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2 Abstract

Molecular malfunctions during craniofacial development can lead to non-syndromic cleft
lip with or without cleft palate (nsCL/P), a congenital malformation that affects the upper
lip and palate. Treatment involves multidisciplinary approaches, including surgery and
speech therapy. In addition to an increased risk of morbidities such as cancer,
neurological and cardiovascular diseases, these interventions can represent a burden for
those affected. NsCL/P occurs between the fourth and tenth week of embryonic
development and is one of the most common birth defects with a prevalence of about 1 in
1,000 live births. The etiology is described as multifactorial and polygenic, including
environmental and numerous genetic factors. To date, various genetic studies have
identified over 45 genomic loci that are associated with a risk for nsCL/P. However, most
of the genetic risk variants map to non-coding regions of the genome, and the target genes
and affected cell types are mostly unknown. The aim of the present thesis was to examine
gene expression patterns of nsCL/P candidate genes to identify cell types that are
potentially involved in the development of nsCL/P. For this purpose, published single-cell
RNA sequencing (scRNA-seq) data from embryonic mice were re-analyzed. These data
were then used to study the expression patterns of candidate genes that were identified
by genome-wide association studies (GWAS) and whole-genome sequencing data. In
addition to confirming gene expression patterns that were described in previous functional
studies, this revealed that most candidate genes are specifically expressed in either one
of two groups of cell types, epithelial or mesenchymal cells. After scRNA-seq data from
the heads of human embryos became first available, a systematic analysis of the joint
gene expression of nsCL/P GWAS candidate genes in these data showed that epithelial
cells and HANDZ2+ pharyngeal arches are associated with nsCL/P candidate genes,
complementing the previous research in murine scRNA-seq data. Co-expression network
analysis in these cell types was then used to identify potential interactions between
candidate genes and to prioritize candidate genes by combining the results with the initial
GWAS data. The results were consistent with previously described gene-gene interactions
and revealed potential new interactions and candidate genes. Together, these analyses
determined nsCL/P-associated cell types and demonstrated a novel strategy for the

prioritization of candidate genes based on a combination of GWAS and scRNA-seq data.



3 Introduction and aims

Molecular malfunctions during craniofacial development can lead to orofacial clefting
(OFC), which is a group of congenital facial malformations that mainly affect the growth
and fusion of the upper lip and palate. OFC can be divided into several subtypes,
depending on which facial structures are affected by clefting. Additionally, OFC subtypes
can be divided into non-syndromic (or isolated) and syndromic forms. In syndromic forms,
OFC is part of a more complex malformation syndrome with further developmental
defects. A prominent example of a syndrome with an OFC phenotype is Van der Woude
syndrome, which is characterized by bottom lip pits and either cleft lip with or without cleft
palate or only a cleft palate (van der Woude, 1954; Kondo et al., 2002; Mangold et al.,
2016).

Among the various OFC subtypes, non-syndromic cleft lip with or without cleft palate
(nsCL/P) is the most prevalent. While the prevalence varies globally, the average
prevalence is about 1 in 1,000 live births, making nsCL/P one of the most common birth
defects (Mangold et al., 2011). It is characterized by clefting of the upper lip and, in some
cases, additionally the palate (Fig. 1).

Figure 1: Frequent clefting patterns of facial structures (pink) for cleft lip with/without cleft palate;
a-c of the upper lip; d-f of the upper lip and alveolar process; g-i of the upper lip, alveolar process
and primary palate (figure and caption taken from Mangold, Kreif3 and Néthen, 2017)

Individuals with nsCL/P often require multidisciplinary interventions, which can include
repeated corrective surgeries and speech therapy. Such interventions can be a



considerable financial and psychosocial burden for affected individuals and their families
(Kousa and Schutte, 2016). Additionally, nsCL/P was found to be associated with an
increased risk for morbidities such as cancer, neurological and cardiovascular diseases
(Christensen et al., 2004; Dunkhase et al., 2016; Kousa and Schutte, 2016). Based on
twin studies, the heritability of nsCL/P has been estimated to be approximately 90 %,
indicating a strong genetic contribution (Grosen et al., 2011). Its etiology is described to
be polygenic and multifactorial, with multiple genetic and environmental factors, including
folic acid intake and alcohol consumption during pregnancy, being considered to play a
role (Mangold et al., 2011).

The complex genetic architecture of nsCL/P is characterized by a certain degree of
variability. There are monogenic forms of nsCL/P caused by rare variants that often have
a high impact on risk. For example, studies have identified rare variants in the genes
MSX1 and IRF6 to cause monogenic nsCL/P (Jezewski et al., 2003; Blanton et al., 2005;
Pengelly et al., 2016). These monogenic forms often follow a Mendelian inheritance
pattern within families (Gajdos et al., 2004). However, pedigrees of families with affected
individuals are not always conclusive in terms of inheritance patterns. In most cases,
nsCL/P is a polygenic condition that is likely to be caused by a multitude of common
variants and does not follow a typical pattern of inheritance. In these cases, it is the
cumulative effect of variants with small effects on risk that likely causes nsCL/P (Ludwig
et al., 2017).

To date, numerous genetic studies have identified over 45 genomic risk loci for nsCL/P
(Beaty et al., 2010, 2013; Birnbaum et al., 2009; Leslie et al., 2016, 2017; Ludwig et al.,
2012, 2016, 2017; Mangold et al., 2010; Moreno et al., 2009; Mostowska et al., 2018;
Mukhopadhyay et al., 2020, 2022; Rahimov et al., 2008; Sun et al., 2015; Welzenbach et
al.,, 2021; Y. Yu et al., 2017). A large proportion of these discoveries relate to common
variants identified by genome-wide association studies (GWAS). These studies determine
the frequencies of genetic variants in individuals with a particular disease/trait (i.e. nsCL/P)
in comparison to a control group (Ludwig et al., 2019). The statistical evaluation of GWAS
provides a p-value for each variant, which describes the probability that the particular
variant is associated with the disease/trait under investigation, and an effect size, which
measures the strength of this association. However, most of the genetic associations for
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nsCL/P identified by GWAS map to non-coding regions of the genome, as is typical for
complex phenotypes (Thieme and Ludwig, 2017). This complicates the biological
interpretation of these findings due to potential spatiotemporal effects of the associated

variants on the expression of target genes (Maurano et al., 2012).

For this reason, follow-up studies are usually required to identify candidate genes that
may be affected by regulatory effects of the identified non-coding variants, thereby
providing more insight into the underlying biological mechanisms. Although challenging,
different studies have determined candidate genes at some of the nsCL/P risk loci
(Satokata and Maas, 1994; Thieme and Ludwig, 2017; Welzenbach et al., 2021). In
addition to alternative strategies, one approach for the prioritization of candidate genes
for GWAS risk loci is to utilize data on topologically associating domains (TADs). TADs
are regions of the genome that physically interact with each other at a higher frequency
than with regions located outside of a given TAD, which can potentially impact gene
regulation of genes within the TADs (Pombo and Dillon, 2015). Consequently, it is likely
that target genes of non-coding GWAS risk variants are located within the same TADs as
the risk variants. Therefore, GWAS summary statistics can be combined with data on
TADs to prioritize candidate genes based on non-coding risk variants. For nsCL/P, this
approach was implemented by Welzenbach et al. 2021 by combining a GWAS meta-

analysis with TAD data from human embryonic stem cells.

However, in order to interpret the biological relevance of the risk loci and to further
elucidate the underlying mechanisms of nsCL/P, developmental cell types affected by the
genetic variants need to be identified, as gene regulation can be cell type or tissue specific
(Maurano et al., 2012). In human embryonic development, the development of the face
takes place between the fourth and tenth week of gestation (Dixon et al., 2011). During
this time period, cells from the neural crest (NC) undergo extensive migration and
differentiation processes that lay the foundation of the structures that constitute the face
(Cordero et al., 2011). The NC is a transient population of cells located at the dorsal part
of the neural tube that possesses the ability to give rise to diverse cell types and tissues
(Dooley et al., 2019). It is divided into four segments: cranial neural crest cells (CNCCs),
cardiac, vagal and trunk neural crest cells. The CNCCs primarily give rise to the
connective, skeletal, cartilage, bone and nerve tissue of the developing head (Roth et al.,
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2021; Rothstein et al., 2018). Early in craniofacial development, CNCCs migrate to paired
bulges on either side of the developing head, the pharyngeal arches (Graham et al., 2005).
These develop the facial prominences that grow and fuse together in the facial midline,
shaping the upper and lower jaws, chin, lips, philtrum, nose and palate (Danescu et al.,
2015; Roth et al., 2021; Toro-Tobon et al., 2023). Despite continuous research, the finely
orchestrated molecular processes underlying craniofacial development, as well as the
developmental cell types relevant for nsCL/P, are still not fully understood.

Due to the spatiotemporal effects of gene regulation, gene expression patterns of nsCL/P
candidate genes from relevant tissues can be used to identify potential cell types involved
in nsCL/P. In the past, gene expression has been primarily examined using bulk RNA
sequencing techniques, measuring the average gene expression in a sample, but missing
potential gene expression heterogeneity between cell types within a tissue sample (Liao
et al., 2022). However, the technological advancements of the last decade now allow the
investigation of the transcriptomes of individual cells using various single-cell RNA
sequencing (scRNA-seq) techniques (Sreenivasan et al., 2022). This innovation makes it
possible to detect gene expression heterogeneity and discover previously unknown cell
types and subpopulations, which has been demonstrated in the context of OFC by studies
identifying transcriptional heterogeneity in the palate mesenchyme (Ozekin et al., 2023)
and distinct cell populations at the fusion sites of the facial prominences in mice (Li et al.,
2019).

The present thesis aimed to expand the interpretation of the genetic risk variants for
nsCL/P by identifying potentially affected developmental cell types based on candidate
gene expression patterns in high-resolution gene expression data. For this purpose, the
expression patterns of candidate genes were examined in two independent murine
scRNA-seq data sets from relevant tissues and time points (Cao et al., 2019; Li et al.,
2019). First, an analysis workflow was implemented to re-analyze the published scRNA-
seq data and to examine the expression patterns of GWAS candidate genes identified in
Welzenbach et al. 2021 (Siewert et al., 2023). This analysis workflow was then also
applied to study the expression patterns of candidate genes identified in whole-genome
sequencing data (Zieger et al., 2023). While craniofacial development is quite conserved

between humans and mice in general, there are also considerable differences between
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the species (K. Yu et al., 2017). Therefore, to specifically identify human developmental
cell types, an scRNA-seq data set from the heads of human embryos (Xu et al., 2023)
was used for a more systematic analysis of nsCL/P candidate gene expression and cell
type identification (Siewert et al., 2024).
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Introduction: Cleft lip + cleft palate (CL/P) is one of the most common birth
defects. Although research has identified multiple genetic risk loci for different
types of CL/P (i.e., syndromic or non-syndromic forms), determining the
respective causal genes and understanding the relevant functional networks
remain challenging. The recent introduction of single-cell RNA sequencing
(scRNA-seq) has provided novel opportunities to study gene expression
patterns at cellular resolution. The aims of our study were to: (i) aggregate
available scRNA-seq data from embryonic mice and provide this as a resource
for the craniofacial community; and (ii) demonstrate the value of these data in
terms of the investigation of the gene expression patterns of CL/P candidate
genes.

Methods and Results: First, two published scRNA-seq data sets from embryonic
mice were re-processed, i.e., data representing the murine time period of craniofacial
development: (i) facial data from embryonic day (E) E11.5; and (ii) whole embryo data
from E9.5-E13.5 from the Mouse Organogenesis Cell Atlas (MOCA). Marker gene
expression analyses demonstrated that at E11.5, the facial data were a high-resolution
representation of the MOCA data. Using CL/P candidate gene lists, distinct groups of
genes with specific expression patterns were identified. Among others we identified
that a co-expression network including Irf6, Grhl3 and Tfap2a in the periderm, while it
was limited to Irf6 and TfapZ2a in palatal epithelia, cells of the ectodermal surface, and
basal cells at the fusion zone. The analyses also demonstrated that additional CL/P
candidate genes (e.g., Tom1, Arid3b, Ctnnd1, and Wnt3) were exclusively expressed in
Irf6+ facial epithelial cells (i.e., as opposed to Irf6- epithelial cells). The MOCA data set
was finally used to investigate differences in expression profiles for candidate genes
underlying different types of CL/P. These analyses showed that syndromic CL/P genes
(syCL/P) were expressed in significantly more cell types than non-syndromic CL/P
candidate genes (nsCL/P).

Discussion: The present study illustrates how scRNA-seq data can empower

research on craniofacial development and disease.

KEYWORDS

cleft lip with or without cleft palate, single-cell RNA sequencing (scRNA-seq), IRF6,
craniofacial development, expression pattern, single-cell transcriptomics
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1 Introduction

Molecular malfunctions during craniofacial development can
lead to cleft lip + cleft palate (CL/P). CL/P represents one of the most
common of all birth defects, with a global prevalence of 1 in 700 live
births (Mangold et al., 2011). Importantly, CL/P can present either
as an isolated, non-syndromic phenotype (nsCL/P), or within the
context of more complex malformation syndromes (syCL/P), in
which additional features indicative of a developmental defect are
observed. Although CL/P can be caused by deleterious mutations
in single high penetrance genes (Cox et al., 2018; Bishop et al,,
2020), a considerable fraction of its genetic architecture is
attributable to common risk variants. Research suggests that
environmental factors also contribute to CL/P, as part of its
multifactorial etiology (Murray, 2002).

For nsCL/P, genome-wide association studies (GWAS) have
identified multiple risk loci, and positional analyses of these loci have
revealed promising candidate genes. For most of these genes,
however, few data are available concerning the mechanism
through which they affect the underlying functional processes of
craniofacial development. One of the few exceptions to this is the
IRF6-GRHL3-TFAP2A network, which has been shown to underlie
diverse types of orofacial clefting, including CL/P and cleft palate
only (Kousa et al., 2019). In addition to challenges associated with
attributing causality to individual variants and genes, this lack of
knowledge is also explained by the limited access to molecular data
from relevant time points in humans, due to technical and ethical
limitations.

Recently, single-cell RNA sequencing (scRNA-seq) has been
performed on tissue from embryonic mice, generating systematic
transcriptomic data sets at cellular resolution. This offers new
avenues for the study of the tissue-specific expression of genes
that underlie developmental phenotypes, including CL/P. Two
resources of particular value in terms of CL/P are the Mouse
Organogenesis Cell Atlas (MOCA; Cao et al,, 2019), and facial
data from embryonic mice that were reported in 2019 (Li et al,
2019). While MOCA encompasses the developmental time frame
embryonic day (E) 9.5-13.5, the data from Li et al. provide a deeper
insight into the transcriptome of facial structures at E11.5. Two
important challenges associated with the use of scRNA-seq data are
data accessibility and comparability, particularly when data are
generated in different labs. The data of MOCA and Li et al. vary
in terms of the level of processing, output types, and usability for the
research community.

The aims of the present study were to (i) aggregate these scRNA-
seq data from embryonic mice and provide this as a resource for the
craniofacial community; and (ii) demonstrate the value of these data
in terms of the investigation of the gene expression patterns of CL/P
candidate genes. First, both of the selected data sets were re-analyzed
using a joint computational pipeline. Second, different CL/P
candidate gene sets were used to illustrate the potential of
scRNA-seq data for deciphering the CL/P etiology. In particular,
the expression patterns of CL/P candidate genes were assessed across
the time period of craniofacial development, with the aim of placing
them in their cell type-specific context. We specifically analyzed
epithelial and mesenchymal cell types, which have been previously
shown to be involved in CL/P (Ji et al., 2020). As an application
example, we investigated co-expression of members of the Irf6-
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Grhi3-Tfap2a genetic pathway in epithelial cell sub-types and
identified further genes with a potential Irf6 interaction in these
cells. Finally, potential expression differences in candidate genes for
syCL/P and nsCL/P were investigated in order to test the hypothesis
that during embryonic development, syCL/P candidate genes are
expressed in more tissues than is the case for candidate genes for
nsCL/P.

2 Materials and methods
2.1 Data sources

Two sets of single cell data on murine embryonic development were
downloaded and analyzed using the same computational pipeline,
which is described in detail in “Data analysis.” The first data set
comprised single-cell gene expression data from 7,893 single cells
from the lambdoidal junction, which were extracted from 4-5 mouse
embryos at E11.5 (Li et al., 2019). The corresponding gene-count matrix
was downloaded from the Gene Expression Omnibus (RRID:SCR_
005012; accession number: GSM3867275). The data set was then re-
analyzed using our in-house pipeline. The latter included stricter
filtering parameters (see below), thus reducing the number of single
cells used for analysis (7,249 cells in total) compared to the original
study. The final facial data set included 25 cell clusters.

The second data set was MOCA, which was generated from whole
embryonic mice (Cao et al,, 2019). The MOCA data set comprises the
expression data of 2,058,652 single cells, as obtained from 61 mouse
embryos from developmental stages E9.5-E13.5. Post-filtering, the
original data set contained data on 1,331,985 cells and 38 major cell
types (Supplementary Table SI). The gene-count matrix containing
these 1,331,985 pre-filtered, high-quality cells was downloaded from the
MOCA Website, and stored and analyzed using FASTGenomics
(Scholz et al., 2018; RRID:SCR_022898). In contrast to the original
publication, the gene count matrix was split into five data sets in
accordance with embryonic day in order to create a developmental time
frame of gene expression: 112,269 cells (E9.5); 258,104 cells (E10.5);
449,614 cells (E11.5); 270,197 cells (E12.5); and 241,800 cells (E13.5).

2.2 Data analysis

2.2.1 General processing

Each of the data sets was processed using the R package Seurat v4
(Hao et al, 2021; RRID:SCR_016341). To normalize the count
matrices, Log normalization (normalization.method) was applied
with a Seurat default scale factor of 10,000 (scale.factor). For the

«

selection of highly variable genes, the “vst” selection method
(selection.method) was chosen, using 2,500 as the number of
features (nfeatures). Scaling was performed in block sizes of 500
(block.size). For linear dimension reduction, a principal component
(PC) analysis was performed. To cluster the cells, a two-step approach
was used. First, for each cell, the K-nearest neighbors were calculated
using the FindNeighbors function of Seurat, based on the first 25 PC
dimensions (dims). Second, the Louvain algorithm was applied as a
modularity optimization technique with a resolution of 0.5 for MOCA
data and 1.1 for facial data (resolution) using the FindClusters

function. To identify differentially expressed genes (hereafter
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CL/P
126
nsCL/P
81 (72)

"W ARsyCL/P
4 28 (24)
FIGURE 1

Summary of gene lists used in the present study. Genes that
overlapped between categories are included in the numbers of genes
indicated in bold (n = 10). Numbers in parentheses correspond to the
number of unique genes in the respective category, without
overlapping genes. CL/P (cleft lip with or without cleft palate), ns (non-
sndromic), sy (syndromic), AD (autosomal dominant), AR (autosomal
recessive).

referred to as ‘marker genes’) for each cluster, the Wilcoxon Rank Sum
test was used (test.use). Marker genes were obtained by comparing the
expression levels of individual genes against all other clusters, and only
positive markers were used. Additional parameters were a minimum
fraction of 0.25 of cells expressing the tested gene in either of the
populations (min.pct), and a threshold of a 0.25-fold change between
the tested (logfc.threshold). The uniform manifold
approximation and projection algorithm (UMAP) was used as a

clusters

non-linear dimension reduction method, whereby the first 25 PCs
were applied as dimensions (dims).

2.2.2 Study-specific filtering

For the facial data set, additional steps were performed pre-
normalization. These included the filtering-out of potential doublets
by excluding cells with >7,500 unique features (nFeature_ RNA), and
cells with >80,000 detected RNA molecules (nCount_RNA). To
exclude cells that were previously lysed or apoptotic, cells with the
presence of the following features were excluded from the data set:
(i) a percentage of >5% of unique molecular identifiers reflecting
mitochondrial genes (percent.mt); and/or (ii) < 2,300 unique
features (nFeature_RNA). After filtering, our data set comprised
7,249 cells. To benchmark the present pipeline, cell type annotation
was performed by comparing the marker genes of each cluster with
the marker genes described in the original publication.

For the pre-filtered, high-quality cells of the MOCA data, no
additional filtering was required. Final cell type annotation was
performed using the published marker genes of Cao et al. and the R
package scCATCH (Shao et al., 2020). For the latter, species was set
to “Mouse”; match_CellMatch was set to “TRUE”; and the tissues
selected to be matched to “CellMatch” were “Brain,” “Fetal brain”
and “Embryo”. Further parameters were kept at default values.

2.3 Curation of CL/P candidate gene lists

A literature search was performed to generate lists of genes
associated with non-syndromic and syndromic forms of CL/P. The
nsCL/P gene list was generated based on a recent meta-analysis of
nsCL/P GWAS (Welzenbach et al., 2021). Welzenbach et al.
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performed a gene-based analysis for genes located at established
GWAS risk loci, which identified a set of 81 genes with an
enrichment of common variants. These 81 genes were used in the
present study. The syCL/P gene list was generated using information
from a recently published study (Bishop et al, 2020), which had
involved a systematic review of orofacial clefting syndromes and their
associated genes. For the purposes of the present study, the list of
syndromes generated by Bishop et al. was reduced using OMIM
(RRID:SCR_006437) in order to: (i) include only those syndromes
whose phenotype includes CL/P, with the exclusion of other orofacial
clefting phenotypes; and (ii) generate subsets of genes with autosomal
dominant (AD) or autosomal recessive (AR) contributions. An
overview of the gene categories is provided in Figure 1. Genes that
overlapped between the syndromic and non-syndromic categories
were included in an ‘overlapping genes® list. Use of this list was
restricted to the comparison of expression data between syCL/P and
nsCL/P. The final numbers of unique genes for these analyses were
126 genes for CL/P overall, of which 72 genes were for nsCL/P, and
44 genes were for syCL/P (20 AD genes and 24 AR genes). Ten genes
overlapped both categories.

To evaluate whether the findings for CL/P are generalizable to other
birth defects, gene lists were also generated for congenital heart disease
(CHD). A recent publication (Nees and Chung, 2020) listed 18 genes for
non-syndromic CHD (nsCHD) and 56 genes for syndromic CHD
(40 AD, 16 AR). Three genes overlapped both categories. However, this
group was not analyzed in the present study due to the low number of
genes. All gene lists are provided in Supplementary Table S2.

2.4 Creating Irf6+ and Irf6- epithelial cell
sub-clusters

Based on its well-established role in both syCL/P and nsCL/P
(Woude, 1954; Birnbaum et al., 2009), analyses were performed to
investigate the role of Irf6 in epithelial cells. To create Irf6+ and Irf6-
epithelial sub-clusters, epithelial cell clusters in the facial data set
(ie., palatal epithelium, olfactory epithelium, ectodermal surface,
ectodermal surface (Robo2+), periderm, and basal cells at the fusion
zone) were divided into subsets according to Irf6 expression. Previous
research has shown that Irf6, Grhil3, and Tfap2a are part of a genetic
network in which Irf6 influences the gene expression of Grhi3 and
Tfap2a (Kousa et al, 2019). In order to examine if these genes are
among the marker genes of the Irf6+ sub-clusters and to identify
possible additional genes that are influenced by Irf6, we determined
marker genes for these sub-clusters. For this purpose, the expression
profiles of each sub-cluster were compared against all other cell clusters
in the data set, using the parameters applied in the initial data analysis
(see Data analysis; Supplementary Table S3).

2.5 Analysis of differences in gene
expression between nsCL/P and syCL/P

The analysis of nsCL/P and syCL/P gene lists was performed in
the whole embryo MOCA data sets. Two parameters were used in
these comparisons: (i) the percentage of all cell types in which the
respective genes were expressed; and (ii) the average expression
level. For analysis (i), a cell type was considered to express a certain
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UMAP plots of re-analyzed scRNA-seq whole embryo data at E11.5 (A) and facial data at E11.5 (B). Despite differing read depths in the two data sets,
shared cell clusters corresponding to matched cell types are observed. These are encircled in the same color in both panels. The pink colors of the
embryo graphics correspond to the tissues that are included in the data set. Lateral nasal process (LNP), maxillary prominence (MxP).

gene if the gene was expressed in at least 10% of cells. Percentages
were determined for each gene in the respective list. The
distributions were statistically compared using the Welch ¢-test.
For analysis (ii), the average expression levels per cell type were
extracted for each gene using the AverageExpression function from
Seurat v4. The mean of these expression levels was then calculated
per gene. A statistical comparison of the mean expression levels
between both gene lists was performed using the Welch #-test.

Frontiers in Cell and Developmental Biology

3 Results

3.1 Facial-specific and whole embryo
scRNA-seq data provide complementary
insights into craniofacial development

Figure 2 shows the results generated by the UMAP algorithm for
both the facial data (panel B) and the MOCA data (panel A, E11.5,
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Expression patterns of CL/P candidate genes at E11.5. Dotplot of gene expression for selected CL/P candidate genes at E11.5 in selected cell types in

the MOCA and the facial data. The color of the dots corresponds to the average scaled expression level. The size of the dots corresponds to the
percentage of cells that express the gene in the respective cell type. Epithelial cell types are indicated in bold, and mesenchymal-like cell types are
indicated in non-bold. Dendrogram cluster 1a = genes expressed predominantly in periderm, basal cells at fusion zone, olfactory epithelium, and
palatal epithelium; cluster 1b = genes predominantly expressed in ectodermal surface; cluster 2 = genes expressed predominantly in mesenchymal-like
cell types. The pink colors of the embryo graphics correspond to the tissues that are included in the data set. Lateral nasal process (LNP), maxillary

prominence (MxP).

all other time points in Supplementary Figures SIA-D). The 25 cell
types observed in the facial data were grouped into two main cell
type clusters: (i) epithelial cells comprising periderm, basal cells at
fusion zone, ectodermal surface, ectodermal surface (Robo2+),
olfactory epithelium, and palatal epithelium; and (ii) more
diverse cell types, which share a mesenchymal state, as based on
the analysis of mesenchymal cell markers (Supplementary Figure
S1E). Smaller cell clusters included endothelial cells and Schwann
cells (Figure 2B). In the MOCA data for E11.5, a total of 24 cell types
were identified, including a distinct epithelial cluster. To determine
whether this at least partially represents the epithelial clusters in the
facial data, the epithelial cells were sub-clustered. Three of these sub-
clusters express marker genes for periderm (sub-cluster 6), basal
cells at the fusion zone (sub-cluster 7) and ectodermal surface (sub-
clusters 8 & 9) (Supplementary Figure S1G; marker genes of the sub-
clusters in Supplementary Table S3). Additional cell clusters in
MOCA comprised specific cell types, such as hepatocytes, which
are not represented in the facial data, as well as overlapping cell types
where expected, e.g., endothelial cells, Schwann cells, and red and
white blood cell types (Figure 2A, B colored circles).

Frontiers in Cell and Developmental Biology

05

3.2 A subset of CL/P candidate genes show
convergent expression patterns

Investigation of the expression patterns of CL/P candidate genes
in the scRNA-seq data sets showed that while the facial data
set allowed an in-depth investigation of craniofacial structures at
E11.5, the MOCA data set enabled a time course analysis over the
time span of craniofacial development. Of the 126 CL/P candidate
genes, all were expressed in the MOCA data sets from E9.5 - E13.5,
although they varied in terms of overall expression levels and the cell
types in which they were expressed. In the MOCA data, many CL/P
candidate genes showed ubiquitous expression at E9.5, which
became more specific at E10.5. Among the 126 CL/P candidate
genes, 31 were specifically expressed in cell types of relevance to
craniofacial development (ie., epithelial cells, chondrocytes and
osteoblasts, connective tissue progenitors, chondrocyte and jaw
and tooth progenitors). Here, “specific expression” refers to
either: (i) expression in at least one of these cell types; or (ii)
expression in additional cell types, but with the highest
expression levels being observed in at least one of the cell types
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TABLE 1 CL/P candidate genes with specific expression in Irf6+ facial epithelial cells.' adjusted p-value (based on Bonferroni correction using all genes in the data
set);? average log, fold change in the average expression between the two tested groups (second test group: all other cell types; positive values indicate that the
gene is more highly expressed in the respective cell type compared to all other cell types). NsCLO (non-syndromic cleft lip only).

Cell type P-val. Log2FC?  Cleft association in humans
adj.!
Periderm Tpml 1.9E-09 1.08 nsCL/P GWAS (Ludwig et al., 2012)
Pik3r1 6.1E-10 0.75 nsCL/P GWAS (Leslie et al., 2017)
Tfap2a = 4.9E-44 1.03 Branchio-oculo-facial syndrome (Milunsky et al.,, 2008), nsCL/P GWAS (Ludwig et al., 2012; Leslie et al.,
2017)
Wnt3 1.0E-10 0.25 Tetra-amelia syndrome 1 (Niemann et al., 2004)
Ctnndl  0.0002 0.42 Blepharocheilodontic syndrome 2 (Ghoumid et al., 2017)
Frasl 8.0E-10 0.69 Fraser syndrome (Fraser, 1962)
Basal cells at fusion zone = Spry2 4.0E-37 1.29 nsCL/P GWAS (Ludwig et al., 2012)
Ectodermal surface Arid3b  7.7E-13 0.3 nsCL/P GWAS (Leslie et al., 2017)
Zfp3612  0.008 0.26 nsCL/P (Lin-Shiao et al., 2019), nsCLO (Li et al., 2022)
Ectodermal surface Tpml 0.04 0.3 nsCL/P GWAS (Ludwig et al,, 2012)
(Robo2+)
Palatal epithelium Cyb561 = 1.6E-36 0.3 nsCL/P GWAS (Leslie et al., 2016)
Ptchi 0.0001 0.33 nsCL/P GWAS (Yu et al,, 2017), CPO GWAS (Butali et al., 2019), Basal cell nervous syndrome (Evans
et al., 1993; Kimonis et al., 1997; Kimonis et al., 2013)
Tfap2a = 1.9E-09 0.27 Branchio-oculo-facial syndrome (Milunsky et al., 2008), nsCL/P GWAS (Ludwig et al., 2012; Leslie et al.,
2017)
Frasl 2.0E-08 0.33 Fraser syndrome (Fraser, 1962)
Ripk4 5.3E-32 0.3 Popliteal pterygium syndrome, Bartsocas-Papas type 1 (Bartsocas and Papas, 1972)
Olfactory epithelium Arid3b  2.5E-11 0.25 nsCL/P GWAS (Leslie et al., 2017)
Cyb561 = 5.0E-55 0.29 nsCL/P GWAS (Leslie et al., 2016)
Xpa 0.0003 0.26 nsCL/P GWAS (Welzenbach et al., 2021)

of relevance to craniofacial development. Comparison of the
expression patterns of these 31 genes in the MOCA and the
facial data (Figure 3) revealed that they clustered into two main
groups: While 22 genes were specifically expressed in epithelial cell
types (Figure 3 dendrogram cluster 1), nine genes were expressed in
mesenchymal-like cell types (Figure 3 dendrogram cluster 2).
Interestingly, the analyses showed that the first group (i.e., genes
expressed predominantly in epithelial cell types) can be further
subdivided into genes that have their highest expression levels in the
ectodermal surface (Figure 3 dendrogram cluster 1b), and genes that
have their highest expression levels in periderm, basal cells at fusion
zone, olfactory epithelium, and palatal epithelium (Figure 3
of the
remaining 95 CL/P candidate genes at E11.5 are shown in

dendrogram cluster 1la). The expression patterns

Supplementary Figure S4.
3.3 CL/P may involve distinct subgroups of
epithelial cells

Using our data set, we first focused on the well-established CL/P

risk gene IRF6. In the present study, Irf6 was predominantly
expressed in epithelial cells in both the MOCA and the facial
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data sets, with particularly strong expression being observed in
the periderm and basal cells at fusion zone in the facial data set.
In MOCA, this expression was maintained throughout the
developmental time period of the data set (Supplementary Figure
S3). In the facial epithelial cells, considerable intra-cluster
heterogeneity was observed. Cells expressing Irf6 (denoted as
Irf6+ cells) were observed in 58% of cells from the palatal
epithelium (n = 71 out of 170 cells), 40% of cells from olfactory
epithelium (105/258), 44% of cells from the ectodermal surface
(85/192), 44% of cells from the ectodermal surface (Robo2+) (86/
192), 70% of cells from the basal cells at fusion zone (49/70), and
77% of the periderm cells (41/53). The six epithelial cell clusters
from the facial data set were each divided into subsets according to
their expression of Irf6, and marker genes of the Irf6+ cells were
identified (Supplementary Table S3). A set of genes that
overlapped between the marker genes of the Irfé6+ epithelial
subsets and CL/P candidate genes was identified (Table 1),
which included CL/P genes that were associated with: (i)
syndromic forms (e.g., Tfap2a (Branchio-oculo-facial syndrome,
Milunsky et al., 2008), CtnndlI (Blepharocheilodontic syndrome 2,
Ghoumid et al., 2017) and FrasI (Fraser syndrome 1, Fraser, 1962);
and (ii) candidate genes from GWAS loci (e.g., Tpml (Ludwig
et al, 2012) and Arid3b (Leslie et al, 2017) (Table 1,
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FIGURE 4

Distinct populations of epithelial cells with a possible involvement in CL/P. (A—=C) Irf6-Grhl3-Tfap2a show partial co-expression in epithelial cell
types of E11.5 facial data. The axes of the graphs represent the expression level. Legend for all three figures is positioned in panel (B). (D) Table showing the
percentage of cells with co-expression of the respective gene pair in all six epithelial cell clusters.

Supplementary Table S4). Interestingly, the gene Grainyhead-like
3 (Grhl3) was also observed among the marker genes of cells from
the periderm and olfactory epithelium. As with Irf6, mutations in
Grhl3 cause Van der Woude syndrome. Here, however, most
individuals present with a cleft palate only rather than CL/P
(Mangold et al., 2016).

To elucidate the connection of Irf6, Grhi3, and Tfap2a in the six
epithelial cell types at the transcriptomic level, the co-expression of
these genes was analyzed (Figures 4A-D). Each of the Irf6-Grhi3-
Tfap2a gene pairs showed partial co-expression, since an overlap in
expression was observed in a subgroup of cells (indicated by
percentage in Figure 4D). The co-expression network comprising
all three genes was most abundant in the periderm, while it was
reduced to only Irf6 and Tfap2a in basal cells at fusion zone, the
ectodermal surface clusters, and the palatal epithelium as well.

Frontiers in Cell and Developmental Biology

3.4 SyCL/P genes are expressed in more
tissues compared to nsCL/P genes

To compare differences in the number of cell types between the
gene lists for syCL/P and nsCLP, the analysis was restricted to the
MOCA data set only, since syCL/P can affect tissues and organs
outside of the craniofacial region and the MOCA data set
contains more non-facial tissues. Across stages E10.5 to E11.5,
the syCL/P genes were expressed in significantly more cell types
than was the case for the nsCL/P genes (Figure 5A, E11.5).
Comparison of the average gene expression levels of these
gene sets showed that the syCL/P genes did not have
significantly higher gene expression levels than the nsCL/P
genes (Figure 5B E11.5). However, division of the syCL/P gene
set into AD and AR genes revealed that the observed differences
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FIGURE 5

Embryonic day

AD syCL/P genes are expressed in more cell types and have higher average expression levels compared with nsCL/P genes. (A) Boxplot of the
percentages of cell types expressing the gene groups of syCL/P, nsCL/P, and overlapping genes at E11.5 (B) Boxplot of average log2 expression levels of
the gene groups of syCL/P, nsCL/P, and overlapping genes at E11.5. (C) Venn diagram of non-syndromic, AR syndromic, and AD syndromic CL/P gene
lists. (*p < 0.05). Data on the remaining time points are provided in Supplementary Figure S2.

in the percentage of expressing cell types between syCL/P and
nsCL/P were mainly driven by the AD syCL/P genes. In
comparison to the nsCL/P and AR syCL/P genes, the AD
syCL/P  genes: types
(Supplementary Figure S2A); and (ii) showed higher average

(i) were expressed in more cell

expression levels (Supplementary Figure S2B).

4 Discussion

The present study leveraged two scRNA-seq data sets to
generate insights into craniofacial development and diseases,
specifically CL/P. Our reasons for selecting these data sets
were threefold. First, the process of craniofacial development
is largely conserved between mice and humans (Suzuki et al.,
2016), which suggests that murine scRNA-seq data can be useful
in terms of studying craniofacial development in the absence of
human data. Second, the respective scRNA-seq samples were
obtained at the time period of murine primary and secondary
palate development (Miyake et al., 1996), thus increasing their
suitability for studying CL/P candidate genes. Finally, research
has shown that a large proportion of human embryonic scRNA-
seq data from later developmental time points can be integrated
with the MOCA data (Cao et al, 2020), providing further
evidence for the transferability of developmental expression
patterns. Although the MOCA scRNA-seq data are easily
accessible via a comprehensive web browser, a systematic
analysis in this setting is challenging. Of the 38 major cell
clusters originally reported in MOCA, the present re-analysis
identified a total of 31. This was probably attributable to
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differences in processing, since in the present study, the data
were first split in accordance with embryonic day (in order to
reduce the size of the data set to a computable level), followed by
the performance of clustering. Nevertheless, as in the original
MOCA publication, less diffuse clustering of some cell types was
observed over the 5 day time-period, and a joint clustering of
mesenchymal-like cell types was identified, such as chondrocyte
progenitors, connective tissue progenitors, chondrocytes and
osteoblasts, and jaw and tooth progenitors (commencing at
E10.5). With regards to the facial dataset, the present analysis
identified 25 clusters as opposed to 24 main clusters reported in
the original publication. While we consider the numbers of
clusters  similar, we observed differences in cluster
annotations. On one side, our re-analysis yielded several
distinct cluster annotations for four clusters that were
annotated as one cluster each in Li et al. This increased the
number of clusters comprising those cells. On the other hand, we
also failed to identify four of the 24 original clusters, including
nasolacrimal groove and dental epithelium (see Supplementary
Table S1). Investigating this further, we identified marker genes
for these two clusters to be predominantly expressed in some of
the cells of our ectodermal surface clusters and palatal
epithelium, respectively (Supplementary Figure S5). Yet, these
clusters did not split further into distinct clusters when using
higher resolution clustering (data not shown). This divergence
may be attributable to the fact that the present analysis involved a
stricter filtering strategy, no cell cycle regression, and high-
resolution clustering of all cells together without sub-
clustering (as opposed to the original study that divided the

data into ectoderm and mesenchyme first, and performed sub-

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org
https://www.frontiersin.org
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1091666
https://doi.org/10.3389/fcell.2023.1091666
https://doi.org/10.3389/fcell.2023.1091666
https://doi.org/10.3389/fcell.2023.1091666

Siewert et al.

clustering at different resolutions individually). Together, this
contributed to a lower absolute number of overall cells
(7,249 compared to 7,893 from the original) and different
clusters in our re-analysis.

Comparison of E11.5 transcriptome profiles between the MOCA
and the facial data revealed substantial similarities at both the cell type
and gene levels. For instance, red and white blood cells, endothelial cells,
and Schwann cells represent distinct cell clusters that mapped at certain
distances to the other clusters within the UMAP space. At the gene level,
Irf6, Tfap2a, Frasl, Cdhl, and Esrpl exhibited similar expression
patterns in epithelial cell types of both data sets. Additionally,
Tfap2a showed expression in Schwann cell progenitors in both data
sets. Together, these data suggest that the facial data set is a tissue-
restricted, but high-resolution representation of the MOCA data at
E115, and that collectively, the two datasets represent a valuable
resource for genomics research into craniofacial development.
However, caution is generally required when interpreting expression
profiles from several scRNA-seq data sets, since sSCRNA-seq itself but
also the combination of different sources have some limitations. These
include differences in cell capture efficiency and transcript coverage,
which may result in transcripts not being detected in all cells equally,
and different enrichment strategies used in both studies. In addition,
scRNA-seq data of tissues undergoing continuous processes during
development, such as epithelial-to-mesenchymal transitions, only
provide a snapshot of a possibly transient period of gene expression.
Finally, varying sequencing depth adds to higher noise levels in scRNA-
seq data compared to bulk RNA-seq data (Kolodziejczyk et al., 2015).

The expression patterns observed in the aggregated scRNA-seq
data sets replicate previously reported and experimentally verified
expression patterns. For instance, a previous study showed that Irf6 is
expressed in neural ectoderm and neural crest cells as early as E9.5 in
murine embryonic development (Kousa et al., 2019). According to
previous wet-lab data, Irf6 is expressed in the ectoderm of the first
and second pharyngeal arches, and in the palatal, lingual, maxillary,
and mandibular epithelia, during the period E10.5-E13.5 (Kondo
et al., 2002; Knight et al., 2006; Richardson et al., 2009; Goudy et al.,
2013; Kousa and Schutte, 2016). In accordance, our analyses revealed
the presence of Irf6 expression in Schwann cell precursors, the palatal
and olfactory epithelia, the ectodermal surface, the basal cells at the
fusion zone, and the periderm in both, MOCA and facial data
respectively. Of these, the highest expression was observed in the
periderm and the basal cells at the fusion zone. Interestingly, only
~3% of the MOCA E11.5 epithelial cells expressed Irf6, as opposed to
40%-70% of those in the facial data set. This suggests that Irf6-
expressing MOCA E11.5 epithelial cells might be derived from facial
structures, while the epithelial cell cluster contains a substantial
proportion of non-facial cells. Comparably, Tfap2a showed
expression in the MOCA epithelial cells, as well as high
expression levels in the facial ectodermal surface clusters and
periderm. In addition, Tfap2a showed expression in Schwann cell
precursor cells in both the MOCA and the facial data sets. Again, this
expression pattern recapitulates existing data, since previous reports
have demonstrated that in mice, Tfap2a is expressed in the ectoderm,
cranial neural crest cells, the facial mesenchyme, nasal and oral
epithelia, and the central and peripheral nervous system between
E9-E13.5 (Mitchell et al., 1991; Chazaud et al., 1996; Moser et al.,
1997). Previous studies have shown that Esrpl is expressed in the
head region and epithelial cells, especially in cells of the ectodermal
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surface as early as E9.5 in mice (Warzecha et al., 2009; Revil and
Jerome-Majewska, 2013; Bebee et al., 2015; Lee et al., 2020). Similarly,
our data showed a broad expression of Esrp1 in epithelial cells of both
data sets with the highest expression in the periderm in the facial data
set. Furthermore, the transcription factor Foxel was found to be
expressed in epithelial cells of embryonic mice starting at E9.5, both
in our data sets and in previous studies (Zannini et al., 1997; Dathan
et al., 2002; Moreno et al., 2009). In addition, studies have shown the
keratin genes Krt8 and KrtI8 to be expressed in single-layered
epithelia in embryos (Jackson et al, 1980; Owens and Birgitte
Lane, 2003; Moll et al.,, 2008). This is also confirmed by our data,
as Krt8 and Krt18 showed expression in epithelial cells in both data
sets. However, as expected, the strongest expression in the facial data
set was found in the periderm and the palatal and olfactory epithelia.
In contrast to the previously described genes, Fgfr1 has been shown to
be primarily expressed in mesenchymal cell types (Bachler and
Neubiiser, 2001), whis is also evident in our data, as Fgfrl was
predominantly expressed in mesenchymal cell types. These
similarities indicate that: (i) the data sets are reliable resources in
the context of craniofacial development; and (ii) that expression
patterns of genes that have not yet been experimentally validated may
be characterized using scRNA-seq data.

In a first attempt to use these data in the context of CL/P, the
present analyses identified two groups of CL/P candidate genes based
on their expression in relevant facial cell types. Using predefined lists
of CL/P candidate genes, the analyses identified distinct sets of genes
that are predominantly expressed in either epithelial cells, or
mesenchymal-like cells. Unsurprisingly, the first group included
Irf6, Tfap2a, and Esrpl, which show similar expression in the six
epithelial cell types of the facial data set, and which have been
implicated in a regulatory network (Kousa et al, 2019; Carroll
et al, 2020). A specific examination of the expression of the Irf6-
Grhl3-Tfap2a genetic pathway revealed partial co-expression of Irf6,
Grhl3, and Tfap2a within epithelial cells. This opens up the possibility
that other CL/P candidate genes, which are among the marker genes
of the Irf6+ epithelial cell types, or genes with an as yet unknown role
in CL/P etiology, might also contribute to the I7f6 regulatory network.
We plan to follow up on this question in a future study, using more
systematic co-expression network approaches (Dam et al, 2018).
While the expression of Irf6 in the periderm has already been
established (Richardson et al., 2009; Richardson et al., 2014; Kousa
etal., 2017), the scRNA-seq data suggest the presence of a specific sub-
cell type in which Itf6 and other CL/P candidate genes show co-
expression, and that may contribute to the etiology of CL/P.
Furthermore, the expression of CL/P candidate genes in adjacent
facial cell types highlights CL/P candidate genes that might contribute
to molecular communication between the different epithelial cell
types, e.g., Tpml, Frasl, Krt7, Wnt7a, Rhpn2, and Sema3e in the
ectodermal surface clusters and periderm; and Filipll in the
ectodermal surface and cells adjacent to the ectodermal surface.
These questions need to be addressed in the future using more
sophisticated computational and experimental approaches, such as
spatial transcriptomic analyses (Carangelo et al., 2022).

In a second application example, the MOCA data set was used to
investigate potential differences in expressing cell types between
syCL/P and nsCL/P candidate genes. In accordance with our
hypothesis, syCL/P candidate genes were expressed in a larger
number of cell types during the examined time period compared
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to candidate genes for nsCL/P. Similar patterns were observed in the
analysis of the gene lists for CHD. The AD syndromic CHD genes
were expressed in significantly more cell types than the AR
syndromic and the non-syndromic CHD genes (Supplementary
Figure S2C). The average expression levels of the AD syndromic
CHD genes were significantly higher than those of the non-
syndromic CHD genes (Supplementary Figure S2D). While the
precise reason for this effect requires further investigation, our
analysis indicates the value of scRNAseq data in terms of the
investigation of the different genetic architectures of CL/P subtypes.

In summary, the present study involved a re-analysis of
previously published scRNA-seq data. We demonstrate the value
of these data using several application examples. Our processed data
sets are provided in Seurat object format as an easily accessible
addition to the original data (see “Data availability statement”). This
resource will facilitate functional approaches to the genomics of
craniofacial development and disease.
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non-syndromic cleft lip with/without cleft palate
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Summary

Non-syndromic cleft lip with/without cleft palate (nsCL/P) is a highly heritable facial disorder. To date, systematic investigations of the
contribution of rare variants in non-coding regions to nsCL/P etiology are sparse. Here, we re-analyzed available whole-genome
sequence (WGS) data from 211 European case-parent trios with nsCL/P and identified 13,522 de novo mutations (DNMs) in nsCL/P cases,
13,055 of which mapped to non-coding regions. We integrated these data with DNMs from a reference cohort, with results of previous
genome-wide association studies (GWASs), and functional and epigenetic datasets of relevance to embryonic facial development. A sig-
nificant enrichment of nsCL/P DNMs was observed at two GWAS risk loci (4928.1 (p = 8 x 10~%) and 2p21 (p = 0.02)), suggesting a
convergence of both common and rare variants at these loci. We also mapped the DNMs to 810 position weight matrices indicative
of transcription factor (TF) binding, and quantified the effect of the allelic changes in silico. This revealed a nominally significant over-
representation of DNMs (p = 0.037), and a stronger effect on binding strength, for DNMs located in the sequence of the core binding
region of the TF Musculin (MSC). Notably, MSC is involved in facial muscle development, together with a set of nsCL/P genes located at
GWAS loci. Supported by additional results from single-cell transcriptomic data and molecular binding assays, this suggests that varia-
tion in MSC binding sites contributes to nsCL/P etiology. Our study describes a set of approaches that can be applied to increase the

added value of WGS data.

Introduction

Non-syndromic cleft lip with/without cleft palate (nsCL/P)
is the most frequent form of orofacial clefting (OFC), with
an estimated prevalence of 1 in 1,000 European new-
borns." Depending on severity, nsCL/P treatment requires
multidisciplinary approaches, including repeated sur-
geries, throughout childhood and adolescence. Together
with an increased life-time risk for morbidity and mortal-
ity,> nsCL/P represents a major burden for affected individ-
uals and their families.

NsCL/P has a multifactorial etiology, and estimates from
twin studies suggest a heritability of ~90%.° Recent
genome-wide association studies (GWASs) have identified
common risk variants at 45 genomic loci, which explain
about 30% of phenotypic variance in Europeans.* Research
suggests that further types of genetic variation may also
contribute to disease risk, including variants from the
low-frequency part of the allelic spectrum. For example,
previous studies have identified private and rare risk vari-
ants for nsCL/P in genes underlying orofacial cleft syn-
dromes within multiplex families,” in genes involved in
epithelial cell adhesion processes,® and in genes located
within GWAS loci.”'” In a recent multiethnic study of

several hundred case-parent trios of OFC (Bishop et al.),"’
potentially causal de novo mutations (DNMs) in protein-
coding regions were investigated using data from whole-
genome sequencing (WGS). The cohort included individ-
uals with cleft lip with/without cleft palate (CL/P),
including its subtypes cleft lip only (CLO) as well as cleft
lip and palate (CLP), and cleft palate only (CPO). In that
study, the authors identified a cohort-wide enrichment of
loss of function (LoF) DNMs, in particular in genes ex-
pressed in human neural crest cells (hNCCs). At the indi-
vidual gene level, this study also implicated TFAP2A
(MIM: 107580), IRF6 (MIM: 607199), and ZFHX4 (MIM:
606940) in OFC etiology.'’

To date, most analyses of systematic sequencing data
(including Bishop et al.) have been limited to protein-cod-
ing regions, mainly because of the comparable ease of
functional annotation and etiological interpretation for
coding variants. In contrast, few data are available con-
cerning the contribution of rare variants or DNMs located
in non-coding regions. Evidence that non-coding variants
are involved in nsCL/P has been generated by studies that
identified causal non-coding mutations in individual ped-
igrees,'”'*'% and reports of a burden of low-frequency var-
iants in non-coding enhancer regions that are active in
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developing craniofacial tissue.'*'> The aim of the present
study was to identify etiologically relevant DNMs for
nsCL/P, with a focus on strategies to prioritize DNMs in
non-coding regions.

Material and methods

This study used prior published data, no human or animal subjects
were involved. Respective datasets were analyzed upon approved
data access and following the criteria laid out in the respective
data use agreements in the NIH database of Genotypes and Pheno-
types (dbGaP). Informed consent and ethical approval were ob-
tained by the investigators of the original studies. The molecular
and computational studies did not involve any human material.
All procedures followed biological safety and ethics standards.

Subjects and data resources

WGS raw sequence and phenotypic data for 1,236 individuals
from a European OFC cohort were retrieved from the Gabriella
Miller Kids First (GMKF) Project, upon approved access (section
“Web resources”). Based on available pedigree information,
220 complete parent-offspring pairs (“trios”) containing both
unaffected parents and a child with nsCL/P were identified. Addi-
tionally, a set of 330 trios with children being affected by Ewing
sarcoma (ES) was obtained from GMEFK. This cohort was used as
a non-cleft reference (NCR) cohort. Further information can be
found in the supplemental methods.

WGS data analysis and variant calling

For each individual, WGS reads were aligned to GRCh37, and
variant calling was performed using both Unified Genotyper and
Haplotype Caller. To generate a high-quality variant DNM call
set, data processing required the complete absence of reads
in any parent, and support of variant calls by both calling algo-
rithms (supplemental methods). All DNMs were annotated with
information (1) on frequency (gnomAD v3.1, all populations),
(2) on genomic location (exonic, intronic, intergenic; based on
GENCODE Basic gene annotation version33.hg19), and (3) with
each of six in silico prediction scores that are applicable to both
non-coding and coding variants: CADD,'® ReMM,'” FATHMM, '®
DANN,'? LINSIGHT,”” and ncER*' (supplemental methods). No
general frequency filter was applied (Figure S1). As our nsCL/P
cohort represents a subcohort of Bishop et al. that was analyzed us-
ing a different quality control (QC) and variant calling pipeline,
coding DNMs were compared between both studies, based on
available information (Table S3 by Bishop et al., participant IDs
provided by GMKF) and annotations provided by the Ensembl
Variant Effect Predictor’” (VEP; section “web resources”).

The statistical comparison of DNM distribution between nsCL/P
and NCR included the average number of DNMs per sample
(Mann-Whitney U (MWU) test for total DNMs and subgroups of
exonic, intronic, and intergenic DNMs), the distribution of in silico
prediction scores for nsCL/P and NCR DNMs, and the proportion
of DNMs with in silico prediction scores over individual or com-
bined thresholds (supplemental methods).

Analysis of DNM enrichment in genomic features

To study the enrichment of DNMs across the entire genome,
diverse genomic datasets were retrieved. For each of those datasets,
DNM enrichment was calculated using the R package FunciVar,**
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which compares inter-cohort enrichment probabilities for func-
tional elements using a Bayesian approach (see FunciVar in section
“web resources,” supplemental methods). The datasets included
genome-wide maps of eight chromatin states from hNCCs,”* cra-
nial neural crest cells (¢(NCCs),”® and human facial embryonic tis-
sues,”® which had been aggregated in a previous study by our
group.® Furthermore, general genomic features with a priori
evidence for functional relevance or evolution were included;
i.e., (1) 4,307 evolutionarily highly conserved non-coding ele-
ments (CNEs) based on a prior publication,”” and (2) 1,570
enhancer regions from the VISTA enhancer browser*® (supple-
mental methods).

Analysis of topologically associating domains

To detect local enrichments of non-coding DNMs independent of
genomic features (comparable with gene-burden tests for protein-
coding variants), DNMs were combined based on their location
within regulatory units; i.e., topologically associating domains
(TADs). Positional data were retrieved for 2,991 TADs from human
embryonic stem cells, as described elsewhere,” and enrichment of
DNMs in TADs was tested using FunciVar (supplemental
methods). Given the considerable burden of multiple testing
with regard to the present sample size, we additionally defined a
set of 45 candidate TADs on the basis of recent GWAS results, as
previously described* (TADsgwas, Table S1).

Analysis of DNM:s in TF binding sites

Position weight matrix (PWM) information representing 810 tran-
scription factor binding site (TFBS) motifs was retrieved from JAS-
PAR2020.?’ Using a modified version of a previously published
pipeline (see denovoLOBGOB, sections “Web resources,” “data
and code availability”), changes in transcription factor (TF) binding
between reference and alternative alleles were qualitatively pre-
dicted and quantified for each DNM (after excluding insertions/de-
letions (indels); n = 28,773 DNMs). Statistical analyses of individual
PWMs were performed to determine (1) differences in how
frequently a specific PWM matches the genomic region around
the DNMs (Fisher’s exact test), and (2) quantitative differences in
predicted binding strength (MWU test). For the latter, for each
DNM, the effect of the variant allele was calculated as described
above, and the difference from the reference allele was determined
as an absolute change of binding. Then, absolute change values
were combined for all DNMs of one PWM and compared between
the two cohorts. In addition, for each analysis (1) and (2), log2-
fold changes (10g2FC) between nsCL/P and NCR were calculated.
Further information can be found in the supplemental methods.

Single-cell expression data

Single-cell expression data obtained from murine embryos were
downloaded from (1) the Mouse Organogenesis Cell Atlas
(MOCA), which includes a time series of developmental organogen-
esis from E9.5 to E13.5 (section “Web resources”); and (2) the lamb-
doidal junction at day E11.5, which represents the time point for
the fusing of facial structures.*” Both datasets were re-analyzed using
a joint in-house computational pipeline (supplemental methods).

Electrophoretic mobility shift assays

For each of the DNMs observed within MSC binding sites, gain or loss
of binding was predicted based on the allelic change within the
motif: gain of binding (if PWM-ref < PWMe-alt), loss of binding
(PWM-ref > PWM-alt), and silent effects (PWM-ref = PWM-alt).
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Table 1. Distribution of DNMs in nsCL/P and NCR trios

nsCL/P NCR Combined
Total DNMs 13,522 17,968 31,490
SNVs 12,335 16,438 28,773
Small insertions/deletions 1,187 1,530 2,717
Protein-coding DNMs" 222 (1.05)¢ 338 (1.19)¢ 560
LoF DNMs" 22 (0.10) 19 (0.07)¢ 41
Nonsense DNMs 10 11 21
Frameshift DNMs 12 8 20
Missense DNMs 129 (0.61)° 246 (0.87)¢ 375
Synonymous DNMs 71 (0.34)¢ 73 (0.26)¢ 144

DNMs, de novo mutations; nsCL/P, non-syndromic cleft lip with/without cleft palate; NCR, non-cleft reference cohort; LoF, loss of function.
2Exonic DNMs based on GENCODE Basic gene annotation version33.hg19, including non-coding parts of gene sequences (e.g., 3'/5’ UTRs).
PEffect combinations from Variant Effect Predictor output were reduced to classes (see Table S4 for grouped effect names). LoF DNMs include nonsense and frame-

shift DNMs.
“In brackets: relative frequency of this type of DNM in the respective cohort.

Then, five candidate binding sites were selected from the set of
DNMs; i.e., two motifs located at nsCL/P DNMs with either the stron-
gest loss (chromosome [chr.] 6, chr. 10) or strongest gain (chr. 7, chr.
16), and the motif with the strongest predicted binding change
by DNMin NCR (chr. 5; Table S2). For each of the five candidate bind-
ing sites of MSC, the genomic context around the DNM (i.e., an addi-
tional 20 bp up- and downstream) was retrieved. Each target oligonu-
cleotide was designed with the respective duplex reference and
alternative motif, and each contained p*? marks at the 5 end of
the top strand. Following cloning of MSC into the pET-28a vector,
expression in Escherichia coli, and purification, the protein was incu-
bated with binding buffer and oligonucleotides, for 30 min. Then
10 nM DNA was incubated with five different concentrations of
MSC (range 0-1 uM). Binding effects were monitored according to
the presence of protein-oligo dimers at predicted molecular size on
native gels, and potential allele-specific effects were indicated by
gel mobility changes (supplemental methods, all tested sequences
in Table S2). All analyses were performed in triplicate.

Results

High-confidence variant set of coding and non-coding
DNMs

After sample- and variant QC (Figures S2, S3, and $4), the
final dataset contained 211 nsCL/P trios (52 of which
were CLO, and 159 CLP; Figures S5 and S6), 284 NCR trios,
and 31,490 autosomal DNMs (13,522 in nsCL/P; 17,968 in
NCR; Table 1). Among those, 28,773 DNMs were single-
nucleotide variants (SNVs), and 2,717 were small indels.
Sixteen DNMs were recurrent (four within nsCL/P, seven
within NCR, and five were observed in both cohorts;
Table S3). Overall, an average of 63.6 autosomal DNMs
was observed per trio, consistent with expectations.’' No
significant difference in the average number of DNMs
was observed between nsCL/P and NCR trios (64.1 versus
63.3; p = 0.47; Figure S7), and both cohorts showed a
similar distribution of DNMs across exonic, intronic, and
intergenic regions (Figure 1A).

Within the nsCL/P cohort, 222 of the exonic DNMs
mapped within protein-coding sequences according to
VEP (Tables 1, S4, and S5; supplemental methods). This
included 22 LoF (12 frameshift, 10 nonsense), 129
missense (together denoted as protein-altering DNMs),
and 71 synonymous variants. No splice site DNM was
observed. Notably, 159 of the 222 coding DNMs were
previously reported by Bishop et al. (=71.6%, supple-
mental methods). This indicates convergence of the
identified DNMs between both studies, taking into ac-
count the differences in variant calling pipelines and
quality parameters. An aggregation of all coding DNMs
of this study and the study by Bishop et al. can be found
in Table Sé6.

Identification of deleterious variants in craniofacial
genes

We next annotated each of the 31,490 DNMs with six in
silico prediction scores (i.e., CADD, ReMM, FATHMM,
DANN, LINSIGHT, and ncER). Comparison of score dis-
tributions did not reveal conclusive differences between
nsCL/P and NCR (Figures 1B, S8, S9, and S10;
Tables S7, S8, S9, §10, S11, S12, S13, and S14), and
filtering for DNMs with CADD > 20 did not show a sig-
nificant difference between cohorts (p = 0.18, 144 DNMs
in nsCL/P [1.06%], 226 DNMs in the NCR cohort
[1.26%]; Table S15). Notably, DNMs in numerous cranio-
facial genes, such as WNT4 (MIM: 603490),**3% ALPI
(MIM: 171740),** and MYO10 (MIM: 601481)*°7 were
observed with high CADD scores of >30 in nsCL/P. In
addition, one DNM (CADD score of 45) was observed
in PLEKHA6 (MIM: 607771), which is a paralog of
PLEKHA7 (MIM: 612686). Pathogenic variants in
PLEKHA7 were reported in a previous investigation of
multiply affected nsCL/P families®; thereby, this result
further supports the role of the PLEKHA-family in
nsCL/P etiology.
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Figure 1. Comparative analyses of de novo mutations

(A) De novo mutations (DNMs) observed in non-syndromic cleft lip with/without cleft palate (nsCL/P) case-parent trios (red) and NCR
trios (blue) were annotated according to genomic location (i.e., exonic/intronic/intergenic). Exonic DNMs were defined based on exons
of protein-coding genes in the GENCODE Basic gene annotation version33.hg19, including non-coding parts of gene sequences (e.g., 3'/

5 UTRs). DNMs were equally distributed between the two cohort

S.

(B) DNMs were annotated with each of six distinct in silico prediction scores, and their distribution was compared between the two co-

horts. No significant differences were found.

Limited evidence for enrichment of non-coding DNMs in
genomic features

We first tested the hypothesis that DNMs are significantly
enriched in epigenetic and functional datasets of relevance
to embryonic facial development. No analysis-wide enrich-
ment was observed, with the exception of a nominal sig-
nificant finding in bivalent/poised transcription start sites
and bivalent enhancers of Carnegie stage 15 of human
facial embryonic tissue’® (74 DNMs [0.55%; Table S16]
in nsCL/P versus 68 DNMs in the NCR cohort [0.38%)],
p = 0.03; Figure 2A; Table S17). While this enrichment is
noteworthy, the failure of reaching robust levels of statisti-
cal evidence precludes a conclusive statement.

No enrichment was observed for 34 nsCL/P DNMs that
mapped to any of 4,307 CNEs (Figure 2B, 15 in nsCL/P
versus 19 in NCR cohort; Tables S18, S19, and S20;
p = 0.88). Regarding the 40 DNMs mapping to VISTA en-
hancers, again, no significant difference was observed

between the nsCL/P and NCR cohorts (14 versus 26;
p = 0.31; Tables S21 and S22). This finding remained un-
changed when DNMs were grouped for tissue-specific ef-
fects (activity in 16 of 23 different tissue types; Figure 2B;
Table S23). Furthermore, no nsCL/P DNM was localized
in both a CNE and a VISTA enhancer.

Convergence of non-coding DNMs at two GWAS risk loci

As TADs are considered the general regulatory units of the
genome,’® the aggregation of DNMs within its boundaries
provides a systematic approach to aggregate DNMs with
similar mechanistic effects. Based on the overall variant da-
taset, 29,629 DNMs were unambiguously mapped within
2,961 individual TADs (supplemental methods). While
there was no test-wide significant difference between
nsCL/P and NCR in terms of enrichment or depletion of
DNMs in any of these TADs, we observed that 174 of
the individual TADs showed a nominally significant
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Figure 2. Enrichment of non-syndromic cleft lip with/without cleft palate de novo mutations in genomic candidate regions
(A) DNMs were mapped in eight chromatin states derived from human neural crest cells (hNCCs), cranial neural crest cells (c(NCCs), and
human embryonic facial tissue. FunciVar enrichment results are indicated by dot color. Dot sizes illustrate enrichment probabilities

(increasing values represent increased statistical significance), and significant findings are encircled.
(B) Non-coding elements with previous evidence for functional relevance were retrieved from conserved non-coding elements (CNEs)

and enhancer activity assays from VISTA (n=16 tissues). DNMs mapping to these regions were tested for n enrichment in nsCL/P using
FunciVar, similar to (A), and enrichment was depicted with their respective 95% credible interval (dots indicate median). The gray

dashed line indicates a difference of zero.
(C) DNMs were mapped within boundaries of topologically associating domains (TADs), and a subset of 45 TADs was defined based on

the presence of associated common nsCL/P risk variants (TADsgwas). Two loci (4q28.1, 2p21pkpcc, see panel D) carried significantly
more DNMs in nsCL/P. TAD boundaries are highlighted in green, with surrounding regions in gray. Gene locations are shown in yellow,
together with GWAS-SNPs (dot) and GWAS credible SNP regions (bar) in blue. The positions of DNMs are indicated in red for nsCL/P and

dark blue for NCR cohort. Two superimposed DNMs at 4q28.1 are indicated by an asterisk (*).
(D) Same graphical depiction as in (B), except for the TADs located at the 45 nsCL/P GWAS risk loci. Nominal significant p values are

indicated with an asterisk (*), and p values significant after correction for 45 tests are indicated by a double asterisk (**).

nsCL/P clustered within 175 kb around the GWAS lead
variant 1s6740960. The enrichment at the 4928.1 locus re-
mained significant after correction for multiple testing for

(221 nsCL/P versus 323 NCR), with two TADsgwas the number of TADgwas (Figure 2D). No TADGgwas showed
a significant depletion of nsCL/P DNMs. These results sug-

showing significant enrichment of DNMs in nsCL/P; i.e.,
2p21pKDCC39 and 4q28.140 (Figure 2C; Tables S25 and  gest at least two loci where both common and rare variants
may contribute to nsCL/P risk, at 2p21pkpcc presumably

$26). At the 4g28.1 locus, seven DNMs were observed in
seven different individuals with nsCL/P, while no DNM through regulatory effects on PKDCC (MIM: 614150).*"**

in this region was observed in the NCR cohort (p =
8 x 107%). At the 2p21pkpce locus, eight DNMs were
observed in seven nsCL/P individuals and two DNMs in
the NCR cohort (p = 0.02). Notably, the eight DNMs in

enrichment (n = 98) or depletion (n = 76) of DNMs in
nsCL/P compared with NCR (Table S24). Restricting the
analysis to 45 TADsgwas, we observed 544 DNMs in total

Identification of candidate TFs
Analyses were performed to test the hypothesis that
DNMs contributing to nsCL/P might converge into
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Figure 3. Identification of Musculin as a player in non-syndromic cleft lip with/without cleft palate etiology

(A) Qualitative analysis of DNMs in transcription factor (TF) binding sites (TFBS). Using 810 position weight matrices from JASPAR2020,
the relative enrichment of non-syndromic cleft lip with/without cleft palate (nsCL/P) DNMs was assessed using 1og2FC (on y axis) versus
Fisher’s exact tests (—1og10(p value) on x axis). Insert represents motif TFAP2a (var.3) that had 10g2FC > 1 but lacked observations in the
control cohort.

(B) Quantitative assessment of allelic effects on TF binding. For each DNM, the binding change (BC) of alternative versus reference allele
was assessed via the Mann-Whitney U (MWU) test (on x axis) and log2FC (on y axis, calculated using the ratio of mean change of bind-
ing between cohorts). All motifs with >3 hits per cohort and sufficient variability in BCs were used for MWU testing. Inserts represent
motifs that lacked sufficient observations for MWU testing, but had 10g2FC > 1 and >3 hits.

(C-E) Single-cell transcriptomic data confirm a role for Msc during murine embryonic development.

(C) Re-analysis of MOCA data (Cao et al., 2019) identified 24 cell clusters at day E11.5.

(D) Expression levels for Musculin (Msc) in single-cell data from MOCA at E11.5 in cell clusters showed specific expression in myocytes
(cell cluster 12 in C). Note: cluster numbers (x axis) correspond to cell cluster numbers in the UMAP plot in (C).

(E) Single-cell expression data of different cell clusters of the lambdoidal junction at E11.5 are shown as dot plot. For each cell cluster, the
percentage of cells expressing Msc is indicated by dot size, while the average expression level is indicated by color. This illustrates expres-
sion of Msc in palatal epithelium and maxillary prominences.

(F) Nine DNMs mapped to the MSC motif (MA0665.1; seven in nsCL/P and two in NCR cohort). The sequences of the nine regions are
illustrated per genomic region, as sorted according to BC, and with colored dots highlighting the cohort in which they were observed. At
each position of a DNM, the allelic change is indicated in the order ref/alt.

molecular pathways through their location in transcrip-
tion factor binding sites (TFBSs). Based on 28,773
DNMs and 810 PWMs, a total of 119,275 DNM-PWM
hits were observed in the entire cohort. These
pairs included 710 different PWMs and 21,043 DNMs
(i.e., for 73.1% of the analyzed DNMs, the respective
genomic context was located at a binding site of at least
one PWM; Figure S11). After stringent filtering (supple-
mental methods), 88,129 DNM-PWM hits remained in
the analysis. These showed a similar distribution in

both cohorts (37,695 in nsCL/P versus 50,434 in NCR,
p = 0.56).

At the level of individual PWMs, we observed four TFs
whose PWMs showed a nominally significant excess in
the nsCL/P trios (Figure 3A, HES7/HESS/ATF3/MSC; all
p < 0.05), and a log2FC > 1. In addition, 24 PWMs were
identified for which at least one TFBS was predicted at a
DNM region in the nsCL/P cohort, but none in the NCR
cohort. These motifs included TFs with an established role
in craniofacial development, such as TFAP2alpha (vers.3;
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4 DNMs in nsCL/P, none in NCR; insert Figure 3A). When
we aimed at identifying TF motifs with a significant differ-
ence in binding change (as opposed to frequency), one
nominally significant hit (MEF2A, p = 0.03) was observed,
together with an additional set of 17 motifs that had log2FC
> 1, but lacked the prerequisites for formal MWU calcula-
tions (supplemental methods; Figure 3B). Seven TFs were
shared between the two approaches, including TFs Muscu-
lin (MSC; Table S27) and Activating Transcription Factor 3
(ATF3; Table S28). Notably, MSC and ATF3 were the only
of these seven TFs for which a nominally significant Fisher’s
exact test result was generated (Table S29), prioritizing them
as candidate TFs.

Analyses of single-cell expression data support a role for
Musculin

Next, analyses were performed to determine the expression
of the orthologs for MSC ([MIM: 603628]; Msc) and ATF3
(Atf3) in single-cell data from the developing mouse embryo
during 9.5 to E13.5 (MOCA™?; Uniform Manifold Approx-
imation and Projection [UMAP] plots in Figure S12). Atf3
showed strong expression in endothelial cells, while being
sparsely expressed in almost all other cell types
(Figure S13). In contrast, our analyses revealed a specific
expression pattern for Msc starting at E10.5. On day E10.5,
Msc was expressed in sensory neurons but also in connec-
tive tissue progenitors and myocytes (Figure S14). Expres-
sion remained abundant in connective tissue progenitors,
sensory neurons and myocytes on day E11.5 and was
accompanied by expression in chondrocytes/osteoblasts
and cardiac muscle lineage (Figures 3C and 3D). On day
E12.5, Msc was most expressed in neural progenitor cells
but also in sensory neurons and jaw and tooth progenitors.
On day E13.5 Msc was expressed mainly in neural progeni-
tor cells (Figure S14). While the MOCA data provide infor-
mation on global expression in whole embryonic mice,
their resolution concerning specific facial tissues is limited.
Therefore, additional analyses were performed on single-
cell data from the murine lambdoidal junction at day
E11.5. Again, this revealed a low, but anatomically specific,
expression of Msc, particularly in the palatal epithelium and
the anterior and medial maxillary prominences (Figure 3E),
while expression of Atf3 was restricted to monocytes/mac-
rophages and endothelial cells of vasculature (Figure S15).

DNMs in MSC binding sites affect binding in vitro
Based on those findings, we focused on MSC as candidate TF
fornsCL/P. Detailed inspection of the MSC binding motifs re-
vealed that the seven DNMs in nsCL/P were located at more
central positions within the motifs, compared with the only
two DNMs in the NCR cohort (Figure 3F; Table S27). To
confirm that MSC binds to the predicted binding motif,
and that binding is altered by the DNMs as predicted in silico,
electrophoretic mobility shift assays (EMSAs) were performed
for five selected DNMs, in triplicates.

For all five sequences, EMSA analysis confirmed the bind-
ing of MSC to either the reference and/or the alternative

36

motif (Figure S16A; Table S30): for three of the five se-
quences, the observed direction of effect was consistent
with predictions (i.e., gain of binding for chr. 16, loss of
binding for chr. 5 and 10). For two regions, limited evidence
was found for either any binding change at all (chr. 6), or the
effect was observed in the opposite direction (chr. 7). Closer
analysis of the respective genomic sequence revealed that,
in the region of the DNM at chr. 7, a second MSC binding
motif was present, which might have affected the predic-
tion outcome (Figure S16B). The present data confirm that
MSC binds to the predicted motif and suggest that this
binding could be affected by mutations in vitro.

Discussion

WGS allows for a systematic investigation of genetic variants;
i.e., across the allelic spectrum and variant types. Therefore,
WGS data are a powerful resource to expand our understand-
ing of susceptibility factors for nsCL/P, in particular when
both coding and non-coding variants are analyzed jointly.
However, the large number of rare variants in individual ge-
nomes challenges the identification of causal variants at
the statistical level, and this is further hampered by our
incomplete knowledge regarding regulatory processes occur-
ring in the non-coding genome. In the present study, we
analyzed DNMs as a specific class of variants, in a Euro-
pean-based nsCL/P cohort of 211 trios, and included both
coding and non-coding variants in our investigation. While
the cohort size is small compared with other traits of multi-
factorial etiology, it is similar to the cohort size included in
the first nsCL/P GWAS that reported a genome-wide signifi-
cant locus.** Three main findings emerged from our WGS
study on nsCL/P.

First, while our study design included systematic ap-
proaches to enrich for true-positive signals, we failed to
detect robust associations in our hypothesis-driven ana-
lyses. We observed some nominally significant findings,
but these warrant further replication in order to allow for
firm conclusions (in particular, for those findings that are
based on singleton observations). Future studies including
more trios and ethnicities but also additional control co-
horts might be an important avenue to follow. The lack
of systematic evidence in our study might indicate either
that DNMs in the selected regions do not contribute to
nsCL/P or that our analyses were statistically underpow-
ered. Importantly, next to sample size, the power of our
study might have been limited by the selection of the refer-
ence cohort, which comprised individuals with ES for
which WGS data were generated within the same project.
While this is a technical advantage for comparative ana-
lyses, some epidemiological data have suggested some
shared etiology between OFC and cancer in general.** Still,
so far, no evidence is available for a shared etiology be-
tween ES and nsCL/P from epidemiological or molecular
data.? Furthermore, most current in silico prediction scores
are trained on input data that are biased for deleterious
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protein-coding variants and, therefore, are ineffective for
non-coding regions. This limits their usage for WGS data,
as illustrated in our study by the comparably low number
of observed non-coding DNMs with high CADD scores.

Second, despite the limited evidence for overall enrich-
ments, we identified a convergence of DNMs at loci that
had prior evidence for an involvement in nsCL/P. Most
interestingly, we observed a significant overrepresentation
of DNMs in regions that were previously implicated in
nsCL/P etiology by common variants. Specifically, two
risk loci, 4928 and 2p2lpxpcc, harbored significantly
more DNMs in nsCL/P trios than the reference cohort. At
2p21, the variants clustered within a region of 175 kb, in
close vicinity to 156740960, which has been suggested as
the sole causal variant at this locus.*”*® As another
example, we observed two intronic DNMs in the nsCL/P
candidate gene, ZFHX4,'" for which a frameshift mutation
was previously reported (Table S31). While the exact func-
tional effect and molecular mechanisms of these non-cod-
ing DNMs at GWAS loci or within candidate gene loci
remain unclear, these findings illustrate the presence of
allelic heterogeneity at established loci and pave the way
for functional follow-up studies.

Finally, our results suggest that differential binding of
Musculin (MSC, or MyoR) to its binding sequence might
be of relevance to nsCL/P etiology. MSC is a basic-helix-
loop-helix TF that is involved in the development of orofa-
cial branchiomeric muscles (OBMs).*’ Interestingly, previ-
ous studies have identified sub-epithelial alterations in a
specific OBM type, musculus orbicularis oris, as a subclinical
phenotype in the relatives of individuals with nsCL/P, and
these alterations are considered an intermediate pheno-
type of nsCL/P.**~! Notably, the network of TFs regulating
OBM development includes several TFs that are encoded
by genes implicated in nsCL/P via their presence at
GWAS risk loci; i.e., NOG (MIM: 602991),°% PAX7 (MIM:
167410),°> FGF10 (MIM: 602115),* and GREM1 (MIM:
603054)>* (Figure S17). However, the exact coordination
of this gene regulatory network and the context-specific ef-
fects of the binding changes remain unclear at the
moment and require further investigation.

In summary, we here provide a genome-wide analysis of
DNMs in nsCL/P that includes variation in the non-coding
genome. While our study illustrates the challenges associ-
ated with our understanding of non-coding variation, we
also provide evidence for causal DNMs at nsCL/P GWAS
loci and suggest that common and rare variants in the
muscle developmental pathway might be involved in
nsCL/P etiology.

Data and code availability

Original data concerning the present genetic and functional analyses
can be accessed as follows: WGS data for nsCL/P and NCR cohorts are
available at dbGaP phs001168.v1.p1 and phs001228.v1.p1, respec-
tively. Chromatin state segmentation data for craniofacial tissue
(CT) are available at Gene Expression Omnibus (GEO), under acces-
sion number GSE97752. Chromatin state segmentation data for
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hNCC and cNCC are available at Zenodo (https://doi.org/10.5281/
zenodo.3911187). CNEs are available on GitHub (https://github.
com/pjshort/DDDNonCoding2017/tree/master/data). Original data
of TADs are available at GEO under accession number GSE35156.
Original data for single-cell expression from whole mouse embryos
are available under https://oncoscape.v3.sttrcancer.org/atlas.gs.
washington.edu.mouse.rna/downloads  (Processed/Sampled/Split
Data; gene_count_cleaned.RDS). Single-cell expression data for the
lambdoidal junction are available at GEO under accession number
GSM3867275. The accession number for the code of the modified
version of denovoLOBGOB reported in this paper is publicly available
at Zenodo (https://doi.org/10.5281/zenodo.5601707).
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10.1016/j.xhgg.2022.100166.

Acknowledgments

This work was supported by the German Research Council
through funding provided to K.U.L. (DFG; LU 1944/3-1). HK.Z.
received support from the BONFOR program of the Medical Fac-
ulty Bonn (SciMed program, O-149.0132).

The present results were obtained using data generated by the
Gabriella Miller Kids First (GMKF) Pediatric Research Program pro-
jects phs001168.vl.pl and phs001228.v1.pl. Upon approved
data access, data were downloaded from dbGaP (www.ncbi.nlm.
nih.gov/gap) and the Website of the GMKF project (https//
kidsfirstdrf.org). The GMKF Website and the Kids First Data
Resource Center are supported by the National Institutes of Health
(NIH) Common Fund (U2CHL138346). European nsCL/P trios
were sequenced at Washington University’s Mc Donnel Genome
Institute (X01-HL132363, with principal investigators M.L.M.
and E.F) and this project was supported by the NIH through the
following funding sources: R01-DE016148 (M.L.M. and S.M.W.),
RO1-DE014581 (T.H.B.), and R01-DD000295 (G.L.W.). Ewing sar-
coma trios as NCR cohort were recruited within the context of
the Children’s Oncology Group AEPI10NS Study (Genetic Epide-
miology of Ewing Sarcoma, NCT01876303) and sequenced within
the GMKF Ewing Sarcoma project (X01-HL132385, with principal
investigator J.D.S.). The Ewing Sarcoma study was supported by
the Children’s Oncology Group and the National Cancer Institute.

Author contributions

H.K.Z. and K.U.L. conceptualized the study and acquired funding.
HK.Z, A. Schmidt, M.-H., ET,, EU.B,, JW.,, D.B.,, and PM.K.
analyzed sequencing data and/or provided computational re-
sources. L.W. and H.K.Z. planned and performed statistical ana-
lyses. HK.Z., LW.,, A. Schmidt, A. Siewert, A.B.S., EM., N.I., and
K.U.L. jointly interpreted data. A. Siewert designed and performed
the analysis of single-cell expression data. H.K.Z., S.AJ., and K.P.
designed, performed, and interpreted EMSA experiments. H.K.Z.
wrote the first version of the manuscript with contributions by
L.W., A. Siewert, K.P.,, and K.U.L. All authors edited and approved
the final manuscript.

Declaration of interests

The authors declare no competing interests.

8 Human Genetics and Genomics Advances 4, 100166, January 12, 2023


https://doi.org/10.5281/zenodo.3911187
https://doi.org/10.5281/zenodo.3911187
https://doi.org/10.5281/zenodo.3911187
https://doi.org/10.5281/zenodo.3911187
https://doi.org/10.5281/zenodo.3911187
https://doi.org/10.5281/zenodo.3911187
https://doi.org/10.5281/zenodo.3911187
https://doi.org/10.5281/zenodo.3911187
https://github.com/pjshort/DDDNonCoding2017/tree/master/data
https://github.com/pjshort/DDDNonCoding2017/tree/master/data
https://github.com/pjshort/DDDNonCoding2017/tree/master/data
https://github.com/pjshort/DDDNonCoding2017/tree/master/data
https://github.com/pjshort/DDDNonCoding2017/tree/master/data
https://github.com/pjshort/DDDNonCoding2017/tree/master/data
https://github.com/pjshort/DDDNonCoding2017/tree/master/data
https://github.com/pjshort/DDDNonCoding2017/tree/master/data
https://oncoscape.v3.sttrcancer.org/atlas.gs.washington.edu.mouse.rna/downloads
https://oncoscape.v3.sttrcancer.org/atlas.gs.washington.edu.mouse.rna/downloads
https://oncoscape.v3.sttrcancer.org/atlas.gs.washington.edu.mouse.rna/downloads
https://oncoscape.v3.sttrcancer.org/atlas.gs.washington.edu.mouse.rna/downloads
https://oncoscape.v3.sttrcancer.org/atlas.gs.washington.edu.mouse.rna/downloads
https://oncoscape.v3.sttrcancer.org/atlas.gs.washington.edu.mouse.rna/downloads
https://oncoscape.v3.sttrcancer.org/atlas.gs.washington.edu.mouse.rna/downloads
https://oncoscape.v3.sttrcancer.org/atlas.gs.washington.edu.mouse.rna/downloads
https://doi.org/10.5281/zenodo.5601707
https://doi.org/10.5281/zenodo.5601707
https://doi.org/10.5281/zenodo.5601707
https://doi.org/10.5281/zenodo.5601707
https://doi.org/10.1016/j.xhgg.2022.100166
https://doi.org/10.1016/j.xhgg.2022.100166
https://doi.org/10.1016/j.xhgg.2022.100166
https://doi.org/10.1016/j.xhgg.2022.100166
https://doi.org/10.1016/j.xhgg.2022.100166
https://doi.org/10.1016/j.xhgg.2022.100166
https://doi.org/10.1016/j.xhgg.2022.100166
https://doi.org/10.1016/j.xhgg.2022.100166
http://www.ncbi.nlm.nih.gov/gap
http://www.ncbi.nlm.nih.gov/gap
http://www.ncbi.nlm.nih.gov/gap
http://www.ncbi.nlm.nih.gov/gap
http://www.ncbi.nlm.nih.gov/gap
http://www.ncbi.nlm.nih.gov/gap
http://www.ncbi.nlm.nih.gov/gap
http://www.ncbi.nlm.nih.gov/gap
http://https//kidsfirstdrf.org
http://https//kidsfirstdrf.org
http://https//kidsfirstdrf.org
http://https//kidsfirstdrf.org
http://https//kidsfirstdrf.org
http://https//kidsfirstdrf.org
http://https//kidsfirstdrf.org
http://https//kidsfirstdrf.org

Received: June 1, 2022
Accepted: December 1, 2022

Web resources

GMKF Pediatric Research Program, www.commonfund.
nih.gov/KidsFirst

denovoLOBGOB, https://github.com/pjshort/denovoTFE

FunciVar, https://github.com/Simon-Coetzee/funcivar.

GEO, https://www.ncbi.nlm.nih.gov/geo/

GENCODE, https://www.gencodegenes.org/human/grc
h37_mapped_releases.html.

GnomAD v3.1., https://gnomad.broadinstitute.org/

JASPAR 2020, https://bioconductor.org/packages/rele
ase/data/annotation/html/JASPAR2020.html.

MOCA, https://oncoscape.v3.sttrcancer.org/atlas.gs.wa
shington.edu.mouse.rna/landing.

OMIM, http://www.omim.org/.

TFBSTools, http://bioconductor.org/packages/release/bi
oc/html/TFBSTools.html.

Ensembl Variant Effect Predictor, https://www.ensembl.
org/info/docs/tools/vep/online/input.html.

VISTA Enhancer Browser, https://enhancer.lbl.gov/
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Combining genetic and single-cell
expression data reveals cell types
and novel candidate genes for
orofacial clefting

Anna Siewert™, Simone Hoeland, Elisabeth Mangold & Kerstin U. Ludwig"*

Non-syndromic cleft lip with/without cleft palate (nsCL/P) is one of the most common birth defects
and has a multifactorial etiology. To date, over 45 loci harboring common risk variants have been
identified. However, the effector genes at these loci, and the cell types that are affected by risk alleles,
remain largely unknown. To address this, we combined genetic data from an nsCL/P genome-wide
association study (GWAS) with single-cell RNA sequencing data obtained from the heads of unaffected
human embryos. Using the recently developed single-cell disease relevance score (scDRS) approach,
we identified two major cell types involved in nsCL/P development, namely the epithelium and the
HAND2+ pharyngeal arches (PA). Combining scDRS with co-expression networks and differential gene
expression analysis, we prioritized nsCL/P candidate genes, some of which were additionally supported
by GWAS data (e.g., CTNND1, PRTG, RPL35A, RAB11FIP1, KRT19). Our results suggest that specific
epithelial and PA sub-cell types are involved in nsCL/P development, and harbor a substantial fraction
of the genetic risk for nsCL/P.

Keywords Cleft lip, Cleft palate, GWAS, scRNA-seq, hdWGCNA, Co-expression networks

Non-syndromic cleft lip with or without cleft palate (nsCL/P) is one of the most common birth defects, with
a global prevalence of approximately 1 in 1,000 live births'. In addition to complex treatments such as surgery
and speech therapy, affected patients are burdened by an increased risk of morbidity> The etiology of nsCL/P
involves both genetic and environmental factors'. To date, genome-wide association studies (GWAS) have
identified more than 45 risk loci harboring common variants that are associated with increased nsCL/P risk>.
At some loci, candidate genes have been pinpointed by evidence from syndromic forms of facial disorders, the
presence of rare variants in affected individuals, or on the basis of results from animal models*. However, how
the human risk variants affect the function of nsCL/P candidate genes and the cell types in which they are likely
to act, remains largely unclear in most cases, although some initial work has been published®~.

To address these questions, single-cell RNA-sequencing (scRNA-seq) is a promising approach. Instead of
analyzing gene expression profiles in bulk from whole tissues, scRNA-seq enables the investigation of gene
expression profiles in specific individual cells. When applied to biomaterials of relevance to specific diseases,
this allows both the generation of high-resolution transcription maps of cell-types, and the identification of sub-
cell types that might contribute to disease pathogenesis.

In the context of craniofacial development, most scRNA-seq studies to date have been performed on murine
tissues and have identified cell types that would have been missed in earlier analyses of bulk data. For example,
one study identified heterogeneity in gene expression of mesenchymal cells in the anterior palate®, while another
found distinct cell populations at the fusion sites of the maxillary, medial-nasal, and lateral-nasal processes’ in
mice. To study the role of these cell types in nsCL/P, we and others have utilized these murine single cell expression
maps to examine gene expression patterns of candidate genes identified in genetic studies'*!!. However, the
suitability of murine data for the investigation of nsCL/P is limited. Reasons for this include: (i) differences in
morphology and tissue interactions between mice and humans, in particular during the later stages of facial
development'?; and (ii) the fact that in humans, most genetic nsCL/P associations are located in non-coding
(and often non-conserved) regions of the genome, indicating higher-order regulatory mechanisms®. Recently,
scRNA-seq data from unaffected human embryos aged four to six weeks were made available!®, which partly
cover the crucial time period for nsCL/P development between the fourth and tenth week post-conception'*.
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The joint study of genetic and transcriptomic data has the potential to identify affected cell types and improve
the understanding of disease mechanisms during facial development. To date, few computational approaches
that combine genetic and single-cell transcriptomic data have been available. However, the recently developed
single-cell disease relevance score (scDRS)!® now allows the identification of associations between candidate
genes identified via GWAS and individual cells from scRNA-seq data. The aim of the present study was to
identify human developmental cell types in which genetically-mediated nsCL/P risk is enriched, which is crucial
in terms of unraveling the underlying molecular mechanisms of nsCL/P. For this purpose, the scDRS approach
was used to combine scRNA-seq data of unaffected human embryos'* with candidate genes derived from our
recent GWAS on nsCL/P>. The identified cell types were then used to determine potential interactions between
candidate genes in co-expression networks using high-dimensional weighted correlation network analysis
(hdWGCNA)'¢. We demonstrate how these approaches can facilitate the identification of molecular networks,
effector cell-types, and novel candidate genes, thus advancing our understanding of the molecular basis of
genetic nsCL/P risk.

Methods

Human embryonic scRNA-seq data

Human embryonic scRNA-seq data'® were downloaded from Gene Expression Omnibus (GSE157329, see data
availability section). These data comprised scRNA-seq data from seven unaffected whole human embryos from
Carnegie stage (CS) 12 (one embryo), CS 13-14 (three embryos), and CS 15-16 (three embryos), which had been
broadly dissected into head, upper and lower trunk, limbs, and viscera. Based on meta-information provided
by the authors, the data were reduced to dissection parts ‘head’ and ‘head-upperTrunk’ This led to the exclusion
of two embryos without head data, i.e., one embryo respectively from CS 13-14 and CS 15-16. No additional
filtering was performed. These data were then re-analyzed using Seurat v4.3.0'7. Details on analysis parameters
are provided in the Supplementary Information. Briefly, to remove potential batch effects, data from different
samples were integrated using canonical correlation analysis, as implemented in Seurat. For this purpose, the
data were split according to sample (n =6, including one donor head that was split and analyzed as two samples),
and processed as individual Seurat objects prior to integration.

The data were normalized and 2,000 highly variable genes were identified before the data were scaled. For
the integration of individual Seurat objects, integration anchors between objects were identified and then used
to integrate the individual data sets into one data set. The resulting data set was scaled and cell cycle regression
was performed as implemented in Seurat. Principal component analysis was performed using the variable
features of the data. Clustering was performed by first identifying the shared nearest neighbors of cells and
then clustering the cells using the original Louvain algorithm. The resulting data set contained 50,059 cells,
which clustered into 25 cell clusters (between 276 and 4,993 cells per cluster, Fig. 1A). The clustering showed no
influences attributable to sample batch effects (Fig. S1A). Cluster marker genes were determined (Table S1) and
used for cell type annotation of the clusters, as based on the cell type marker genes from the original publication
(Supplementary Table S1B from Xu et al. 2023). Identification of differentially expressed genes (DEGs) was
performed for epithelial sub-clusters only (Table S2).

Identification of nsCL/P candidate cell types using scDRS

Preparation of the scRNA-seq data

To render the scRNA-seq data applicable for scDRS, the scaled data was removed and the Seurat object
(containing only count and normalized data) was converted into an .h5ad file. Specific parameters are provided
in the Supplementary Information.

Definition of nsCL/P gene set

For the preparation of the genetically-informed gene set, the candidate genes located in topologically associating
domains (TADs) of nsCL/P GWAS risk loci were retrieved from Table S9 from Welzenbach et al. 20213, Of the
404 genes located in these TADs, 51 were not detected in the scRNA-seq data. The remaining 353 genes are
referred to as “TAD genes. Of these, 87 genes had reached significance in the gene-based test in the original
publication, thus providing further genetic support for these genes beyond single-variation association statistics
at the risk loci. These genes were used for scDRS analysis, and are referred to as ‘nsCL/P gene set. For all of these
genes, z-scores were retrieved from the MAGMA output file from Welzenbach et al. 2021, and were used as
weights in the “weighted setting’.

Application of the scDRS method

Following download (GitHub) and installation of the scDRS package!®, scDRSs for all single cells in the
scRNA-seq data (n=50,059) were calculated. For the nsCL/P gene set, this was performed in both settings, i.e.,
“unweighted” and “weighted”. Downstream analyses were conducted on the scores generated from each gene set.
Specific analysis parameters are provided in the Supplementary Information.

Additional quality assessment
To identify potential artifacts, the entire scRNA-seq data set was used. Here, Pearson correlation between the
scDRS of each cell and the total number of detected molecules of each cell was calculated.

Co-expression network analysis using hdWGCNA

To generate co-expression networks, the hdWGCNA package version 0.3.1 was used (see section Data
availability). First, metacells were created from the single cell matrix, which were then normalized. Next, for both
the epithelium and the HAND2+ PA, an expression matrix of the respective metacells was constructed. The soft
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Fig. 1. scDRS identifies significant association with nsCL/P candidate genes in epithelium
and HAND2+ pharyngeal arches (a) UMAP plot of scRNA-seq data from the heads of five unaffected human
embryos from Carnegie stages 12-16. (b) UMAP plot from a colored according to the normalized scDRS
for nsCL/P association at the single-cell level in the unweighted setting. (c) Ridgeplot of normalized scDRS
according to cell type in the unweighted setting. (d) scDRS disease association at the cell type level in the
unweighted setting. Cell types above the dashed line showed significant association with the nsCL/P gene set.
Bold cell type labels indicate significant within-cell type heterogeneity in terms of disease association. Anterior
presomitic mesoderm (aPSM), frontonasal mesenchyme (FM), log, fold change (log,FC), pharyngeal arches
(PA), posterior presomitic mesoderm (pPSM), sympathetic neurons (SN), single-cell disease relevance score
(scDRS).
power thresholds were determined, the co-expression networks were constructed and the matrices were scaled.
Then, module eigengenes and eigengene-based connectivity were determined. Specific analysis parameters are
provided in the Supplementary Information. For each gene module, the percentage of TAD genes was calculated,
and the three top gene modules, i.e., those with the highest percentage of TAD genes, were selected for further
analysis. The Circos plots for the co-expression gene modules were created using the R package circlize!®.
Gene ontology enrichment analysis
A gene ontology (GO) analysis was performed using the clusterProfiler'® and org.Hs.eg.db*® R packages to
identify biological process and molecular function GO terms. For E-9 and PA-14, redundant GO terms were
removed (simplify function). Specific analysis parameters are provided in the Supplementary Information.
Identification of new candidate genes using hdWGCNA gene modules and GWAS data
For genes that were identified in the hdAWGCNA gene modules, p-values from the gene-based test in our recent
GWAS were retrieved from Table S6 from Welzenbach et al. 2021°. FDR correction was performed using the
Scientific Reports|  (2024) 14:26492 | https://doi.org/10.1038/s41598-024-77724-9 nature portfolio
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Benjamini Hochberg method. For those genes that remained significant (adjusted p-value <0.05) and were
located outside of nsCL/P GWAS TADs, LocusZoom?! was used to create regional association plots from the
GWAS summary statistics®. To assess whether the co-expression gene modules were enriched for genes with
a genetic association to nsCL/P, a gene set analysis was performed using MAGMA v1.10%? (see section Data
availability). The gene sets were created from the six selected co-expression modules (E-9, E-10, E11, PA-12,
PA-14, PA-15). The analysis was performed using these gene sets and the MAGMA genes.raw output file from
Welzenbach et al. 2021°.

Results

Expression patterns of GWAS candidate genes implicate head epithelium and

HAND2+ pharyngeal arches in genetically-mediated nsCL/P

Based on scRNA-seq data from the heads of unaffected human embryos (Fig. 1A) and the nsCL/P gene set
informed by GWAS results (see Methods), developmental cell types that might underlie nsCL/P etiology were
identified using scDRS.

First, scDRSs were calculated for each single cell in the scRNA-seq data (n=>50,059) in two settings, i.e.,
unweighted and weighted (by MAGMA z-scores, see Methods). At the single-cell level and across the two
settings, an accumulation of cells with high scDRS was observed in the epithelium (Fig. 1B,C, Fig. S1B). When
combining the scDRSs of individual cells over cell-clusters, this accumulation in the epithelium was found to be
statistically significant in both the unweighted (p=0.002, Fig. 1D, Table S3) and the weighted setting (p=0.01,
Fig. S1C, Table S4). In addition, the cell type HAND2+ PA reached statistical significance in the unweighted
analysis (p=0.04; Fig. 1D, Table S3). To identify potential subpopulations of disease-associated cells, all cell
types were tested for evidence of within-cell type heterogeneity. In the unweighted setting, significant within-cell
type heterogeneity was observed in the epithelium, as well as in sympathetic and GABAergic neurons (Fig. 1C).
In the weighted setting, significant within-cell type heterogeneity was observed in the dorsal telencephalon,
the sympathetic neurons, the endothelium, and the GABAergic neurons (Fig. S1C).To ensure that the scDRS
for each cell and thereby the heterogeneity in association was not caused by technical differences in transcript
detection, the correlation between the scDRS of each cell and the total number of molecules detected was tested.
No strong support for such a technical bias was found (Pearson correlation coefficient: 0.006).

Given the converging evidence for a role in nsCL/P, and potential heterogeneity within the epithelial cell
cluster, this cell cluster was then subdivided into two subclusters, as based on the scDRS p-value of each cell.
This resulted in the identification of an associated subcluster (435 cells, p <0.01) and a non-associated subcluster
(717 cells, p>0.1), from a total of 1,835 cells. DEGs between these subclusters were then identified. A total of
139 DEGs showed higher expression in the subcluster of disease-associated cells (fold change> 1) compared
to the subcluster containing non-associated cells (fold change < -1; Fig. 2; Table S2). Of these, 31 genes were
among the 353 “TAD genes, and 25 of these 31 genes were among the 87 genes of the nsCL/P gene set’ of
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Fig. 2. Marker genes of associated epithelial cells contain known nsCL/P candidate genes. Volcano plot
showing differentially expressed genes between nsCL/P associated (scDRS p-value <0.01) and non-associated
(scDRS p-value > 0.1) epithelial cells. Numbers within each group are depicted in the integrated bar plot. Genes
with adjusted p-values <0.05 (dashed horizontal line) and log,FC> 0.1 were considered marker genes for
nsCL/P associated cells (red). Genes with adjusted p-values <0.05 and log,FC < -0.1 were considered marker
genes for non-associated cells (blue). Top 10 genes with the lowest p-values are labeled. Non-syndromic cleft
lip with/without cleft palate (nsCL/P), log, fold change (log, FC), single-cell disease relevance score (scDRS).
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previously suggested effector genes (e.g., KRT8, KRT18, TFAP2A, TPM1, ESRPI, and IRF6; Fig. 2; Table S2).
Based on these results, we prioritized the remaining six TAD genes as nsCL/P candidate genes (Table 1, ‘DEG’
approach). Notably, for some of them, evidence of an involvement in orofacial clefting phenotypes has already
been presented, though not from GWAS data?>-2.

scDRS-informed prioritization of candidate genes at GWAS loci

In addition to confirming known nsCL/P risk genes, scDRS within associated cell types can also be used to
identify potential novel candidate genes. For this purpose, we used the gene-level downstream application
of scDRS, which correlates the scDRS with the expression of genes that are not part of the tested gene set.
Specifically, we aimed to identify genes at GWAS loci that were not prioritized as candidate genes due to the
presence of another promising gene, or due to the lack of a significant gene-based P-value in the genetic data’.
In this analysis, we considered genes with a correlation coefficient of > 0.01. In the unweighted setting, a positive
correlation was observed between gene expression and scDRS for 33 genes (Table 1 ‘scDRS TAD gene’ approach,
Table S5), with the highest absolute value being observed for RPL35A (Pearson correlation coefficient: 0.15). This
gene is located at the 3q29 locus, which harbors the previously proposed candidate genes DLGI and MELTF.
The TAD genes GADD45B (19p13.3), ARHGAP29 (1p22), and MSX1 (4p16.2) showed a positive, albeit less
pronounced correlation (Pearson correlation coefficients between 0.048 and 0.055). Our findings provide
additional support for prioritizing these as effector genes at their respective loci. Similar results were found in
the weighted setting (Table S6).

Co-expression network analysis of epithelium and HAND2+ pharyngeal arches

To identify genes with potential interactions in the previously identified nsCL/P-associated cell types (epithelium
and HAND2+ PA), co-expression networks were generated. For each cell type, hdWGCNA identified 18 groups
of interconnected, positively correlated genes (so-called ‘gene modules’). Of these, three per cell type were
selected for further analysis (see Methods, Tables S7 & S8).

Of the epithelial gene modules, the following were selected: E-9 (348 genes / including 12 nsCL/P TAD
genes); E-10 (73/3); and E-11 (201/8) (Fig. 3A, Table S7). The eigengene values within the epithelial cluster were
then plotted in their UMAP space of scRNA-seq data (Fig. 3C). While for E-9 and E-11, these appeared to be
restricted to the upper part and lower part of the UMAP plot respectively, the highest values for E-10 did not
appear specific. For E-9, the hub genes (i.e., genes with the largest number of connections within the modules
network) included the nsCL/P TAD genes TFAP2A, TPM1, and ARHGAP29, thus providing further support for
the hypothesis that they play a causal role in nsCL/P at their respective loci (Table $9)?#%. Enrichment analyses
for E-9 using GO terms identified odontogenesis, wound healing, actin filament organization, the canonical
Wht signaling pathway, and Cadherin binding (Fig. 3D, Table S10). In contrast to E-9, the hub genes of E-10
and E-11 contained no nsCL/P TAD genes, and the GO term analysis results were non-specific (pituitary gland
development and central nervous system neuron differentiation for E-10; regulation of neuron differentiation,
ribosome binding, and unfolded protein binding for E-11; Table S10). Together, this suggests that the most
relevant epithelial gene module in terms of nsCL/P risk may be E-9.

For HAND2+ PA, the selected gene modules were: PA-12 (111 genes / including 5 nsCL/P TAD genes), PA-
14 (145/7), and PA-15 (83/4; Fig. 3B, Table S8). The highest module eigengene values for PA-12 and PA-15 were
distributed evenly over the cluster, while the highest values for PA-14 were more concentrated at the bottom of
the UMAP space (Fig. 3C). For PA-12, the identified hub genes included MRC2, which is located at the nsCL/P
risk locus 17q23.2 but showed no significant gene-based association in Welzenbach et al. 20213. Notably, while a
set of seven genes is located at this locus, none has garnered sufficient research evidence to date to be considered
the effector gene. Therefore, our results now prioritize MRC2 as a candidate gene for functional studies. The
hub genes of PA-14 contained the nsCL/P candidate genes TPM1 and ZFP36L2, while those in PA-15 included
the nsCL/P candidate gene KRT18 (Table S11). The GO term analysis generated no significantly enriched terms
for PA-12 or PA-15 (Table S10). However, for PA-14, the GO terms included T-cell differentiation and the
development of the roof of the mouth, tongue, muscle tissue, arteries, and mesenchyme (Fig. 3D, Table S10).

When comparing the three epithelial gene modules and the three HAND2+PA gene modules, a limited
overlap of between 1 and 11 genes was observed (Fig. 3E, Fig. S2A/B, Table S12 e.g. ZFP36L2 and TPM1I). This
suggests that most genes located at GWAS loci act or interact in only one of the two cell types.

Analysis approach | Prioritized nsCL/P candidate genes
scDRS TAD gene RPL35A, C100rf82, MSX1, GADD45B, ARHGAP29, TLE2, NSD3, TIMM13, RAB11FIP1, NBL1

scDRS gene KRT19, CLDN6, EPCAM, CLDN4, CLDN7, RAB25, RPS14, RPL41, RPS18, APIM2
hdWGCNA + GWAS | CTNNDI, PRTG, BFAR, HYAL2
DEGs ARHGAP29, MYC, GADD45B, RAB11FIP1, PLKHF2, NSG1

Table 1. Summary of potential new candidate genes for nsCL/P based on different analysis approaches. The
top 10 genes per analysis approach are shown, the remaining genes for scDRS TAD gene and scDRS gene
are listed in table S5. Genes that have not been previously reported with nsCL/P are shown in bold. Analysis
approaches are defined in the main text. Abbreviations: Differentially expressed genes (DEGs), genome-
wide association study (GWAS), high-dimensional weighted correlation network analysis (hdWGCNA),
non-syndromic cleft lip with or without cleft palate (nsCL/P), single-cell disease relevance score (scDRS),
topologically associating domain (TAD).
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genes (black) and potential novel candidate genes (gray) in HAND2+ PA co-expression gene modules. Panel
layout as described in a. (c) UMAP plots of epithelium (E-9, E-10, E-11) and HAND2+ PA (PA-12, PA-14,
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of selected GO terms for biological process (E-9 & PA-14) and molecular function (E-9) for the epithelial
co-expression gene module E-9 and the HAND2+ PA co-expression gene module PA-14. The vertical dashed
line is set at p-value -log, , of 0.05. (e) Venn diagram of gene overlap between epithelial gene module E-9 and
HAND2+ PA gene modules PA-12, PA-14, and PA-15. Epithelium (E), gene ontology (GO), non-syndromic

cleft lip with/without cleft palate (nsCL/P), pharyngeal arches (PA), topologically associating domains (TADs).

MAGMA gene set analysis identifies association between epithelial co-expression gene
module and nsCL/P

To examine the joint association of genes within hdWGCNA-identified co-expression gene modules and
nsCL/P, a MAGMA gene set analysis was performed using the six selected gene modules as individual gene sets
(see above) and the nsCL/P GWAS summary statistics from Welzenbach et al. 2021°. This analysis revealed a
significant association with nsCL/P for gene module E-9 (p=5.98x 10~°), and provides further evidence that

this gene module is enriched with genes that are associated with nsCL/P (Table S13).
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Identification of novel nsCL/P candidate genes

To identify potential novel nsCL/P candidate genes, an analysis was performed of genes that are located outside the
GWAS-TADs and which represent plausible novel candidate genes given similarities in scDRS and co-expression
networks. First, genes whose expression patterns are positively correlated (correlation coefficient > 0.01) with the
scDRS of individual cells (see above), but which are located outside of any known GWAS locus, were identified.
Here, KRT19, EPCAM, and the Claudin family members CLDN6, CLDN4, and CLDN7 were moderately
correlated with the scDRS in the unweighted setting (Pearson correlation coefficients 0.17 to 0.29; Table 1
‘scDRS gene’ approach, Table S5). None of these genes showed significance in the MAGMA gene-based test in
Welzenbach et al. 2021%. However, KRT19 and EPCAM were among the epithelial co-expression modules (E-9
and E-11, respectively). Similar results were obtained for the weighted setting (Table S6).

Second, genes that were listed among the selected hdWGCNA gene modules (E-9, E-10, E-11, PA-12, PA-
14, and PA-15), and which were significant in the gene-based test, were examined. No new candidate genes
were identified in any of the three epithelial gene modules. However, evidence was generated to suggest that
HYAL?2 and BFAR (both in PA-12), CTNNDI (PA-14), and PRTG (PA-15) represent novel nsCL/P candidate
genes from the HAND2+ PA gene modules (Table 1 ©hd WGCNA + GWAS’ approach, Table S8). An examination
of the association structure around these genes in the GWAS summary statistics yielded nominally significant
genetic support for the loci harboring CTNNDI and PRTG (Fig S2 C/D). This suggests that these loci might
reach conservative thresholds for genetic associations of common variation in future studies involving increased
power. Interestingly, previous studies already linked rare variants in CTNNDI?” and low-frequency coding
variants in PRTG? to nsCL/P.

Discussion

In recent years, multiple genetic studies on nsCL/P have identified genomic risk loci, and suggested local
candidate genes in the associated regions®>*>**~*>. However, since most of the associated regions map to non-
coding parts of the genome and can thus be presumed to have context-specific effects, biological interpretation
of these discoveries requires the identification of the affected cell types. This knowledge would in turn inform
the context in which functional studies should be performed, which is essential for understanding the molecular
mechanisms of nsCL/P development. For some established candidate genes, expression patterns have already
been reported, e.g., IRF6 expression in neural crest and epithelial cells®**~*$, and TFAP2A expression in facial
mesenchyme, nervous system, epithelial, and neural crest cells*-*!. In addition, in a previous study involving
single-cell transcriptome analyses in mice'®, our group showed that the murine homologs of certain nsCL/P
candidate genes are expressed predominantly in either epithelial cell types (e.g., candidate genes IRF6, TFAP2A,
ESRPI) or mesenchymal-like cell types (e.g., candidate genes ALX1, ALX3, GREMI). The present study
complemented previous research by performing a systematic examination of the joint gene expression of nsCL/P
candidate genes from GWAS, with the aim of detecting the human developmental cell types that mediate genetic
nsCL/P risk.

Based on expression data from unaffected human embryonic heads, our scDRS analysis implicated the
epithelium and HAND2+ PA as primary cell types with an involvement in genetic nsCL/P risk. This confirms,
and further refines, observations from our previous study in mice, which showed that individual nsCL/P genes
were expressed in epithelial and mesenchymal cell types!?. Epithelial cells are involved in manifold processes
during lip and palate formation. These processes include: (i) epithelial seam formation, which is required for
the fusion processes of the upper lip and the palate, as well as those between the medial-nasal, the lateral nasal,
and the maxillary prominences®>%; (ii) epithelial-to-mesenchymal transitions, which allow for movement
of cells as facial prominences grow, as well as the removal of epithelial seams®*-*%; (iii) the formation of the
periderm, which covers the developing epithelium®; and (iv) cell adhesion and migration®*®!. We speculate
that the heterogeneity we observed in the overall epithelial cell cluster might recapitulate different expression
patterns associated with these different functions. Indeed, one of the top markers of the associated epithelial
cells is IRF6, which is a particularly relevant gene in periderm formation, and has been shown to be crucial in
the development of the palate®>®>. However, we note that the data include the whole head and, therefore, the
possibility remains that the within-cell type heterogeneity might also be caused by epithelial cells originating
from other regions of the head, rather than the facial processes. The second major cell-type we identified were
HAND2+ PA, one of three clusters that were annotated as PA, which give rise to the bones and connective
tissue of the head®’. The transcription factor HAND2, which characterized the specific PA cluster associated
with nsCL/P, was previously found to be expressed in the neural-crest derived mesenchyme of the PA of mice®®
and involved with patterning in the PA of zebrafish®. Together, the findings of specific cell types within PA and
epithelium suggest that there may be specific sub-cell types that are involved in nsCL/P, which should be assessed
with spatial and functional data in future studies.

Having identified relevant cell-clusters, the respective expression data can be explored using co-expression
network analysis in order to identify genes that are potentially subject to the same gene regulation or which
interact on a molecular level. This can help to prioritize effector genes at established genomic risk loci or identify
new candidate genes. Importantly, our co-expression modules identified known interactions, such as IRF6 and
TFAP2A, which have been shown to act jointly in a genetic pathway>®, as well as IRF6 and TP63, the latter of
which has been reported to activate IRF6 expression®. This suggests that some of the newly identified genes
within the same gene modules are promising genes for further functional studies, for example, TPM1 and
ZFP36L2, which occurred in the same gene module in the epithelial cells and in the HAND2+ PA. Interestingly,
recent studies found that ZFP36L2 was significantly associated with nsCL/P and one of its subtypes, i.e., non-
syndromic cleft lip only, in GWAS data from a Chinese Han population®®®. We also found evidence for a role
of RPL35A, which is located in a larger deletion region in patients with craniofacial abnormalities”’. Our data
provide further support for the suspected genes GADD45B, ARHGAP29, and MSX1, though these had not been
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prioritized in Welzenbach et al. 20213. The present analyses also identified new candidate genes located outside
of GWAS loci, such as CTNNDI and PRTG, which were implicated through their expression patterns in the
HAND2+ PA gene modules. For both genes, genetic support is provided by our in-house GWAS data, but also
through rare variants identified by exome sequencing of multiplex families for CTNNDI?’ and low-frequency
coding variants in PRTG?.

To obtain information on the biological relevance of the gene modules, we performed GO term analyses. The
results reflect the before discussed processes the epithelium and PA are involved in, e.g. epithelial morphogenesis,
mesenchyme development, and migration. Additionally, they support functional hypotheses such as cadherin-
binding via CTNNDI, involvement of several members of the Wnt-family, and muscle tissue development, all
of which have been previously implicated in nsCL/P*7!78, The association of one gene module with T-cell
differentiation could provide an exciting link to immunological factors, which requires further examination. The
differences in biological functions between the gene modules of epithelium and PA together with a very small
gene overlap in genes between the gene modules, suggest that the genetic risk for nsCL/P is split on different
biological, and maybe complementary, functions across those two cell types.

In summary, we combined human scRNA-seq data with genetic information on nsCL/P risk and identified
nsCL/P-associated cell types and potential sub-cell types, which might harbor a considerable part of the genetic
risk. Co-expression networks in these cell types allowed us to identify established and potential new gene-gene
interactions. We also demonstrated how to identify new candidate genes based on these networks by revisiting
the initial GWAS data.

Data availability

The original scRNA-seq data from Xu et al. are available via Gene Expression Omnibus accession number
GSE157329 or via https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157329. Our re-analyzed scRNA-s
eq data have been deposited at Zenodo in Seurat object format (DOI: 10.5281/zenodo.12742819). hdWGCNA
documentation: https://smorabit.github.io/hdWGCNA/index.html. MAGMA: https://cncr.nl/research/magma
/.
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5 Discussion

In order to elucidate nsCL/P development, many studies have aimed at uncovering
genetic risk factors and, subsequently, tried to link genes located at these risk loci to
disease pathogenesis. In recent years, this has led to the identification of more than 45
associated regions and considerable progress regarding the elucidation of candidate
genes and pathways involved (e.g. Ludwig et al., 2017; Welzenbach et al., 2021). The
molecular functions of these candidate genes have been investigated in functional studies
using a variety of cell culture, mouse and zebrafish models (Cox et al., 2018; Kousa et al.,
2019; Carroll et al., 2020; Lee et al., 2020). While bulk RNA sequencing has often been
used to study gene expression, the investigation of developing tissues undergoing
dynamic differentiation processes requires gene expression analysis at the single-cell
level. Publicly available scRNA-seq data relevant to craniofacial development were scarce
until 2019, when two murine scRNA-seq datasets were among the first to allow the
analysis of high-resolution expression data from the developing head (Cao et al., 2019; Li
et al., 2019). Over the past years, single-cell technologies have been increasingly applied
to investigate gene expression patterns and cell types during craniofacial development
(Yuan et al., 2020; Ozekin et al., 2023; Yankee et al., 2023; Itai et al., 2024).

Leveraging these recent advancements and available datasets, the present thesis aimed
to explore candidate gene expression patterns in scRNA-seq data to identify cell types
involved in nsCL/P etiology. For this purpose, the murine scRNA-seq data from Cao et al.
2019 and Li et al. 2019 were re-analyzed and used to examine the expression patterns of
nsCL/P GWAS candidate genes at the level of individual genes (Siewert et al., 2023).
Overall, this analysis showed that most candidate genes fall into one of two groups, genes
that are predominantly expressed in epithelial cells or genes that are predominantly
expressed in mesenchymal-like cell types. Additionally, candidate genes that are known
to act together in a genetic pathway, like IRF6 and TFAPZ2A, belonged to the same of
these two groups (Kousa et al., 2019). The analysis further confirmed the gene expression
patterns of several candidate genes previously described in functional studies, such as
IRF6, TFAP2A, ESRP1, KRT8, KRT18, FOXE1, and FGFR1 (Bachler and Neubuser,
2001; Moll et al., 2008; Moreno et al., 2009; Kousa et al., 2019; Lee et al., 2020). This
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indicates the robustness of scRNA-seq for the examination of gene expression profiles.
The re-analyzed murine scRNA-seq data sets were also used to investigate the
expression patterns of transcription factors whose binding regions are potentially affected
by non-coding de novo mutations found in whole-genome sequencing data of individuals
with nsCL/P (Zieger et al., 2023). For example, MSC, a gene encoding for a transcription
factor involved in muscle development in the face (Rosero Salazar et al., 2020), showed
specific expression in myocytes, connective tissue progenitors, sensory neurons, palatal
epithelium and the maxillary prominences, supporting additional evidence for the
involvement of muscle development in nsCL/P etiology. Together, these studies
demonstrated the potential of findings from genetic studies to elucidate the underlying
biological mechanisms of nsCL/P using scRNA-seq data.

Ongoing advances in single-cell technologies and bioinformatics tools continue to offer
novel analysis opportunities. The combination of different data modalities in single-cell
multi-omics approaches provides a more comprehensive view of biological systems, for
example by identifying more complex cell states and regulatory networks (Yan et al.,
2024). For example, single-cell multi-omics sequencing techniques combining data from
scRNA-seq and single-cell assay for transposase-accessible chromatin using sequencing
have identified mesenchymal and ectodermal sub-cell types involved in the fusion process
of the upper lip and primary palate, as well as cell type-specific regulatory genes that are
crucial for this process in mice (Cai and Yin, 2024). Furthermore, these techniques have
also been used to identify key lineage-determining transcription factors for murine
secondary palate development (Yan et al., 2024). In addition to multi-omics sequencing
techniques, bioinformatics approaches offer the possibility of multimodal analysis by
combining different data types in one statistical analysis. This potentially facilitates
functional interpretation of results obtained from GWAS and other genetic studies, which
is crucial for ultimately identifying causal variants and understanding of the underlying
biology and pathobiology. For instance, methods such as the single-cell disease relevance
score (scDRS), which combines GWAS results and scRNA-seq data, enable polygenic
gene expression analysis at single-cell resolution (Zhang et al., 2022). This allows the
identification of associations between groups of GWAS candidate genes and single cells.
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With the aim to further deepen our understanding of nsCL/P and to build on the previous
work, these technological advances have been utilized in the present thesis through the
implementation of scDRS (Siewert et al., 2024). The earlier work on murine scRNA-seq
data was complemented by an analysis using scRNA-seq data from the heads of human
embryos, which only became available in 2023, and nsCL/P GWAS results (Welzenbach
et al., 2021; Xu et al., 2023). In contrast to the previous work investigating expression
patterns gene by gene, this analysis jointly examined the expression of a group of
candidate genes, reflecting the polygenic nature of nsCL/P. This scDRS analysis found
epithelial cells and HAND2+ pharyngeal arches, a specific pharyngeal arch subcluster, to
be associated with the nsCL/P GWAS candidate genes (Siewert et al., 2024). Additionally,
the epithelial cells showed heterogeneity regarding this association, indicating a distinct
epithelial sub cell type that is involved in nsCL/P. Compared to our previous studies, which
examined gene expression in an exploratory manner, the scDRS analysis was able to
identify nsCL/P-associated cell types on a more systematic level by combining gene
expression levels of all candidate genes into one joint association score. However, the
identified associated cell types were consistent with the two groups of expression patterns
from the previous study in mice (Siewert et al., 2023). Subsequently, co-expression
network analyses in these cell types revealed genes that are known interaction partners,
like IRF6 and TFAPZ2A as well as IRF6 and TP63, to be in the same network (Thomason
et al.,, 2010; Kousa et al.,, 2019). By combining these co-expression networks with
summary statistics from the initial nsCL/P GWAS data from Welzenbach et al. 2021, two
novel candidate genes were identified, BFAR and HYALZ2. Moreover, supporting evidence
for two previously described candidate genes, CTNND1 and PRTG, was found (Leslie et
al., 2017; Cox et al., 2018). Overall, this approach represents a novel strategy for
candidate gene identification that combines genetic and single-cell transcriptomic data.
Taken together, this study demonstrates the potential that lies in the combination of
different modalities such as scRNA-seq data and findings from genetic studies to elucidate
the underlying biological mechanisms of developmental diseases such as nsCL/P.

However, despite these advantages and constant developments, scRNA-seq data still
have considerable technical limitations. For instance, an incomplete detection of
molecules in some cells might cause misleading results that do not accurately reflect the
true biological meaning (Sreenivasan et al., 2022). Additionally, differences in the handling
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of samples prior to sequencing may lead to batch effects between samples. In scRNA-
seq data analysis, these can strongly influence the outcome of downstream analysis steps
like dimensionality reduction and clustering (Hicks et al., 2018). In Siewert et al. 2024,
batch effects were minimized between the samples in the human scRNA-seq data set by
integrating the samples based on shared cell populations across samples (Stuart et al.,
2019). Based on the results obtained in this thesis, future studies on nsCL/P development
may specifically concentrate on the identified nsCL/P-associated cell types in functional
experiments. More precisely, spatially resolved transcriptomics will allow the investigation
of gene expression patterns, while preserving the spatial integrity of developing tissues
and underlying cell-cell signaling processes (Tseng and Crump, 2023). Additionally,
methods such as RNA velocity and lineage tracing may uncover dynamic processes
during craniofacial development that potentially result in nsCL/P (Wagner and Klein, 2020;
Wang et al., 2024).

In summary, by combining genetic and single-cell transcriptomic data, this thesis identified
developmental cell types with a potential role in nsCL/P. Moreover, the systematic
approach led to the identification of novel nsCL/P candidate genes, while the results in

general constitute a substantiated basis for future functional analyses.
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