GRHL overexpression bulk RNA-seq. Transcript expression is either unchanged (gray),

increased (blue, >2-fold), or decreased (red, <2-fold). p values for differentially expressed genes were calculated using DESEQ2 with a cutoff of 0.05. All

differential genes and statistics can be found in Table S5.

(L) Overlap of GRHL2-regulated genes and genes altered by GRHL2 overexpression. p value was calculated with a Fisher exact test.

(M) UMAP of integrated WT and GRHL2 over expression cells colored by cell type.

(N) Fold change in GRHL2 overexpression cell type proportions compared to WT, as measured by scRNA-seq.
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scores were low, suggesting the variants are not evolutionarily conserved (Figure 4E) and would have been

missed by previous conservation-based approaches.28

Over 90% of the pipeline-identified genetic variants were in LD with GWAS SNPs and significantly increased

comparedwith thatexpected fromthe input (Figure4F). The141pipeline-identifiedvariants are in 55 loci across

16 different chromosomes primarily in introns or near promoters of genes (Figures 4G and 4H), and thus were

not in geneduplicated clusters. These loci include knownandpreviously recognized regulators of SE, neural, or

craniofacial development including the genes TACC1, IRF6, and MTHFR (Figures S5A–S5D).41–44 Of interest,

the number of variants withinGRHL2binding siteswas increasedover 10-fold in theAP2aKO (Figure 4I). Genes

associated with these variants had minimal overlap with SNPs identified using enhancer ChIP-seq from neural

crest cells (Figure 4J), emphasizing the cell-type specificity of this pipeline and the unique SE regulatory

elements.39,40 Only variant rs227727 in the NOG locus was identified by both our pipeline and by the

FaceBase Consortium, which enriched for craniofacial variants in cranial neural crest-specific enhancers.39

We conclude that the GRHL2/AP2a binding sites mark an SE-focused set of cleft lip/palate enhancer variants.

Figure 4. Cleft lip/palate genetic variants prioritized by integrating multiomic GRHL2/AP2a functional datasets

(A) Pipeline overview, which connects single nucleotide polymorphisms (SNPs) in enhancers to distal genes via chromatin looping.

(B) Flow chart illustrating how genes of interest were filtered using functional data.

(C) Clinical significance of pipeline-identified output genetic variants.

(D) Histogram of the minor allele frequency or (E) CADD scores of the genetic variants. Red dashed lines indicate standard cutoffs for minor allele frequency

(MAF <0.02) or CADD score (CADD R15) for identifying disease-associated genetic variants.

(F) Proportion of pipeline input or output genetic variants which were found directly from GWAS studies or are in linkage disequilibrium (LD). Significance

was calculated with a Fisher’s exact test, * indicates a p value <0.05.

(G) The chromosomal location and (H) functional categories of pipeline-identified genetic variants.

(I) Number of pipeline-identified genetic variants falling within GRHL2 or AP2a binding sites, or AP2a-dependent ATAC sites in WT (black) or AP2a KO cells

(white). p values were calculated with two-tailed Fisher’s exact tests, **** indicates p value <0.0001.

(J) Overlap of genetic variants identified in our day 7 RA/BMP4 cells compared to published neural crest studies.39,40
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Of interest, an A>G SNP (rs1211213) within a GRHL2 binding site was found at the ABCA4-ARHGAP29

locus, which is one of the most commonly associated cleft lip-palate disease loci. This specific variant

has not previously been identified by GWAS, but was found in our analysis through its LD with cleft lip/pal-

ate SNPs rs3789432 and rs481931.45,46 Importantly, none of the nearby GWAS-identified SNPs45,47–51 over-

lapped with GRHL2 or AP2a binding sites (Figure 5A), suggesting rs1211213 may have been overlooked

because of the lack of SE-specific transcription factor network analyses. Chromatin accessibility at this

variant is specific to the SE and is significantly correlated with ABCA4 and ARHGAP29 expression, suggest-

ing that it is a major driver of ABCA4 and ARHGAP29 in the SE (Figures 5B and 5C).

Consistent with our model, GRHL2 is required for AP2a binding at this locus (Figure 5D). Loss of AP2a in

turn removes a GRHL2-bound 3D chromatin contact at ARHGAP29 (Figure 5E). ChIP-seq in H9 hESCs,

which are heterozygous for rs1211213, exhibits altered GRHL2 and AP2a DNA binding as both proteins

preferentially binding to the major allele (Figures 5F–5H). Furthermore, GRHL2 loss results in lowered

gene expression of both ABCA4 and ARHGAP29 (Figures 5I and 5J). To confirm the role of this variant,

we used CRISPR genome editing to alter a single base pair in H9 hESCs, converting the remaining major

allele (A) at rs1211213 to the minor allele (G) (Figure 5K). Indeed, RA/BMP4-treated homozygous minor

(G/G) cells exhibited decreased expression of both ABCA4 and ARHGAP29, independent of changes in

flanking genes ABCD3 and DNTTIP2 (Figure 5L). This example illustrates how a single base pair variant

in the SE-associated GRHL2/AP2a regulatory network alters the cooperative balance of transcription factor

binding, resulting in altered expression of disease-associated genes.

As a second example, we interrogated the NOG locus, which makes well-established contributions to

craniofacial development and disease52,53 and is repressed by both AP2a and GRHL2 during SE differen-

tiation (Figure S6D). We found a cleft lip/palate SNP (rs227727) located within an AP2a binding site at a

distal NOG enhancer54 that is accessible and connected to the promoter by a 3D chromatin contact (Fig-

ure S6A). AP2a loss results in ectopic GRHL2 DNA binding (Figure S6B) and increased NOG expression

(Figure S6D). As with the ARHGAP29 locus, AP2a preferentially binds to the major allele (Figure S6C),

and we infer that the resulting GRHL2 binding is responsible for the observed increased expression of

NOG. Intriguingly, loss of GRHL2 results in decreased AP2a binding at rs227727 and a further increase

in NOG expression (Figure S6D). Analysis of the NOG locus further illustrates the delicate balance of

GRHL2 and AP2a feedback required for lineage specification in the developing embryo.

DISCUSSION

In this study we investigate early SE commitment with multimodal single cell analysis and use BMDC to

correlate our results with disease-associated variants. We identify GRHL2 and AP2a as key players respon-

sible for SE specification, clarify their mechanistic relationship, and use their regulatory network to identify

55 genomic regions associated with human craniofacial disorders. Our approach demonstrates how

single base pair genetic variation contributes to altered lineage commitment in human disease, and

how multidimensional genomic data can be used to nominate known and previously unrecognized loci

for downstream studies in model systems and in the clinic.

GRHL2 loss-of-function experiments showed that this protein is not only vital to SE formation, but it is required

to repress aberrant neural gene expression and chromatin accessibility (Figure 1). Our previous studies have

demonstrated that cell-cell communication between the early germ layers is crucial to development of more

mature tissues like skin and facial structure.10 These new results suggest that GRHL2 controls this balance of

cell types branching out fromdifferentiation, likely affecting communicationwith the supportingmesenchyme.

In elucidating GRHL2 gene regulation, we uncover a surprising regulatory interaction where GRHL2 promotes

binding of AP2a, which in turn restricts GRHL2 DNAbinding. This newly described regulatory mechanism con-

trols the balance of neural and SE formation, and directly implicates GRHL2 and AP2a in human ectodermal

dysplasia. We hypothesize that protein-protein interaction domains in GRHL2 are key to its interaction with

AP2a, as genetic variants inGRHL2 non DNA-binding domains can result in human phenotypes.55–57 Further-

more, previous studies have shown that AP2a can negatively control the transcriptional activity of other factors

including c-Myc and Max by interacting with BR/HLH/LZ domains.58,59

We extend the utility of BMDC as we demonstrate the value and ease of connecting a functional chromatin

dynamic map with disease-causing genetic variants. Although whole genome sequencing has been instru-

mental in identifying SNPs, we found that integration of functional data is crucial in pinpointing relevant
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Figure 5. Cleft lip/palate genetic variants alter GRHL2 binding and downstream gene expression

(A) Table of SNPs identified from previous GWAS studies showing whether they fall within GRHL2 or AP2a binding sites.

(B) Feature linkage between the ABCA4 promoter and accessible chromatin from WT and GRHL2 KO single cell multiome datasets. Arc height corresponds

to the absolute value of each linkage. Red = negative correlation and Blue = positive correlation.

(C) Chromatin accessibility at the ABCA4 locus in each cell type identified by scATAC.

(D) AP2a and GRHL2 ChIP-seq signal in WT and AP2a KO cells at the ABCA4 locus.

(E) Raw cohesion HiChIP signal at the ABCA4/ARHGAP29 locus in WT and AP2a KO cells.

(F) Genetic variant preference at the SNP rs1211213 for AP2a or GRHL2 DNA binding as identified by ChIP-seq. Boxes representmedian with interquartile ranges.

(G) Expression of ABCA4 or (H) ARHGAP29 from bulk RNA-seq data. Error bars represent mean +/�SD, n= 2 biological replicates.

(I) UMAP of ABCA4 or (J) ARHGAP29 expression from integrated scRNA-seq.

(K) Raw sequencing data illustrating the single nucleotide change at rs1211213 made with CRISPR genome editing.

(L) qPCR comparing homozygous vs heterozygous rs1211213 alleles. Bars indicated mean with SD. p values were calculated with two-tailed Student’s ttest,

n= 5 biological replicates run in triplicate. **** indicates p value <0.0001.
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variants to investigate complex epistasis in oligogenic syndromes. Many cleft lip/palate genetic variants

have been reported in GWAS studies,45,48 but we demonstrate that functional ABCA4/ARHGAP29 SNPs

were actually in LD and had not been previously identified owing to the lack of relevant cell type-specific

experimental data (Figure 5). Combining our functional data with GWAS studies has allowed us to better

understand allele frequencies of common and rare variants in oligogenic diseases. The GRHL2/AP2a map

created in this study will serve as a reference frame in future studies of ectodermal dysplasia and develop-

mental disorders to prioritize genetic variants and predict disease in individuals.

Limitations of the study

Although using an isogenic human pluripotent cell-derived skin differentiation system enables us to study

the function of non-coding regions in humans, this model does have some limitations. Our cell

differentiation system mimics general ectodermal lineage commitment, but limits interpretation of our re-

sults in the context of multi-lineage craniofacial development. Although we were gratified that a base pair

mutation of one SNP in the ABC4A locus sufficiently impacts GRHL2 and AP2a binding and expression of

target genes ABC4A and ARHGAP29, the rs1211213 minor allele frequency in the general population

is �30%. This indicates that it is unlikely to be sufficient on its own for a penetrant craniofacial phenotype

in the absence of other variants. This highlights the need for oligogenic analysis of craniofacial dysfunction.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-rabbit GRHL2 Sigma RRID: AB_1857928

Anti-sheep KRT18 R&D Systems RRID: AB_1935896

Anti-mouse AP2A Santa Cruz RRID: AB_667767

Anti-mouse GAPDH Santa Cruz RRID: AB_627679

Anti-rabbit SMC1A Bethyl Biosciences RRID: AB_2192467

Bacterial and virus strains

Stellar Competent Cells Takara Biosciences CAT# 636766

Chemicals, peptides, and recombinant proteins

BMP4 R&D Systems Cat #314-BP-050

RA Sigma Cat #R2625

Essential 8 Medium Life Technologies Cat #A1517001

Essential 6 Medium Life Technologies Cat #A1516401

BD hESC Qualified Matrigel Fisher Cat #354277

Accutase Innovative Cell Technologies Cat #AT104

DTT Sigma Cat #646563

Protector RNase Inhibitor Sigma Cat #3335399001

Digitonin Thermo Fisher Cat #BN2006

MACS BSA Stock Solution Miltenyi Biotech Cat #130-091-376

BamBanker Wako Chemicals Cat #30214681

Normal Horse Serum Blocking Solution Vector Laboratories Cat #S-2000

ProLong Gold Antifade Mountant Life Technologies Cat #P36930

TruCut Cas9 Protein Thermo Fisher Cat #A36498

Y-27632 (ROCKi) Stem Cell Technologies Ca t#72304

Protein-G Dynal magnetic beads Life Technologies Cat #10004D

Ampure XP beads Beckman Coulter Cat #A63881

Biotin D-ATP Thermo Fisher Cat #19524016

DNA Polymerase I, Large (Klenow) Fragment NEB Cat #M0210

T4 DNA Ligase NEB Cat #M0202

GreenTaq GenScript Cat #E00043

Doxyclycine Sigma Cat #D9891

Critical commercial assays

Chromium Next GEM Single Cell Multiome

ATAC + Gene Expression Reagent Kits

10X Genomics Cat #PN-1000283

Chromium Next GEM Chip J Single Cell Kit 10X Genomics Cat #PN-1000234

Human Stem Cell Nucleofector Kit Lonza Cat #VPH-5012

Rneasy Kit Qiagen Cat #74106

RNAse-free DNAse set Qiagen Cat #79254

QIAquick PCR purification Kit Qiagen Cat #28106

DNeasy Blood and Tissue Kit Qiagen Cat #69506

Tagment DNA Enzyme and Buffer Kit Illumina Cat #20034197

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

NEBNext ChIP-Seq Library Prep kit NEB Cat #E6240S/L

MinElute PCR Purification Kit Qiagen Cat # 28006

In-Fusion HD Cloning Kit Takara Biosciences Cat #638910

Dead Cell Removal Kit Miltenyi Cat #130-090-101

KAPA kit for PolyA enriched mRNA-seq

Library prep

Roche Cat #KK8420

Qbit dsDNA assay kit Thermo Fisher Cat #Q32851

TaqMan� RNA-to-CT� 1-Step Kit Thermo Fisher Cat #392938

Deposited data

Deep sequencing data This paper GEO:GSE165714

Previously published sequencing data

(chromHMM)

Pattison et al. 201960 GEO:GSE114846

Experimental models: Cell lines

H9 (WA09) human embryonic stem cell line Stanford Stem Cell Bank NIHhESC-10-0062

Oligonucleotides (all oligo sequences provided in Table S7)

GRHL2 KO genotyping F GACTAG

TGGCCTTAGTGCCC

This Paper N/A

GRHL2 KO genotyping R ACTTCCTC

TGGATGGGTGAT

This Paper N/A

AP2A KO genotyping F TGGGGTAG

GTAAGTAGGGGG

This Paper N/A

AP2A KO genotyping R GGCACTG

TAGGTCAATCTCCC

This Paper N/A

GRHL2 KO sgRNA 1 UAGGCU

CUUCGGGUAUUGAA

This Paper N/A

GRHL2 KO sgRNA 2 AGUAGUCAU

AGAGCAGGCCG

This Paper N/A

GRH1 KO sgRNA 1 CUGAAGCAA

ACGGCCAGUGU

This Paper N/A

GRH1 KO sgRNA 2 GCGGCGGU

CCUACACUAGUG

This Paper N/A

GRH1 KO sgRNA 3 CUUUGGUC

GCUGCAGUGAGA

This Paper N/A

GRHL1 KO genotyping F TGGTCTGCA

CTTACGTGGTT

This Paper N/A

Recombinant DNA

GRHL2 over-expression plasmid This study N/A

pUCM-CLYBL-hNIL Addgene Cat #105841

Software and algorithms

CellRanger Arc 2.0.0 10X Genomics https://support.10xgenomics.com/single-cell-

multiome-atac-gex/software/downloads/

latest

Seurat 4.0.5 Hao et al. 202161 https://satijalab.org/seurat/

Loupe Browser 6.0.0 10X Genomics https://support.10xgenomics.com/single-cell-

gene-expression/software/downloads/

latest#loupe

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Monocle 2.22.0 Trapnell et al. 201462 http://cole-trapnell-lab.github.io/monocle-

release/docs/

Kallisto v0.46.1 Bray et al. 201663 https://pachterlab.github.io/kallisto/

download.html

DESEQ2 1.34.0 Love et al. 201464 http://bioconductor.org/packages/release/

bioc/html/DESeq2.html

bedtools 2.27.1 Quinlan et al. 201065 Stanford Sherlock

IDR 2.0.3 Li et al. 201166 https://github.com/nboley/idr

Bowtie 2.3.4.1 Langmead et al. 201367 Stanford Sherlock

samtools 1.8 Li et al. 200968 Stanford Sherlock

Macs2 v2.2.7.1 Zhang et al. 200869 https://github.com/taoliu/MACS

Deeptools 3.5.1 Ramirez et al. 201470 Ramirez et al. 2014

HiCPro 2.11.4 Servant et al. 201571 https://github.com/nservant/HiC-Pro

FitHiChIP 9.0 Bhattacharyya et al. 201972 https://github.com/ay-lab/FitHiChIP

Diffloop 1.23.1 Lareu et al. 2021 2-

GenomicRanges 1.46.1 Lawrence et al. 201373 https://bioconductor.org/packages/release/

bioc/html/GenomicRanges.html

Genova 1.0.0 Haarhuis et al. 201774 https://github.com/robinweide/GENOVA

chromHMM v1.23 Ernst et al. 201775 http://compbio.mit.edu/ChromHMM/

Limma 3.50.0 Ritchie et al. 2015 https://github.com/gangwug/limma

ImageStudioLite 5.2.5 Li-Cor https://www.licor.com/bio/image-studio-lite/

BioRender Biorender https://www.Biorender.com

Prism 9 GraphPad https://www.graphpad.com

Leica Application Suite for Advanced

Fluorescence v2.7.9

Leica https://www.leica-microsystems.com/

products/microscope-software/p/leica-

application-suite/

EnrichR Chen et al., 201376 https://maayanlab.cloud/Enrichr/

Pheatmap 1.0.12 Kolde, 201977 https://rdrr.io/cran/pheatmap/

Matplotlib 3.5.0 Hunter et al. 200778 https://matplotlib.org/

ggplot2 3.3.5 Wickham et al. 2016 https://ggplot2.tidyverse.org/

Networkx 2.5.1 Hagberg et al. 200879 https://networkx.org/

Custom SNP pipeline Piekos et al. 202111 https://github.com/OroLabStanford/

SNP_Prioritization_Pipeline

Scipy 1.6.2 Virtanen et al. 202080 https://scipy.org/

Numpy 1.20.2 Harris et al. 202081 https://numpy.org/

Pandas 1.2.4 Reback et al. 202082 https://pandas.pydata.org/

Seaborn 0.11.1 Waskom et al. 202183 https://seaborn.pydata.org/index.html

Rpy2 3.4.5 https://rpy2.github.io/

Re 2.2.1 Python library 3.7.9 https://pypi.org/project/regex/

Jupyter 1.0.0 Kluyver et al. 201684 https://jupyter.org/

Datacommons 1.4.3 https://datacommons.org/

Pywaffle 0.6.4 https://pypi.org/project/pywaffle/

Mygene 3.2.2 Xin et al. 201685 https://pypi.org/project/mygene/

Stats 3.4.3 R version 3.4.2 R Core Team

Awk 4.0.2

GNU coreutils 8.22 https://www.gnu.org/software/coreutils/

manual/coreutils.html
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Anthony Oro (oro@stanford.edu).

Materials availability

All materials generated in this study are available from the lead contact without restriction.

Data and code availability

Sequencing data have been deposited at GEO:GSE165714 and are publicly available as of the date of pub-

lication. Accession numbers are listed in the key resources table. This paper also analyzes existing, publicly

available data.8 Any custom code was published previously8,11 and is available at https://github.com/

OroLabStanford. All code is publicly available as of the date of publication. Any additional information

required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

ES cell maintenance and differentiation

Human embryonic stem cells (H9, female) were maintained in E8 medium (Life Technologies) on Matrigel

(Stem Cell Technologies) coated plates, dissociated using 0.5 mM EDTA, and passaged at 1:10 ratio. For

differentiations, themedia was changed to Essential 6 (Life Technologies) supplemented with 1 mM retinoic

acid (Sigma) and 5 ng/mL Recombinant Human BMP4 (R&D Systems) and replaced every two days for seven

days. On day 7, cells were collected for downstream analysis.

Cell line generation

ES cells were singularized by Accutase treatment, washed with PBS, counted (1 million cells) and nucleo-

fected using Lonza Human Stem Cell Nucleofector Kit 1 (Lonza VPH-5012). CRISPR sgRNAs (Synthego)

were precomplexed to Cas9 protein (Thermo Fisher) at room temperature for 10 minutes. For GRHL2-over-

expression, an sgRNA targeting the CLYBL locus was nucleofected alongside a doxycycline-inducible

expression plasmid with CLYBL homology arms.29 Immediately post-nucleofection, cells were grown in

E8 supplemented with Rock inhibitor (10 mm Y-27632) for up to 4 days. Post-nucleofection pool and subcl-

oned colonies were genotyped. GRHL2 overexpressing cells were also selected using neomycin. sgRNAs,

plasmids, and primer sequences are listed in the key resources table and in Table S7.

METHOD DETAILS

Single cell multiome

Single cell suspensions were prepared with Accutase, and cells were frozen in BamBanker (Wako Chemi-

cals). Cells were thawed in cryovials in a 37�C water bath for 1-2 min, spun out of freezing media, and

any large clumps were removed with 40 mM Flowmi Cell Strainers. Dead cells were eliminated with a

dead cell removal kit (Miltenyi) per manufacturer instructions. 1 million cells per sample were lysed for

5 min in 1X chilled lysis buffer (10 mN Tris-HCl ph 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% Tween-20, 0.1%

NP40 substitute, 0.01% digitonin, 1% BSA, 1 mM DTT, and 1U/mL RNase inhibitor). Cells were washed 3

times with chilled wash buffer (10 mN Tris-HCl ph 7.4, 10 mM NaCl, 3 mM MgCl2, 1% BSA, 0.1% Tween-

20, 1 mMDTT, and 1U/mL RNase inhibitor) and resuspended at a concentration of 2,700 nuclei/mL in Diluted

Nuclei Buffer (1X Nuclei Buffer (10x Genomics), 1 mM DTT, 1U/mL RNase Inhibitor). 6,000 nuclei were tar-

geted for multiome library prep per themanufacturer’s instructions (10x GenomicsMultiome ATAC+Gene

Expression User Guide CG000338). scATAC libraries were sequenced on a NovaSeq SP100 lane at a depth

of 25,000 read pairs per nucleus. scRNA libraries were sequenced on an S4 NovaSeq at a depth of 20,000

read pairs per nucleus.

Immunoblotting

Whole cell lysates were isolated in RIPA buffer supplemented with protease inhibitors (Roche) and sepa-

rated on gradient SDS-PAGE gels (Life Technologies). Proteins were wet transferred onto nitrocellulose

membranes (0.45microns, BioRad) at 100V for 1h. Membranes were blocked in 5% BSA + TBST for 1h. Pri-

mary antibodies were diluted in 5% BSA + TBST and incubated, shaking, with the membranes overnight at

4�C. Primary antibodies used in this study are listed in the key resources table. Fluorescent secondary
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antibodies compatible with Odyssey CLx (Li-Cor) were used for 2-color imaging of membranes. Image

analysis was performed with ImageStudioLite (Li-Cor).

Immunofluorescence

Cells were cultured/differentiated on glass cover slips in 12 well plates, fixed for 10minat room temperature

in 4% paraformaldehyde in PBS. Cells were permeabilized for 10 min with permeabilization buffer (0.1%

Triton-X + 0.05% Tween-20 in PBS) and blocked for 30 min with 10% Normal Horse Serum (Vector Labora-

tories) in permeabilization buffer. Antibodies were incubated overnight at 4�C and are listed in the key re-

sources table. Secondary antibodies (Thermo Fisher) were added at 1:500 dilution and incubated at room

temperature for 1h. Cells were washed twice in PBS and once in Hoechst (Thermo Fisher) 1:10,000 in PBS.

Glass cover slips were mounted onto glass slides with ProLong Gold mounting medium (Life Technologies)

before imaging on Leica SP8 confocal microscope. Image analysis was performed on Leica LAS X software.

RNA isolation

Cells were lysed in Trizol (Invitrogen), and the aqueous layer was isolated as indicated by the manufacturer.

RNA was purified with a RNeasy kit (Qiagen). DNase (Qiagen) treatment was added to the column prior to

elution as per manufacturer instructions. Real time PCR was performed using the ThermoFisher TaqMan

RNA-CT 1-Step kit with using a Stratagene real time PCR machine. Probes are listed in Table S7. RNA-

seq libraries were prepared using the KAPA kit for PolyA enriched mRNA-seq (Roche) according to the

manufacturer’s protocol. Libraries were pooled and sequenced on a NovaSeq. Two (RNA-seq) or 3-5

(qPCR) independent, biological replicates were sequenced per cell type.

ChIP-seq

Cells were grown on 15-cm dishes (25 million cells per replicate), singularized by Accutase (Innovative Cell

Technologies), crosslinked by 1% formaldehyde for 10minutes, lysed (50mM Tris-HCl pH 8.0, 10mMEDTA,

0.5% SDS, 1X protease inhibitors), and sonicated to 200-300 bp size using a Bioeruptor (Diagenode). Sam-

ples were centrifuged to remove insoluble debris and diluted in dilution buffer (50 mM Tris-HCl pH 8.0,

10 mM EDTA, 1X protease inhibitors) to final concentration of 0.1% SDS. Sheared chromatin was incubated

overnight at 4�C with appropriate antibodies, followed by incubation on rotator with 30 mL of pre-washed

agarose G beads (Invitrogen) for 4h at 4�C. AP2A ChIP antibody (Santa Cruz: sc-12726) used at 20 mg per 25

million cells andGRHL2 ChIP antibody (Sigma Prestige: HPA004820) used at 6 mg per 25 million cells. Beads

were washed twice each with low salt buffer (50 mM Tris-HCl pH 8.0, 0.15M NaCl, 1 mM EDTA pH 8.0, 0.1%

SDS, 1% triton X-100, 0.1% sodium deoxycholate), high salt buffer (50mM Tris-HCl pH 8.0, 0.5MNaCl, 1 mM

EDTA pH 8.0, 0.1% SDS, 1% triton X-100, 0.1% sodium deoxycholate), and LiCl buffer (50 mM Tris-HCl pH

8.0, 0.15M LiCl, 1 mM EDTA pH 8.0, 1% NP-40, 0.1% sodium deoxycholate). DNA was eluted in 100 mL of

elution buffer (50 mMNaHCO3, 1% SDS) and crosslinks were reversed with 4 mL of 5MNaCl incubated over-

night at 67�C. RNA was removed by adding 1 mL of 10 mg/mL RNase A and incubating for 30minat 37�C.
DNA was cleaned using the Qiagen Qiaquick PCR purification kit and quantified using Qubit (Invitrogen).

Between 5 ng and 1 mg of pooled DNA were used for library preparation using NEBNext Ultra� II DNA Li-

brary Prep Kit for Illumina kit (New England Biolabs) and AMPure XP beads (Beckman) according to the

manufacturer’s protocol. Single-read libraries were sequenced on Illumina NextSeq or NovaSeq

sequencer. Two independent, biological replicates were sequenced per cell type.

ATAC-seq

ATAC-seq was performed as described previously86 and as follows. 7x104 cells were washed with cold PBS

and lysed in 0.1% NP40 RSB buffer. Nuclei were transposed with Nextera Transposase at 37�C for 30 mi-

nutes, then purified with theQiagenMinElute PCR Purification Kit. Libraries were amplified for 9 total cycles

using the Nextera Ad1 and Ad 2.1–2.16 barcodes. Libraries were purified and eluted using the MinElute

columns (Qiagen). Library concentrations were determined with Bioanalyzer High-Sensitivity DNA analysis

(Agilent). Paired-end libraries for all samples analyzed were pooled and sequenced on an Illumina NextSeq

500 and two independent, biological replicates were sequenced per sample.

Cohesin HiChIP

Cohesin HiChIP library prep was performed with standard methods.87 25x106 cells were crosslinked and

digested with MboI (NEB). After digest, biotin was incorporated into the sticky ends of fragments before

ligation. Cohesin ChIP was performed to enrich for proximity ligations bound to cohesin, using an SMC1
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antibody (Bethyl, A300-055A). The paired-end library quality was assessed on a MiSeq sequencer before

sequencing on an Illumina HiSeq 4000. Three replicates were pooled and sequenced across two HiSeq

lanes for a total of 1200 million reads per sample.

GRHL2 expression vector

A doxycycline-inducibleGRHL2 expression construct was introduced into the CLYBL29 safe harbor locus to

ensure controlled and consistent expression levels of GRHL2. GRHL2 cDNA was first cloned into a CLYBL

targeting vector (Addgene #105841) using In-Fusion HD cloning (Takara Biosciences). The construct was

nucleofected along with a CLYBL targeting sgRNA (Synthego) and Cas9 (Thermo Fisher) as described

above. GRHL2 over-expression was induced with 2 mg/mL doxycycline (Sigma) for 7 days. All sgRNA and

plasmids are listed in the key resources table.

QUANTIFICATION AND STATISTICAL ANALYSIS

Gene expression by qPCR

Significance between groups was calculated using a student’s two-tailed t-test with at least three technical

and three biological replicates per experiment.

Gene overlaps

Significance between overlapping gene lists was calculated using a Fisher’s Exact Test.

Single cell multiome processing

FASTQ files were processed using 10x Genomics Cell Ranger Arc 2.0.0 and the human reference genome

hg38. Cells with UMI counts between 1000 and 8500 were used for further analysis and cells with mitochon-

drial percentages above 20% were excluded. For each cell type, Seurat88 was used to create a multimodal

object with paired RNA and ATAC profiles, followed by weighted neighbor clustering. To directly compare

WT and KO cell types, Seurat objects from each genotype were merged together and then integrated

based on transcriptome data. The merged object was split by sample and anchors were identified between

samples using FindIntegrationAnchors based on transcripts. 2,000 highly variable RNA features were iden-

tified, objects were scaled to regress out cell cycle stages, and PCA was performed using variable features.

Cells were clustered using 10 dimensions and a resolution of 0.05. The resulting projection coordinates

and RNA-based clusters were imported on top of multiome Loupe files from each cell type in order to

simultaneously analyze scATAC and scRNA in the same cells. Differential gene expression, motif analysis,

and feature linkage of integrated datasets was performed using the 10X genomics Loupe browser. For

pseudotime analysis, data was extracted from the integrated Seurat object to create a Monocle cds.62

2,000 variable features were used to order the pseudotime process, and the dimension was reduced using

DDRTree and Monocle scaling.

RNA-seq processing

Pseudoalignment index via kallisto index was generated using Gencode v35 transcript and annotation

ref.63 Pseudoalignment count tables in TPM (transcripts per million) were generated using kallisto quant.

Resulting files were piped into R package DESEQ264 using the same annotation reference files as align-

ment. R package limma89 was used to remove batch effects, and adjusted counts were used for differential

RNA analysis by DESEQ2 to determine p values and fold changes (p<0.05 was used as a cuttoff). GO term

analysis was performed using EnrichR.76

ChIP-seq processing

Fastq files were quality controlled and trimmed using trim_galore (parameters: trim_galore-q 10).

Alignment to hg38 was performed using bowtie290 (parameters: bowtie2-p 4--very-sensitive). Reads

were subsequently sorted and deduplicated using samtools.68 Macs269 with default settings was used to

call peaks. Irreproducible peaks were filtered using IDR (Irreproducible Discovery Rate).66 Total compara-

ble IDR peaks were pooled into a bed file and merged to eliminate overlaps. Bedtools65 multicov was used

to populate a count table based on read coverage for use in downstream differential analysis by Deseq2.

ChromHMM software91 was used to learn and identify chromatin states. Histone mark sequencing data was

published previously.8 Enrichment of each state at ChIP-seq summits was calculated using the

NeighborhoodEnrichment command. Enrichments were plotted using Python matplotlib. ChIP-seq
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heatmaps were plotted using Deeptools.92 To measure the binding strength of GRHL2 or AP2A at genetic

variants, individual reads for each allele were counted manually from raw bam files.

ATAC-seq processing

Fastq files were quality controlled and trimmed using trim_galore (parameters: trim_galore-q 10–dont_g-

zip –fastqc). Alignment to hg38 was performed using bowtie2 (parameters: bowtie2-p 4--very-sensitive).

Reads were subsequently sorted and deduplicated using samtools. Following removal of mitochondrial

reads, bam files were converted to bed using bedtools bamtobed. Macs2 was used to call peaks (param-

eters: macs2 callpeak-f BED–nomodel–extsize 73–shift -37-g hs-p 0.05). Resulting peak files from all sam-

ples were pooled into a bed file andmerged to eliminate overlaps. Bedtools multicov was used to populate

a count table based on read coverage for use in downstream differential analysis by Deseq2. ATAC-seq

heatmaps were plotted using Deeptools.

Cohesin HiChIP processing

Paired end reads were aligned to hg38 using HiC-Pro.71 10 kb binned matrices from HiC-Pro were used to

call high confidence contacts using FitHiChIP.72 Total loops were subset to remove loops smaller than 5000

bases. Loops were further subset by loops that had fewer than 5 contacts in 2 out of the 3 replicates in each

genotype. Diffloop93 was used to call differential loops between WT and KO. GenomicRanges73 was used

to identify overlaps between GRHL2 ChIP peaks and HiChIP loops and anchors. Differential loops filtered

for FDR <0.1 were used for correlational association with differential GRHL2 ChIP binding sites. Genova74

was used to quantify chromatin contact strength at GRHL2 binding sites using 10 kb interaction matrices.

5 kb interaction matrices were used to visualize contacts by Virtual 4C.

Chromatin contact analyses

Two transcription factors and/or genes (TSS +/� 1 kb) were considered connected via chromatin looping if

an element was present in one 10 kb bin and the other element was in the corresponding bin of a cohesin

contact. Two elements were considered overlapping if they were both present at the same genomic loca-

tion. Difference in rates of transcription factor participation, LD prevalence, and SNP overlap with ChIP/

ATAC sites were evaluated using a Fisher’s Exact Tests.

Empirical cumulative distribution function analysis (ECDF)

ECDF was performed to determine whether the cumulative log2FoldChange in a subset of genes was

significantly different compared to all protein-coding genes using a student’s two tailed t-test (scipy

v1.6.2). Plots were generated using matplotlib v3.4.1. Only protein-coding genes for which there was a

fold change value calculated using DESEQ2 were used in the analysis.

SNP prioritization pipeline

We prioritized genetic variants associated with craniofacial phenotypes.11 Normalized significant genetic

variants associated with cleft lip/palate were obtained for craniofacial traits from NHGRI-GBI GWAS

Catalog.38 Variants in linkage disequilibrium for each ethnicity were obtained using SNiPA94 using genome

assembly GRCh37, variant set 1000 Genomes Project Phase 3 version 5, genome annotation Ensembl 87,

and linkage disequilibrium threshold 0.8. A combined list of GWAS significant genetic variants and variants

in linkage disequilibrium were converted into GRCh38 using the UCSC Genome Browser liftover tool. Co-

hesin HiChIP datasets (FDR <0.001) fromWT or AP2a KO cells were used as chromatin contact input, GRHL

ChIP-seq and AP2a ChIP-seq (FDR <0.01), WT or AP2a KO cells as well as AP2a-dependent ATAC-seq

peaks were used as regulatory element input. A bed 5+ file of protein coding genes +/� 1 kB was used

as promoter input. The pipeline first subset regulatory elements participating in 3D chromatin connections,

followed by filtering for regulatory elements containing one or more genetic variants. The algorithm then

associated the paired regulatory element and genetic variant to distal genes. The output is a list of regu-

latory element-SNP-gene trios which can be found in Tables S2 and S3. Bipartite graphs were generated

using the python package network v2.5.1 and visualized using maplotlib v3.4.1.

The clinical significance (ClinVar) and functional category (dbSNP) for each genetic variant were obtained

by querying Google Data Commons using the python API.11 CADD scores were obtained from https://

cadd.gs.washington.edu.14 Global MAF frequencies as reported by dbGAP and/or the 1000 Genomes

Project were retrieved from dbSNP whereas population-specific MAFs were obtained from SNiPA.
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Code for running the pipeline was published previously11 and is available at https://github.com/

OroLabStanford/SNP_Prioritization_Pipeline.

Graphics and gene ontology

Graphics were created with BioRender.com. Gene ontology analysis was performed using EnrichR.com.

Volcano and MA plots were made using ggplot2.95 RNA-seq heatmaps were made using pheatmap.77

Bar graphs were made using Prism 9 GraphPad software. ChIP-seq and ATAC-seq Heatmaps were

made using deeptools.92 ChromHMM enrichment plots were made using matplotlib.96
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