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Layman’s summary

The cornea is comprised of several different tissue layers, which comprises of specific celltypes. The outmost layer of the cornea, the corneal epithelium, is maintained by stem cellsin the limbus called Limbal stem cells. These stem cells can also regenerate after the corneahas been damaged. However, how the transition of one cell type to the other occurs is notyet fully understood. Determining which processes drive this transition is fundamental to un-derstand how the corneal epithelium is maintained. Changes in interconnected networks ofgenes are responsible for determining identity of cell types. Using single-cell corneal data iscrucial to understand how the interconnected networks in all cell types exert their function,because single-cell analysis relies on full dissociation of the specific tissue. Moreover, not allcorneal cell types have data available. Thus, determining how these interconnected networksare comprised in corneal cell types could shed light on these cell types transitioning from oneto another.One important question therefore is: Which important genes govern cell identity within single-cell populations in the human cornea?By using a bio-informatics software tool called ANANSE we could try to answer this question.First, we show that combining two types of single-cell corneal datasets, regarding both infor-mation about genes and their accessibility, from the corneal atlas is feasible. Next, we demon-strate that incorporating these datasets into ANANSE reveals a subdivision of cell identity incorneal cell types. Moreover, with ANANSE we could predict changes in important genes driv-ing interconnected networks when going from one cell population to another.
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Abstract The outmost layer of the cornea, the corneal epithelium, is maintained by stem cells
in the limbus called limbal stem cells. Cells in the cornea shift their cell type in a process called
stratification. For cells involved in corneal stratification, it is vital to maintain the proper cell fate.
Transcription factors (TFs) driving gene regulatory networks (GRNs) determine proper cell fate
determination. Thus, determining which TFs drive cell fate determination in corneal cell types is
necessary to get insights into corneal stratification. Here we combine data from the publicly
available human corneal atlas. We show that a combination of single-cell RNA-seq and single-cell
ATAC-seq can be used for determining gene regulatory networks. Motif analysis on single-cell
ATAC-seq data after integration reveals a division of cell populations into stromal or epithelial cell
fates. Moreover, we reveal TFs involved in driving corneal cell identity when we analyze gene
regulatory networks of cell type clusters. Most importantly, KLF5, EHF, GRHL1 and ELF3 drive
epithelial cell identity. We also show that limbal neural crest derived progenitor cells are separate
from corneal, limbal and conjunctival cell clusters. Cell-cell interaction analysis demonstrates that
this cell population could modulate the immune cells. Thus, we provide insights in corneal
stratification by predicting which TFs are important for driving cell fate determination of cells in
the human cornea.

Introduction
The cornea is a transparent tissue in the human eye. Itsmost outward layer, the corneal epithelium
has a barrier function that blocks material, like dust and microbes from entering deeper into the
cornea. Blindness can occur if the normal function of the cornea and the corneal epithelium is
perturbed.

From basal to apical, the cornea has a distinct order in its tissue layers. First, the corneal en-
dothelium is a small layer of cells, comprised of corneal endothelial cells that pump out fluid from
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the corneal stroma to maintain corneal transparency (Fischbarg, 2005). The exchange of nutrient
and fluids from the corneal stroma is further promoted by Descemet’s membrane, which lies on
top of the corneal endothelium (Van Buskirk, 1989). This membrane also has a protective function
in the eye. The corneal stromahas beenproposed to play a role inmaintaining optical transparency
as well as providing nutrients for the cornea (Zhang et al., 2017). Within the corneal stroma sev-
eral cell types are present: melanocytes (Polisetti et al., 2021), stromal stem cells (Hashmani et al.,
2013) and a multitude of different stromal cells.

Bowman’smembrane is situated on top of the corneal stroma. This layer forms crypts in the pal-
isades of Vogt (MacLellan et al., 2017). Here, limbal stem cells, for instance limbal progenitor cells
and limbal neural crest derived progenitor cells reside (Chen et al., 2019). On one side adjoined to
the limbus is a region called the conjunctiva. The conjunctiva has a role in providing moisture on
top of the eyes. This tissue consists of conjunctival epithelial basal cells and conjunctival superficial
epithelial cells (Dartt, 2002). On the other side of the limbus the corneal epithelium can be found.
The corneal epithelium of several cell types, including corneal basal cells and corneal suprabasal
cells (Sosnová-Netuková et al., 2007). Limbal stem cells give rise to the corneal epithelium during
corneal stratification. The cornea is renewed and re-stratifies every 7-14 days (Haddad, 2000;Majo
et al., 2008. Additionally, when damage is inflicted upon the cornea, the cornea has the ability to
regenerate and stratify up to a certain extend. Renewal of the human cornea occurs when lim-
bal stem cell proliferate and differentiate into transit amplifying cells (Lehrer et al., 1998; Bentley
et al., 2007; Amitai Lange et al., 2015). The current hypothesis is that these transit amplifying
cells migrate into the corneal epithelium and give rise to cells of the corneal epithelium. The lim-
bal stem cell niche has been found to be important for facilitating corneal stratification (Altshuler
et al., 2021). Understanding what drives those cells’ cell-fates is relevant to determine in which
ways different cells contribute to healthy corneal function and corneal epithelial stratification.

Important players that drive cell-fates are transcription factors (TFs). TFs are proteins that bind
to regions on the DNA, which can result in a target gene being expressed or repressed. Transcrip-
tion factors have a DNA binding domain with which they can bind with a preference on a specific
DNA sequence. Binding on specific genomic regions, for instance promoters or enhancers can re-
sult in target genes being expressed. Active enhancers are located in open chromatin. At these
enhancers, modifications are attached to the histone tails of chromatin located at the flanks of
accessible DNA: H3K27 acetylation (H3K27Ac). Upon binding of transcription factors at enhancers,
DNA can form loops to downstream genes, resulting in gene expression of target genes by recruit-
ing the transcription machinery which drives gene expression (Mitchell and Tjian, 1989). Where
TFs bind, can be predicted by analyzing DNAmotifs, where transcription factors can bind with their
DNA binding domain. Motif analysis can be performed for instance in open chromatin regions. In-
between different cell types, open chromatin can be differential accessible. Thus, cell identity of
cell types is driven by specific transcription factors driving expression of specific target genes.

Notably, for a couple transcription factors it is known that they play an important role in the
cornea. For instance, PAX6 has been shown to be important for human eye development and
homeostasis of the adult cornea (Stanescu et al., 2007). SOX9 has been found to be important for
differentiation of limbal stem cells (Menzel-Severing et al., 2018) in vitro. KLF5 and ELF3 promotes
corneal differentiation in mice (Gupta et al., 2011; Yoshida et al., 2000). Regulation of the corneal
epithelium of mice is governed by EHF (Stephens et al., 2013) and FOXC1 (Li et al., 2021). However,
these studies do not show how these transcription factors exactly can drive downstream gene
expression and how these TFs exert their roles in the human cornea. Additionally, these studies
do not clearly showhow transcription factors work together to drive heterogeneity and cell-identity
of cells in the cornea.

The way transcription factors drive gene expression can be established with several methods.
To determine how transcription factors drive gene expression both gene expression needs to be
measured as well as binding of transcription factors. Generally, RNA-seq is used to measure gene
expression. On the other hand, determining open chromatin regions can be performed with ATAC-
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seq (Buenrostro et al., 2013). In this technique, a Tn5 transposase inserts itself into the genome
where DNA has an open conformation. Determining the position where Tn5 is inserted gives in-
sights in where promoters, enhancers and other open chromatin regions are situated. Thus, motif
analysis on open chromatin regions can be performed which gives insights in which transcription
factors could bind at those regions.

Gene regulatory network (GRN) analysis can provide important insights in the importance of
which transcription factors drive heterogeneity (Zhou et al., 2021). A gene regulatory network es-
timates which transcription factors are important based on predicted binding of transcription fac-
tors and how they could affect expression of genes (Macneil and Walhout, 2011). A software pack-
age called ANANSE (Xu et al., 2021) has been developed by our lab to determine such gene regula-
tory networks. ANANSE compares two networks based on absolute gene expression (TPM values),
predicted transcription factor binding based on motif analysis from ATAC-seq and/or H3K27Ac
and differential gene expression between two networks. The software works with bulk cell data of
H3K27Ac and ATAC-seq data combined with bulk RNA-seq.

Determining H3K27Ac signals in single cells is technical very difficult and has not been per-
formed yet. In contrast, techniques for determining open chromatin for single cells have been
advanced. One of these techniques is called single-cell ATAC-seq (Buenrostro et al., 2015). This
technique performs ATAC-seq in single cells. Single-cell ATAC-seq could in theory be combined
with single-cell RNA-seq to determine GRNs of single-cell clusters. However, determining GRNs
based on data from single cells with this tool has not been investigated. ANANSE is used com-
monly with available bulk data. Although for limbal progenitor cells measurements in bulk have
been made, bulk data is not yet available for all cell types present in the human cornea. Therefore,
a single-cell approach is needed to determine the GRNs of all available cell types in the human
cornea.

A recent study provided insights in cell-fates of corneal cells at the single-cell level by establish-
ing a single-cell corneal atlas Collin et al. (2021). They investigated the human cornea in regards
to gene expression and gene accessibility. Although Collin et al. (2021) investigated gene expres-
sion and binding of transcription factors, no clear conclusions were drawn about how transcription
factors drive gene expression and subsequently cell identity of single-cell populations.

We hypothesized that integrating scRNA-seq and scATAC-seq of the corneal atlas in ANANSE
could answer an important question: which transcription factors drive GRNs of single-cell popula-
tions of the human corneal atlas? Additionally, several other questions could be answered: How
well can scRNA-seq and scATAC-seq be integrated? Can we use scRNA-seq and scATAC-seq for
GRN analysis? How to best compare GRNs of single-cell populations with ANANSE? Can we reveal
important insights in GRNs during corneal differentiation?
Results
Single-cell RNA-seq clustering identifies different cell types in the human cornea
To gain insights into the transcription factors driving single-cell populations in the human cornea,
we used a bioinformatics pipeline for retrieving and analyzing the single-cell cornea data. In this
pipeline we started by performing quality control of scRNA-seq from corneal atlas data. After per-
forming quality control in regard to cell quality parameters (M&M), we clustered single cells into
eleven clusters (Figure 1A). Importantly, batch or cell cycle effects did not drive drive cell clustering
(Figure 1B & Figure 1C).

To annotate the eleven clusters, we used the markers proposed by Collin et al., 2021. The nor-
malized counts as well as the violin plots (Supplementary information) of the markers for TYRP1,
PMEL, MLANA, MITF and TYR demonstrated that cluster 10 contains melanocytes. This cluster also
contains CDH19, a marker for corneal endothelial cells. We annotated this cluster as melanocytes
and endothelial cells (MEC). Cell of cluster 8 highly expressed the markers ACKR1, CCL21, LYVE1
and POSTN. The expression of these markers indicated that this cluster contains both blood ves-
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sels and lymph vessels. Thus, this cluster was termed as vessels (Ves). Cluster 9 solely expressed
the immune cell markers CCL3 and CCL5. This cluster consists of immune cells (IC). Both cluster 7
and 4 expressed markers of several sub cell clusters: limbal fibroblasts, limbal stroma keratocytes,
central stroma keratocytes. Cluster 4 showed strong expression of KERA and MMP3, terming this
cluster to be central stromal stem cells (CSSCs). Further sub-clustering of cluster 7 could not be
performed. Thus, cluster 7 was termed as general stromal cells (StC). Cluster 11 expressed all
markers associated with fibroblastic corneal endothelial cells (FCECs): TAGLN, ACTA2, COL1A1 and
COL3A1. We termed this cluster as such. Althoughmultiple clusters expressedmarkers associated
with limbal progenitor cells (LPCs), S100A2 was the most highly expressed in cluster 6. We anno-
tated cluster 6 as LPCs. Likewise, multiple clusters expressed PAX6 and TP63, markers for limbal
neural crest derived progenitor cells (LNPCs). In contrast, cluster 5 expressed CPVL themost highly.
Accordingly, we annotated cluster 5 as LNPCs. Based on the high expression in cluster 2 of the con-
junctival superficial markers: KRT13, KRT19, S100A8 and S100A9, we termed this cluster Superficial
conjunctival cells (CjS). Cluster 1 expressed HES1, HES5 and more highly GJB2. Due to the fact that
cluster 5 was termed as LNPCs, we termed cluster 1 as corneal basal cells (CB). The expression
level of KRT24 was very high in cluster 3, thus we annotated this cluster as corneal suprabasal cells
(CSB). The annotated cell clusters can be seen in (Figure 1D). We could annotate most of the cell
types described in the original study (Figure 1E). This shows that clustering annotation according
to the provided marker genes of the corneal atlas could be conducted fairly well with our quality
control parameters used. With the clusters being correctly annotated, we predicted which cells in
scATAC-seq corresponded to the annotated clusters of scRNA-seq.
Integration on single-cell ATAC-seq according to single-cell RNA-seq clusters
The cells present in scATAC-seq needed to be annotated according to scRNA-seq to perform inte-
gration. For our quality control of scATAC-seq we used snapATAC (M&M), because this method
does not underrepresent single-cell clusters with a small number when determining accessible
chromatin. We performed a strict quality control on the scATAC-seq datasets in snapATAC (M&M),
given that the number of reads mapping to the genome is more sparce in scATAC-seq than in
scRNA-seq.

Following, we imputed cell clusters of scATAC-seq based on scRNA-seq. We conducted imputa-
tion of datasets by predicting the likelihood of how well a cell in scATAC-seq resembled the anno-
tated cells in scRNA-seq. This imputation was based on how well the differential expressed genes
for each cell cluster were correspondingly differential accessible. All annotated single-cell popula-
tions from scRNA-seq were visible in scATAC-seq (Figure 2A). Still, not all populations had a high
number (>100) of cells in scATAC-seq. In short, for eight out of the eleven populations imputation
seems to work well, which had a high number of cells. The success of imputation is further demon-
strated by the fact that the accessibility around expected marker genes was high in the associated
clusters as expected. For instance, S100A9, amarker for CjS was found to be themost accessible in
this population (Supplementary Figure 1A). Next, MMP3, a marker of stromal cells had the highest
accessibility in CSSCs (Supplementary Figure 1B). S100A2, a marker for LPCs, showed the highest
accessibility in the expected population (Supplementary Figure 1C). The marker CDH19 showed
highest accessibility in MEC (Supplementary Figure 1D). These results demonstrate that imputa-
tion of single-cell clusters of scATAC-seq according to scRNA-seq works well for the corneal atlas
data.

The importance of peak calling on binned regions is visible from the UMAP generated in the
study of Collin et al. (2021) (Figure 2B). For instance, LNPCs seem very closely related to red blood
cells in terms of chromatin accessibility, which is very unexpected. Moreover, in our UMAP of
scATAC-seq cells seem less scattered over other single-cell populations (Figure 2A) than in the orig-
inal study (Figure 2B).
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TF motif enrichment separates clusters into epithelial and stromal cell fates
With our annotated clusters in scATAC-seq, we needed to determine which clusters had a high
enough quality to performmotif enrichment on. We selected only the clusters that had aminimum
number of cells (M&M) to obtain enough signal to predict TF binding given the sparsity of scATAC-
seq data.

To determine which TFs bind onto accessible DNA in each single-cell population, we performed
motif analysis on our scATAC-seq clusters with GimmeMaelstrom (M&M). This tool determines the
likelihood that DNA motifs across the genome are accessible by chance, also termed motif enrich-
ment. It also links which TFs are estimated to bind these DNA sequence motifs. The heatmaps
of the top 10 motifs for each single-cell populations that shows both the relative gene expression
and motif enrichment revealed clustering of single-cell populations into three larger populations
(Figure 2D). The individual cells were split into limbal, corneal and one conjunctival cluster (LPCs,
LNPCs, CSB, CB and CjS) against stromal cell clusters (StC and CSSCs). Melanocytes and endothelial
cells (MEC) was found to be the outgroup. Likewise, the split was also visible in the clustering den-
drogram of scATAC-seq (Figure 2C). These results suggest that distinct transcription factor binding
drive clustering of epithelial and stromal cell fates in our single-cell populations.

From comparing motif enrichment and gene expression, we could estimate how well integra-
tion of single-cell datasets worked by determiningwhich TFs are found. A clear correlation between
the relative expression level and motif enrichment can be observed (Figure 2D). This is particularly
true for MEIS1, GRHL2, PAX6, TP63 and TGIF1. The success of our data integration is also shown by
finding these TFs, because PAX6 and TP63 are both associated with the limbus and corneal epithe-
lial development (Table 2). These TFs seem to bind at accessible DNA as well as being expressed
relatively high in the limbal, conjunctival and corneal cell populations. In contrast, the TFs HLTF,
NR3C1 and MYEF2 showed relative high gene expression and motif enrichment in the stromal cell
populations (CSSCs and StC). Based on finding these TFs, we demonstrate that our integration
worked well.
Comparing single-cell corneal atlas populations against pluripotent cells
Only performing motif enrichment is not sufficient to determine which transcription factors drive
GRNs of single-cell corneal atlas populations, because our motif enrichment only predicted bind-
ing of TFs in cell populations based on scATAC-seq. To perform gene regulatory network analysis,
predicted TF binding also needed to be linked to the upregulation of target genes from TFs. There-
fore, expression from scRNA-seq, including the expression of target genes and TFs, needed to be
combined with chromatin accessibility from scATAC-seq. To predict which transcription factors
drive gene regulatory networks of the single-cell populations we used a gene regulatory network
analysis software tool: ANANSE.

In short, ANANSE determines an influence score of a transcription factors by comparing two
networks in regards of predicted TF binding based on ATAC signal, absolute gene expression (TPM
value for each cluster) of TFs and target genes and differential gene expression. However in order
to calculate the influence of TFs, weneeded to compare each cell cluster networkwith a comparison
network. Raising the question: “against what type of cells network can the single-cell populations
best be compared?” Generally, pluripotent cells are very different from differentiated cells in re-
gards of gene expression and chromatin accessibility. Thus, we hypothesized that a comparison
against pluripotent cells would reveal important transcription factors in our differentiated single-
cell populations. A very distinct type of pluripotent cells are embryonic stem cells. We estimated
that comparing single-cell corneal atlas populations against ESCs would reveal important transcrip-
tion factors involved in the cornea when compared to pluripotent ESCs. Additionally, comparing
each cell population against the same ESC dataset could perhaps also reveal subtle differences in
TF influence between the single-cell clusters.

We estimated how well GRNs of single-cell populations could be determined by revealing in
which populations overlapping transcription factors could be found. We expected that some tran-
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scription factors would be found more than once over multiple cell populations, because these
would be the transcription factors driving differences in developmental fates between the eye and
the embryo. Unexpectedly, factors that were present in the top 20 transcription factors of all the
single-cell populations revealed a large number of overlapping transcription factors across all cell
populations (Figure 3A& Figure 4A). This demonstrates that GRNs of single-cell populations cannot
be determined sufficiently with this method.

By determining which literature annotated transcription factors were foundwe further see how
well GRNs of single-cell populations were predicted. We found transcription factors related to the
eye and eye development: FOSB, KLF2, HSF4, ATF3 and HES4 (Table 1). Additionally two epithelial
related factors, MAFB and JUNB (Table 3) were also found to be important in driving differences
between the cells from the eye and the embryo. Additionally, these shared factors are not ex-
pressed relatively the same in each single-cell population, despite having a similar influence score
(Figure 4A). Additionally, KLF4 has been found to play a specific role in corneal epithelium and not
in limbal stem cells, stromal stem cells, stromal cells and endothelial cells (Table 2). These data
demonstrate that comparing single-cell corneal atlas clusters against ESCs does reveal important
transcription factors in eye tissue. However, this approach did not seem to predict transcription
factors driving GRNs of single cells sufficiently.

This conclusion was supported by analyzing distinct transcription factors for each single-cell
population. Only one distinct transcription factorwas found in theGRNof CB (Figure 3A). For LNPCs
and LPCs only two unique factors were found in their GRNs (Figure 3A). Importantly, none of those
distinct transcription factors had an high influence score (Figure 4A). StC, MEC, CjS and CSSCs were
the only four clusters which showed distinct transcription factors that had a high influence score
(Figure 4A). For StC this included no transcription factors involved in the epidermis or the cornea.
SIX6 is not specifically found in the cornea and PAX3 was expected in neural crest cells (Table 2).
These data show that comparing single-cell corneal atlas clusters against ESCs cannot distinguish
transcription factors between the single-cell populations.

Of note, a very small number of transcription factors were present in their expected cell pop-
ulations. CjS showed two factors involved in corneal development: ZBTB33 and GRHL2 (Table 1).
Interestingly LMX1B, associated with the corneal endothelium and corneal stromal cells (Table 2)
was found to be important solely for CSSCs (Figure 4A). Besides the shared transcription factors
and very few relevant transcription factors, no clear structure was visible in the data. Thus, a dif-
ferent approach was needed which could determine important transcription factors driving GRNs
of single-cell populations in the human cornea.
Gene regulatory networks of stromal and corneal epithelial single-cell clusters are
governed by distinct TFs
Since a comparison of our clusters with pluripotent cells did not provide relevant insights in im-
portant TFs driving GRNs of our single-cell populations, we tried an alternative approach. We com-
pared the gene regulatory network of each single-cell population against the gene regulatory net-
work of themedian from all other cell populations (M&M). Importantly, we scaled populations with
a high amount of cells to the median of all cell populations to make sure large populations were
not over-representing the median network. We termed this new method the median approach.

We hypothesized that our median approach would reveal distinct differences between our
single-cell corneal atlas populations and their cell fates. Our hypothesis was supported by a num-
ber of different findings. The relative expression pattern and the transcription factor influence
score pattern correlated very well (Figure 4B). TFs that had a high influence score correspondingly
demonstrated a high relative gene expression. A lack of influence score corresponded with a rela-
tive down-regulation of the transcription factor (Figure 4B). Next, single-cell populations clustered
similarly like scATAC-seq (Figure 2C) and our motif analysis (Figure 2D). Additionally, we expected
that the number of shared factors across all cell populations would be diminished, due to the fact
that no TFs should be shared anymore across all cell populations. Indeed, no shared factors across
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all cell populations were present (Figure 3B & Figure 4B).
To estimate howmuch better our median approach worked in determining distinct differences

in cell fates of corneal atlas populations, we analyzed the number of shared factors in populations
with a stromal cell fate against populations with a epithelial fate. Stromal cells (StC) and stromal
stem cells (CSSCs) shared a large number of TFs that were not present in all other single-cell popula-
tions (Figure 4B). Likewise, we observed a number of shared factors in-between all clusters of LPCs,
LNPCs, CB, CSB and CjS (Figure 4B). The number of shared TFs across these single-cell populations
increased from three, when compared to ESCs (Figure 3A) to seven with the median approach (Fig-
ure 3B). These results indicate that distinct differences between single-cell populations and their
corresponding cell fates can be found with using our median approach.
Examples of TFs involved in driving stromal cell identity
To determine which important TFs drive the gene regulatory networks of single-cell clusters with
stromal cell fates, we took the top 25 TFs of each single-cell population (Supplementary Figure 2).
Of the important TFs, only two TFs have been annotated in literature: PITX2 and KLF2 (Table 1),
suggesting that ourmedian approach could not be sufficient to predict important TFs driving GRNs
of stromal cell clusters. We looked at which distinct literature annotated TFs we could find to see
if we could determine which TFs could potentially drive the individual populations of stromal cells.
As expected, we found a couple of distinct TFs. The literature annotated factor SALL4 (Table 1) was
distinctly present in CSSCs. Due to the fact that the corneal endothelium is closely related to the
stroma (Figure 2C), we were not surprised to find ZEB1 in StC (Figure 4B). Additionally, LMX1B, a
factor associated with the corneal endothelium and the corneal stroma was found in the CSSCs
(Figure 4B). Unexpectedly, SIX2, a transcription factor associated with the epidermis (Table 3) was
also found only in this single-cell cluster (Figure 4B). These results imply that a small number of
distinct TFs influence the GRNs of single-cell populations distinctly with a stromal cell fate.
Examples of TFs involved in driving corneal cell identity
To reveal which important TFs were driving the gene regulatory networks of single-cell corneal clus-
ters with an epithelial fate, we took the top 25 TFs predicted to drive the GRN of each single-cell
population. We found three separate clusters showing different trends of influence score and their
transcription factors (Figure 4C). The first cluster consisted of TFAP2C, USF1 and DBP. These factors
had the highest influence scores in LNPCs and lower influence scores in the other clusters. The sec-
ond cluster showed a trend of an increasing influence score from CB to CSB and a lower influence
score in CjS. The third cluster generally contained transcription factors with a low influence score
in LPCs and a high influence in CjS. We show with this data that distinct transcription factors drive
GRNs of more than one single-cell population with a corneal fate.

The three clusters contained transcription factors with distinct roles annotated in literature. For
instance, the TFs TFAP2C and DBP in the first cluster are associated with neural crest development
(Table 2). The second cluster contained genes involved in corneal differentiation: KLF5, EHF, ELF3
(Table 2). Additionally genes reported for early eye development: HSF4, HES4 and KLF6 (Table 1)
and for epidermal development: GRHL1 (Table 3) was also present in this cluster. The third cluster
contained a mix of transcription factors related to the epidermis: JUNB and MAFB (Table 3) and
transcription factors with an currently unprecedented role in the cornea. These data show that
transcription factors: KLF5, EHF, ELF3 and GRHL1 are important in driving GRNs of cells with an
epithelial cell fate. These results could also suggest that a combinational effect of transcription
factors with different roles might contribute to cell identity from single-cell clusters in the epithelial
arm.

To determine if distinct TFs could drive GRNs of single-cell clusters with an epithelial fate, we
looked at which literature annotated TFs we could find that have been shown to play important
roles in the epidermis and/or cornea. We estimated that only a small number of TFswould be found
for each single-cell cluster due to the similarity of the clusters. Distinct transcription factors could
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be observed in several single-cell clusters (Figure 4B). Of the three transcription factors unique
to LNPCs, nothing is known in literature. However, for CSB, we found two literature annotated
factors: SMAD2 and MTF1 (Table 3 & Table 1). To our surprise, LPCs did not include any distinct
TFs (Figure 3B& Figure 3C), despite that they closely resemble CjS on the level of scATAC-seq (fig 2C).
This could suggest that although this cluster is distinct from LNPCs on the chromatin accessibility
level, they are transcriptionally very similar to other single cell clusters in the transcription factors
they express and how they potentially regulate downstream target genes. This data demonstrates
that only a small number of distinct transcription factors are expected to be important in driving
GRNs of single-cell populations. Additionally, this contributes to our proposed hypothesis that a
combinatorial effect of transcription factors with distinct roles could be important in driving GRNs
of single-cell populations.
Pseudo time analysis of single-cell clusters with an epithelial cell fate
A large number of transcription factors predicted to be important for GRNs overlapped between
the epithelial arm clusters: LPCs, LNPCs, CB, CSB andCjS (Figure 4B& Figure 4C). Due to the fact that
limbal stem cells give rise to the corneal epithelium during stratification, we wanted to determine
how our single-cell clusters with an epithelial fate were ordered in pseudo time. Of course, we
estimated that the limbal progenitor cells should most likely ordered first in pseudo time and that
the corneal, more stratified, clusters should be ordered last. Likewise, we predicted that CSB were
ordered in pseudo time after CB, because CSB cells are situated above CB cells. Still, it was not
clear where CjS would fit in pseudo time and which of the two limbal progenitor cell populations:
LPCs and LNPCs would be ordered first in pseudo time. We tried to answer which of the two
limbal progenitor cell populations could give rise to the other and the additional cell clusters with
Slingshot pseudo time (M&M). Slingshot pseudo time analysis showed that LPCs is predicted to
be the first population in pseudo time (Figure 4D). Following, LNPCs and CB can be seen on the
pseudo time scale. Lastly, CSB and CjS are predicted to be at the end of pseudo time. Still, CjS
cells had of a large spread (Figure 4D), perhaps suggesting that they do not belong in the pseudo
time or CjS does not originate directly from one of the limbal progenitor cell clusters. Interestingly,
LNPCs are not predicted directly at the beginning of pseudo time, which implied that LNPCs more
likely originate from LPCs. We concluded that LPCs are probably the initial population that could
give rise to LNPCs, corneal clusters and possibly the conjunctiva.
TF influence of single-cell clusterwith an epithelial fate over predicted pseudo time
With the cell populations now ordered according to pseudo time, we could try to answer: how do
the important transcription factors influencing GRNs of the single-cell populations according to
pseudo-time time scale change? To determine influence changes of important transcription fac-
tors according to our pseudo-time scale, we looked at transcription factors that would explain our
predicted pseudo time and corneal differentiation the best. We based our criteria on increasing in-
fluence scores over predicted pseudo time and the amount of literature annotated factors present
in the cluster. Therefore, we chose cluster 2 (Figure 4C) to further zoom in on.

Cluster 2 consisted of 10 transcription factors: HSF4, MAFF, KLF6, KLF5, EHF, FOXA1, GRHL1,
ELF3, HES4 and MAFK (Figure 5A). In LPCs some transcription factors seem to exert an influence,
except GRHL1, ELF3, HSF4, HES4 and MAFF (fig 5A). None of the transcription factors had an in-
fluence score in LNPCs (Figure 5A). In CB, all transcription factors except KLF6, FOXA1, MAFK and
MAFF demonstrated an influence score above 0.5 (Figure 5A). Likewise, all transcription factors
increase in their influence score in CSB, except HES4. KLF6, FOCA1, MAFK and MAFF showed a
high influence in CSB (Figure 5A). In CjS many transcription factors go slightly down again in their
expression score, except HES4, MAFK and MAFF. These results demonstrate that transcription fac-
tors annotated in literature to be important for corneal differentiation increase over our predicted
pseudo time. Furthermore, these results suggest that the CjS population probably does not belong
in our predicted pseudo time despite sharing many important transcription factors with corneal
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epithelial cell populations.
Although the influence score trend generally corresponded well with gene expression of these

transcription factors over our predicted pseudo time (Figure 5B), not for all transcription factor this
trend could be seen. Based on gene expression only, HSF4, FOXA1 andMAFKwould not be found as
important transcription factors due to their low expression. Additionally, KLF6 is highly expressed
in CB, but does not have an influence score in this single-cell cluster. This implies that although the
transcription factor is expressed, the predicted target genes could not be expressed. These data
also show that for some transcription factors implicated to be important in drivingGRNs, trends can
be seen that are not observed when only looking at gene expression. We noticed that LNPCs had
no influence score for any of the transcription factors. Interestingly, EHF and KLF5, transcription
factors involved in corneal differentiation are not found in LNPCs (Table 2). These TFs might not
upregulate their target genes, which could suggest that LNPCs are perhaps not derived from LPCs.
If LNPCs are not derived from LPCs, what could be the role of LNPCs in the human cornea be?
Both LNPCs and LPCs are predicted to interact with immune cells
One way to predict a function of LNPCs in the cornea is to see which cell-cell interactions could
occur from LNPCs with the other limbal and corneal clusters. Collin et al. (2021) showed that LPCs
modulate the immune cell axis by cell-cell interactions. Wewanted to see if we could replicate their
findings and we predicted with which cells LNPCs might interact. Analysis with the cell-cell interac-
tion prediction tool (M&M) SingleCellSignalR (Cabello-Aguilar et al., 2020) replicated the findings
of Collin et al. (2021): LPCs are predicted to interact with immune cells. (Figure 5D). Additionally,
we found that LPCs modulate stromal cells and stromal stem cells (StC and CSSCs) to a high ex-
tent. In contrast, we predicted LNPCs to interact with CB, CSB and LPCs besides demonstrating
a modulating immune cells (Figure 5C). It is unlikely that LNPCs modulate CB, CSB and LPCs with
cell-cell interactions, because only one ligand-receptor interaction is shown with each of these cell
populations. Given the fact that we find both LPCs and LNPCs to have a multitude of interactions
with immune cells, we predict that LNPCs and LPCs could modulate the immune cell axis together.
Discussion
The cornea consists of several tissue layers comprised with many different cell types. Understand-
ing regulatory mechanisms driving cell fates of these cell types provides insights into how pro-
cesses like corneal stratification is governed. Gene regulatory networks drive cell fates of these
cell types. In this study we show that scRNA-seq and scATAC-seq can be integrated very well based
on scRNA-seq annotated clusters. Furthermore, our motif analysis demonstrates that distinct tran-
scription factor binding drives clustering of epithelial and non-epithelial fates in single-cell corneal
atlas populations. Additionally, we uncover that gene regulatory networks of stromal and corneal
epithelial single-cell clusters are governed by distinct transcription factors. For single-cell clusters
with an epithelial fate, we predict that factors like KLF5, EHF, ELF3 and GRHL1 are important in
driving their GRNs. Lastly, we predict a role for LNPCs in the cornea. Together with LPCs, LNPCs
are predicted to interact immune cells.
Prediction of TF cooperation driving cell fate of corneal cell populations
We have found a multitude of important transcription factors by both looking at the transcription
factors with the highest influence score (Figure 4C) and by determining distinct transcription fac-
tors (Figure 4A & Figure 4B). Rather than the absence or presence of distinct TFs, we estimate that
it is more likely that a combination of multiple TFs, their relative expression level and their inter-
actions with each other together on downstream target genes are the most important in driving
GRNs in closely related cell types. A combination principle holds true for example with cellular
reprogramming. Four TFs have together been shown to alter cell fate, driving adult cells to go into
pluripotent cells (Okita et al., 2008).
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It has been shown that a combination of transcription factors drives cell identity, for example
in cancer (Chen et al., 2020). Interestingly, this study established that KLF5, ELF3 and EHF bind
cooperatively at super enhancers, which drives genes important in pathways that contribute to
cancer disease phenotype. It is very likely that KLF5, ELF3 and EHF also work cooperatively during
corneal differentiation, because the three transcription factors are individually found in literature
to be important for corneal differentiation (Loughner C et al., 2017; Yoshida et al., 2000; Stephens
et al., 2013) andwe find them to be very important in our cell clusters ordered according to our pre-
dicted pseudo time (Figure 5A). Additionally, they also have high expression in corneal single-cell
populations (Figure 5B). More specifically, analysis of core transcription regulatory circuitry and the
regulation of super enhancers in limbal stem cells revealed that super enhancers drive important
epithelial regulators (Li et al., 2021). Among these important corneal epithelial regulators, KLF5
and EHF, were found.

Of note, transcription factors involved in these types of regulatory mechanisms are not found
in important transcription factors driving stromal cell identity of single-cell clusters. Unfortunately,
there is a lack of studies establishing roles of transcription factors involved in the corneal stroma.
This is demonstrated by the fact that from all shared transcription factors between CSSCs and StC,
we do not find any transcription factors associated with processes in stromal cells. Furthermore,
the fact that we only find one distinct factor in CSSCs, LMX1B, that is found to be involved in func-
tioning of stromal keratocytes (Liu and Johnson R, 2010). What role LMX1B exactly plays in CSSCs is
still an unanswered question. Likewise, it is has to be determined if PITX2 and GZF1 both actually
play a role in stromal cells and what role they play exactly.
Differentiation of limbal stem cells to conjunctival cells
With our pseudo time analysis we estimate that limbal cell clusters are ordered earlier in pseudo-
time than corneal epithelial cell clusters (Figure 4D), which is consistent with the current knowl-
edge about corneal stratification. However, our pseudo time analysis also included the CjS single-
cell cluster, because the conjunctival cell population shows an corneal epithelial fate in regards to
open chromatin (Figure 2C) and the influence scores of important predicted TFs for corneal strat-
ification (Figure 5A). If the limbus actually contributes to renewal of conjunctival cells still remains
unanswered. Although there are limbal stem cells present in the conjunctiva, it seems that con-
junctival cells have their own associated stem cells (Bertolin et al., 2019). These are more likely
than limbal stem cells to play a direct role in the renewal of the conjunctiva, because culturing
conjunctival goblet cells from these stem cell ex vivo is possible (Bertolin et al., 2019). Still, we
cannot exclude the possibility that LPCs have a separate developmental trajectory towards CjS. In
this trajectory, LPCs could give rise to conjunctival stem cells which then give rise to conjunctiva ep-
ithelial cells. Thus, interpretations about CjS within our pseudo time analysis of predicted corneal
stratification should be made with caution.
Cell-cell interactions in the limbal niche
We predict that LPCs and LNCPs both modulate immune cells with ligand-receptor interactions.
Collin et al. (2021) also demonstrated a modulation of immune cells by LPCs. Cell-cell interactions
seem to be very important in the limbal stem cell niche. For instance, MSCs in the limbal niche
stimulate limbal epithelial stem cell functions (Yamada et al., 2015). As expected, immune cells
are also present in the limbal niche (Polisetti et al., 2021). Cell signaling molecules from the limbal
niche seem to enhance interaction between limbal niche cells and immune cells. The recruitment
of immune cells is also stimulated by cell signaling molecules from the limbal niche. Moreover,
a recent study showed that depletion of immune cells severely inhibited corneal regeneration by
limbal stem cells in mice (Altshuler et al., 2021). Additionally, other cells also populate the limbal
niche: melanocytes (Higa et al., 2005) and stromal cells (Katikireddy et al., 2016). Studies need to
be performed to see if these cells also might contribute to corneal regeneration.
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A multitude of studies propose that adult stem cells interplay with immune cells during regen-
eration (Lechner et al., 2017; Goh et al., 2013; Simkin et al., 2017). If immune cells are playing
an important role during corneal regeneration still needs to be determined. Interestingly, stromal
cells have been suggested to be important for maintaining stemness of limbal stem cells (Huang
et al., 2015). From our analysis we predict that LPCs interact with stromal cells and stromal stem
cells (Figure 5D), which could suggest that limbal progenitor cells and stromal cells interact recip-
rocally.
Improving the annotation of single-cell clusters
We showed a lower number of clusters than present in the corneal atlas study (Collin et al., 2021).
In the cell clustering approach they describe, a maximum amount of clusters that could be deter-
mined was taken and in retrospect clustered cells together as one single-cell cluster. In contrast,
we found that using our established optimal QC parameters in regards to clustering resolution
(M&M), that 11 clusters could be seen. If this resolution is not taken into account, then over clus-
tering of cell populations can occur. This can result in finding clusters that are actually not present
in your dataset.

Aswepointedout earlier, with both our ESC comparison andourmedian approachnot all single-
cell clusters contained distinct transcription factors that had a high influence score (Figure 4A &
Figure 4B). Thus, it is possible that the in-between approach we use still does not have the proper
resolution to determine transcription factors for cell populations where we could not find distinct
transcription factors for. If very specific factors need to be determined, it is possible to compare a
single-cell population of interest with the closest related single-cell population. However, all infor-
mation in regard to overlapping factors will then be lost. Instead of our median approach (M&M),
a direct comparison can be made if the single-cell populations consist of an equal number of cells
in scATAC-seq. Even if single-cell populations are annotated very well in scRNA-seq, a minimum
number of cells in scATAC-seq is necessary for downstream analysis. Thus, the main limiting fac-
tor in imputation is the number of remaining cells after quality control in scATAC-seq. To overcome
this limiting factor both scRNA-seq and scATAC-seq could be retrieved from the same cell (Stuart
et al., 2019). Moreover, by analyzing both datasets from the same cell will give insights in which
predictions from Seurat label transfer are correct. Alternatively, more scATAC-seq on similar tis-
sues can be performed to increase the number of cells. Themaximum prediction threshold, which
calculates the likelihood that a scATAC-seq cell corresponds to a scRNA-seq cell could then also be
increased to be even more certain that your cells are imputed correctly.
Technical points of improvement for pseudotime analysis
We used Slingshot pseudotime analysis to determine pseudotime of our single-cell clusters. Sling-
shot pseudo time analysis first to determine lineages in single-cell cluster data by using minimum
spanning trees with constraints (Street et al., 2018). Next, Slingshot uses simultaneous principal
curves to fit branching curves to lineages. This is performed to estimate cell-level pseudo time vari-
ables for each linage stably. To infer direction of lineages in a more direct way, RNA velocity could
be used instead (La Manno et al., 2018). This technique relies on a difference between spliced RNA
in the cytoplasm and unspliced RNA in the nucleus. They propose that unspliced RNA is ordered
later on the time scale than spliced RNA, because it is being processed. Cell populations that are
ordered later in time have unspliced RNA in the nucleus that resembles spliced RNA from the cell
population that is earlier in time. They state that on the time scale of several hours the tool can pre-
dict direction of single-cell populations very well. Performing RNA velocity should also be possible
on our single-cell populations.
Technical points of improvement in the current version of ANANSE
ANANSE determines influence score of transcription factors by seeing how binding on DNA affects
expression of downstream genes. Although ANANSE can provide important insights in gene regu-
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latory networks, technical issues still exist. This is apparent when we analyze influence scores of
transcription factors in our LNPCs cluster. We demonstrate that LNPCs do not have an influence
score for KLF5 and EHF, which are found to be important during corneal differentiation (Figure 5A).
Unfortunately, we cannot determine for certain if this is due to actual biology or due to technical
problems with determining GRNs with our median approach. One possible technical explanation
is that because these transcription factors are slightly higher expressed in all pseudo time related
clusters except LNPCs (Figure 5B), that during differential expression calculation the genes are not
found to be differential expressed. This would result in a lack of influence score from these tran-
scription factors. Supporting the notion that technical problems might account for the lack of TFs
is the result that gene expression of for instance EHF and KLF5 is still high, but lower than all other
epithelial branch populations (Figure 5B). Moreover, LNPCs seem to be closely related to CB and
CSB at the level of scATAC-seq (Figure 2C), whichmeans that binding at target genes of TFs in LNPCs
should largely be similar to CB and CSB.

An important issue is that for some transcription factors a binding motif is shared between
multiple transcription factors. This could result in a binding model that is taken for the specific
transcription factor to be a general transcription factor binding model determined by ANANSE. Al-
ternatively, a different bindingmodel can be chosen if it is predicted to share in target genes accord-
ing to a Jaccard index. An instance where the alternative model does not resemble actual binding,
is the case for PAX6. Binding of PAX6 was calculated with the PDX1 binding model that receives a
negative score when ATAC signal increases. With the newest version of ANANSE a ’jaccard-cutoff’
can be implemented to link binding models of transcription factors together only when a certain
threshold is passed. This way the likelihood that a wrong binding model is chosen is reduced.
However, not all alternative models that are chosen are wrong. Binding models of closely related
transcription factors could still provide better insights in actual binding than when a general model
is used, even if this is on accident. Thus, an overview of how well the ‘jaccard-cutoff’ is dictating the
binding model and how this relates to actual binding should be supplied in the output of ANANSE.

Even if the binding models are right for all transcription factors, not all important transcription
factors will be shown with ANANSE. ANANSE assumes that transcription factors will only be impor-
tant if they drive expression of target genes. Transcription factors do not always play important
roles when activating transcription of downstream genes. They can also bind and repress their
target genes, which is the case for example with PAX6 (Xie et al., 2014). Xie et al. (2014) showed
that different mutations in PAX6 lead to an upregulation of normally downregulated target genes.
To get a full overview of all transcription factors, transcriptional repression should be taken into
account. However, implementing transcription factors that downregulate genes will be difficult.

ANANSE oversimplifies target gene expression driven by TFs and distal elements. The influ-
ence score is both based on promoter binding and binding at regions that are predicted to drive
expression of genes in close proximity to that region. Nuances in if TF binding at promoters drives
gene expression and binding at distal regions represses gene expression cannot be determined
currently. Moreover, predicting distal regulatory elements driving gene expression from only open
chromatin data is not fully correct. Open chromatin regions are not always flanked by active en-
hancer histone marks: H3K27Ac. This implies that not all open chromatin regions function as an
active enhancer.

One of these two principles could account for not finding SMAD3 being present in our GRN of
LPCs. SMAD3 interacts with PAX6 and RUNX1 , where the three factors act as a core transcriptional
machinery in limbal stem cells (Li et al., 2021). In the same study, knocking down SMAD3 resulted
in a downregulation of PAX6, implicating that SMAD3 is an important TF in limbal stem cells. It is
possible that SMAD3 causes gene expression when it is bound at promoters and is associated with
repressing gene expression when it is bound at regulatory elements. Alternatively, SMAD3 might
bind in open chromatin regions which are not enhancers thereby confounding the prediction of
how important SMAD3 is in driving GRNs of LPCs.

There is another, small issue with the current version of ANANSE. When determining GRNs of
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single cells, on a few occasions one of two errors (ValueError or RecursionError) is raised during
the procedure when calculating the influence scores of TFs. Currently, for these transcription fac-
tors where this error is raised, no influence score is calculated. This problem needs to be solved,
because it is still possible that these transcription factors could be important in driving GRNs in the
single-cell corneal atlas populations.
Validating transcription factors driving the GRNs of single-cell populations in the
adult corneal atlas
We show that with our in-between approach we can determine subtle differences between very
similar single-cell clusters of the human corneal atlas. For instance, we find KLF5, ELF3 and EHF as
important literature annotated factors during our estimated pseudo time of corneal differentiation.
We can also determine which genes they are likely to target. To validate if these transcription
factors indeed target the predicted downstream genes, a recently developed new technique, called
Spear-ATAC (Pierce et al., 2021) could be used. This method makes use of perturbing expression
of one or more transcription factors, by posing repressive epigenetic marks with the CRISPR/Cas
complex at promoters of transcription factors. At the same time, scATAC-seq is performed. Thus, if
this technique is used on cornea tissue, for example inmice, it can be determined if knocking down
KLF5, ELF3 and EHF separately or simultaneously really affects only the corneal cell populations.

Additionally, during differentiation experiments from limbal stem cells to corneal epithelium
it can be established if and how these factors affect corneal differentiation and/or regeneration.
Moreover, we can establish if KLF5, ELF3 and EHF are not important in LNPCs, which is our pre-
diction based on the approach we used. For instance, it could be determined when these genes
are perturbed in the cornea, if we can find back LNPCs. If they are not found back or significantly
reduced, the factors could be of importance for driving GRNs in LNPCs. Combining scRNA-seq and
Spear-ATAC from in single cells could directly reveal the influence transcription factors have on the
expression of downstream target genes.
Developments of predicting cell-cell interactions
A limitation of cell-cell signaling inference is that only scRNA-seq is used where all real physical
cell-cell contacts are not present anymore due to tissue dissociation. Developments in single-cell
analysis techniques could also provide more insights in cell-cell interactions. Instead of a full disso-
ciation of tissue to single cells, one could perhaps dissociate the tissue where one cell still interacts
with a limited amount of other cells. Sub-selecting these cells, for instance with fluorescent asso-
ciated cell sorting (Penter et al., 2018), and then performing dissociation again, the actual physical
cell-cell interactions could be determined. Alternatively, different developments, like combining
scRNA-seq and spatial transcriptomics (Andersson et al., 2020) or the development of an even
more promising technique: spatial single-cell RNA-seq could also provide relevant insights in cell-
cell interactions. Currently, predicted paracrine chemical signaling could be experimentally vali-
dated with perturbation assays to determine if the interactions indeed occur and how they change
after perturbation.
Future applications of single-cell corneal atlas GRNs
Knowing which transcription factors are important in gene regulatory networks is necessary to de-
termine which factors are needed to culture cells. Additionally, cell culture conditions of specific
cell populations for the human eye can be improved that currently have a low efficiency. Our data
shows that rare cell populations are present in the human corneawhich have an unknown function,
like LNPCs. The ability to selectively culture these cells and for instance performing experiments in
bulk on these cells which are not yet available for single cells and performing perturbation assays
could reveal insight in the function of these cells. Understanding GRNs of single-cell populations
from the human corneal atlas not only contributes to the knowledge of improving cell culture con-
ditions and understanding function of these cells. Surgically transplanting grafts of limbal stem
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cells in eyes of patients to restore corneal damage is already performed (Rama et al., 2010). The
efficiency of this procedure is very low and is dictated by the type of damage the eye received.
Thus, knowing how to improve cell culture conditions could also improve the efficiency by keeping
a high number of cells, which can be transplanted. Alternatively, selective culturing of necessary
cell populations during corneal regeneration and grafting a combination of cell populations back
in the eye can also improve the efficiency and long term outcomes of surgical transplantations.

Several eye diseases are driven by multiple deregulated genes at once. An illustrative exam-
ple is glaucoma. Among a multitude of GWAS studies, mutations in multiple genes have been
associated with glaucoma (Chen et al., 2014; Gharahkhani et al., 2014). The principle that multi-
ple deregulated genes are associated with eye diseases also holds true for several other ocular
diseases, regardless of age onset. These diseases include for example Cataract, Myopia, Marfan
syndrome and Stargardt’s disease (Singh et al., 2018). Knowing which genes are affected in these
syndromes and knowing in which single-cell population or across which single-cell populations the
affected gene seems to exert an influence, can provide insights in disease mechanisms of these
syndromes.

In conclusion, we show that single-cell RNA-seq and single-cell ATAC-seqof the single-cell corneal
atlas can be integrated to determine gene regulatory networks of single-cell populations. Our gene
regulatory network analysis reveals transcription factors involved in driving corneal cell identity of
single-cell corneal atlas populations.
Materials and Methods
Data availability
Datasets are available under the Gene Expression Omnibus (GEO) identifier GSE155683. These
datasets were also used in the study of Collin et al. (2021) .The full processing workflow and docu-
mentation of code is available in the github repository: scananse. GRCh38 was downloaded with
genomepy and was used for all downstream analysis.
Pre-processing single-cell RNA-seq and single-cell ATAC-seq data
Datasets were downloaded from GEO with seq2science. The 10X sra files were split into fastq
files with seq2science. Cellranger count was run with Cellranger 6.0.1 to retrieve the matrix, bar-
codes and features files necessary for Seurat analysis in R. Similarly, Cellranger-atac count was run
with Cellranger-atac 2.0.0 to generate both the position sorted bam file and the singlecell.csv file,
containing barcode information, necessary for snapATAC analysis in bash and in R. The position
sorted bam and singlecell.csv file were used to generate snap files, as described in the SnapATAC
package.
Quality control of scRNA-seq and scATAC-seq in R
scRNA-seq datasets were analysed in R, as described in the Github repository. scRNA-seq Cells
were selected with a minimum count of 2000, a feature number higher than 1000 and a mito-
chondrial percentage lower than 30 percent. scATAC-seq datasets were also processed in R with
SnapATAC. Due to the higher sparsity of the data compared to scRNA-seq, cells had a stricter qual-
ity control. Only cells with a mitochondrial ratio lower than 20 percent were selected. Additionally,
the fragment number for each cell was between 5000 and 500000. The number of unique counts
was between 3.75 and 5. To minimize the number of doublets which could skew the data, a max-
imum of 500000 for the fragment number and 5 for unique counts were used. A Log10 coverage
above 3.6 and a promoter ratio between 2 and 8 were used. To minimize clustering based on qual-
ity control parameters, cells with a duplicate ratio higher than 0.8 and a low mapq (low mapping
quality) value higher than 5000 were also excluded. Lastly, a bin coverage of 5000 was used. For
scRNA-seq, a number of 10 PCs and a clustering resolution of 0.2 were used based on the Elbow
plot, principle component analysis and the Clustree respectively. After annotating the cell clusters
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in scRNA-seq as described, scATAC-seq cell cluster were imputed with Seurat label transfer with a
maximum prediction score of 0.2.
Bam file generation and motif analysis
After scATAC-seq quality control of cells in R, cell barcodes were retrieved. The barcodes were
generated for each single-cell population. For downstream statistical analysis, splitting of the bar-
codes additionally occurred on three of the four datasets. We performed this for the imputed cell
populations consisting of more than 100 cells in scATAC-seq. For motif analysis peaks were gener-
ated from the .bam files with peak calling software MACS2. Both the .bam and .Narrowpeak files
were used to generate accessible summit files and peak count files with motif analysis software
Gimmemotifs. These two types of files were used in q-quantile normalization of peak count files
and were used for downsteam ANANSE analysis. Comparison of accessible peaks together with
Z-scores of gene expression was conducted in R with Complex Heatmap.
Gene regulatory network analysis of single-cell populations
ANANSE was performed in Jupyter notebook with the Python3 kernel to determine GRNs of single-
cell populations consisting of more than 100 cells present in scATAC-seq. The accessible summit
files were used to generate a pre-computed pfmscore files with Gimmemotifs. The hg38 genome,
the bam files from scATAC-seq for each single-cell population and the accessible summit file of
all populations were also used for performing ANANSE binding. For ANANSE network the output
network file from ANANSE binding was implemented, next to the TPM count file and hg38 as the
reference genome. For ANANSE influence we performed two different network comparisons. We
used a network from ESCs (GSM466732) for comparison against our networks from our single-cell
populations. All our single-cell cluster networks were compared to this network in ANANSE influ-
ence. 500.000 edges were selected when calculating the influence score. For themedian approach,
we first determined the median of the number of cells across all single-cell populations. To reduce
the large influence of large cell populations on the comparison networks, cell populations with a
high number of cells were scaled to the median, in the number of cell barcodes for .bam file gener-
ation, the number of reads mapping to genes and the signal of peak accessibility. Cell populations
with a lower number of cells than the median were not scaled to the median. All other parame-
ters used for ANANSE binding, network and influence have been described for the ESC network
comparison. Analysis of the results was performed in R.
Pseudotime analysis
For Slingshot pseudotime analysis the Seurat object from scRNA-seq was loaded in R. A subselec-
tion on the single-cell clusters LNPCs, LPCs, CB, CSB and CjS was made. LPCs were selected as the
starting population due to the fact that selecting LNPCs as the starting population resulted in a
severe exclusion of LPCs cells from pseudotime.
Network analysis
For SingleCellSignalR the Seurat object from scRNA-seq was loaded in R. The significant paracrine
interactions were calculated for all scRNA-populations present in the annotated scRNA-seq Seurat
object. From all significant interactions specific one single-cell of interest, LPCs or LNPCs, and all
available receptor cells were chosen.
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Figure 1. scRNA-seq of the single-cell corneal atlas populations. (A) UMAP of unannotated single-cell clusters from the corneal atlas. (B) Cellcycling score (G2M score) of cells on the UMAP. (C) UMAP with the different scRNA-seq experiment replicates plotted. (D) Annotated UMAP ofsingle-cell clusters from the corneal atlas. (E) Annotated UMAP of single-cell clusters from the corneal atlas used in the study of Collin et al.(2021).Abbreviations for panel 1D: limbal progenitor cells (LPCs), limbal neural crest derived progenitor cells (LNPCs), corneal basal epithelium (CB),corneal suprabasal epithelium (CSB), melanocytes and endothelial cells (MEC), conjunctival superficial epithelium (CjS), immune cells (IC), bloodand lymph vessels (Ves), fibroblastic corneal endothelial cells (FCECs), central stromal stem cells (CSSCs), stromal cells (StC).Abbreviations for panel 1E not present in 1D: corneal stroma keratocytes (CSK), blood vessels (BV), corneal superficial epithelium (CS), cornealendothelium (CE), limbal fibroblasts (LF), limbal suprabasal epithelial cells (LSB), limbal stroma keratocytes (LSK), limbal superficial epithelium(LS), lymphatic vessel (LV), melanocytes (Mel) and red blood cells (RBC).
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Figure 2. scATAC-seq of the single-cell corneal atlas populations and motif analysis. (A) UMAP of scATAC-seq based on accessibility of variablegenes in scRNA-seq. (B) UMAP of scATAC-seq based on accessibility of variable genes in scRNA-seq from Collin et al. (2021). (C) Clusteringdendrogram of scATAC-seq showing single-cell corneal atlas populations. (D) Heatmaps of relative gene expression (Z-score RNA count) andrelative motif accessibility of the top 10 transcription factors and motifs associated with these transcription factors for each single-cellpopulation. Red colors indicate transcription factors that have been found in literature to be associated with the human eye and/or cornea.Yellow colors indicate an association with the epidermal development.Abbreviations for panel 2A: limbal progenitor cells (LPCs), limbal neural crest derived progenitor cells (LNPCs), corneal basal epithelium (CB),corneal suprabasal epithelium (CSB), melanocytes and endothelial cells (MEC), conjunctival superficial epithelium (CjS), immune cells (IC), bloodand lymph vessels (Ves), fibroblastic corneal endothelial cells (FCECs), central stromal stem cells (CSSCs), stromal cells (StC).Abbreviations for panel 2B not present in 2A: corneal stroma keratocytes (CSK), blood vessels (BV), corneal superficial epithelium (CS), cornealendothelium (CE), limbal fibroblasts (LF), limbal suprabasal epithelial cells (LSB), limbal stroma keratocytes (LSK), limbal superficial epithelium(LS), lymphatic vessel (LV), melanocytes (Mel) and red blood cells (RBC).
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Figure 3. Shared transcription factors in gene regulatory networks in-between single-cell corneal atlas populations. (A) Interaction plot showingthe number of overlapping and unique factors with intersection size in single-cell corneal atlas populations with the comparison to embryonicstem cells. Set Size indicates the total number of transcription factors found influencing the GRN for each single-cell population. (B) Interactionplot showing overlapping and unique factors in single-cell corneal atlas populations with the median approach of ANANSE.
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Figure 4. Unique transcription factors in gene regulatory networks of single-cell populations and predicted pseudo time of cornealdifferentiation. (A) Heatmaps of the influence score (>0.5) and relative gene expression (Z-score RNA count) from transcription factorsinfluencing GRNs of the single-cell corneal atlas populations when compared to embryonic stem cells. (B) Heatmaps of the influence score (>0.5)and relative gene expression (Z-score RNA count) from transcription factors influencing GRNs of the single-cell corneal atlas populations whenusing the in-between ANANSE comparison. (A-B) Transcription factors found to be present in only one single-cell population are marked at theside. Marked transcription factors with a “U” indicate that transcription factors were found in one single population. Marked transcriptionfactors with a “T” indicate that they were found in the top 20 of single-cell populations. (C) Sub-selection of 4B based on shared factors betweenthe stromal cell clusters against the limbal, corneal and conjunctival cell clusters. This shows transcription factors driving the difference betweenCSSCs and StC against LPCs, LNPCs, CB, CSB and CjS. (A-C) Red colors indicate transcription factors that have been found in literature to beassociated with the human eye. Yellow colors indicate an association with the epidermis. Blue colors indicate that a transcription factor isinvolved in regulating one or a multitude of the single-cell clusters. (D) Single-cell populations: LPCs, LNPCs, CB, CSB and CjS ordered accordingto Slingshot pseudo time. Each dot is representing one cell from scRNA-seq.
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Supplementary Figure 1. UCSC genome browser screenshots of gene accessibility of marker genes in integrated scATAC-seq populations. (A-D)Bigwig files from bam files are indicated on the left for each track. Peaks correspond to overall accessibility (A) Bigwig tracks of S100A9, a markergene for CjS. (B) Bigwig tracks of MMP3, a marker gene for CSSCs. (C) Bigwig tracks of S100A2, a marker gene for LPCs. (D) Bigwig tracks ofCDH19, a marker gene for endothelial cells.
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Supplementary Figure 2. Distinct transcription factors found in cell populations with a stromal cell fate. Heatmaps of the influence score (>0.5)and relative gene expression (Z-score RNA count) from the top 25 transcription factors influencing GRNs of the single-cell corneal atlaspopulations with a stromal cell identity.
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Table 1. Literature annotated transcription factors associated with the eye

TF Tissue Function Associated
disease

Organism Reference

FOSB Eye Inflammation None Rattus
norvegicus

Fujimoto et al.
(2004)

KLF2 Eye Leukocyte
adhesion

None Mus musculus Zhenhua et al.
(2015)

HSF4 Eye Inflammation None Rattus
norvegicus

Fujimoto et al.
(2004)

ATF3 Eye Retinal
protection

None Mus musculus Kole et al.
(2020)

HES4 Eye Retinal
devlopment

None D. Rerio Coomer C
et al. (2020)

SIX6 Eye RGC
senescence

Glaucoma H. Sapiens Skowronska-
Krawczyk
et al. (2015)

ZBTB33 Eye Corneal
endothelium
proliferation
and EMT

None H. Sapiens Zhu Y et al.
(2014)

GRHL2 Eye Maintenance
corneal
endothelial
cell state

Posterior
polymorphous
corneal
dystrophy

H. Sapiens Chung D et al.
(2019)

SALL4 Eye Early eye
development

Coloboma H. Sapiens Ullah et al.
(2017)

ZIC2 Eye Axonal
refinement
RGCs

None Mus musculus García-Frigola
and Herrera
(2010)

MTF1 Eye Early eye
development

None D. Rerio O’Shields et al.
(2014)

KLF6 Eye Apoptosis lens
cells

None H. Sapiens Tian et al.
(2020)

OTX1 Eye Unknown None Mus musculus Alldredge and
Fuhrmann
(2016)

PITX2 Eye Eye
development

Axenfeld-
Rieger
syndrome

D. Rerio Hendee K
et al. (2018)
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Table 2. Literature annotated transcription factors specific to corneal atlas cell populations

TF Tissue Function Associated
disease

Organism Reference

KLF4 Cornea EMT
repression
corneal
epithelium

None H. Sapiens Fujimoto et al.
(2004)

TFAP2A Neural crest
cells

Early neural
crest
development

None D. Rerio Knight et al.
(2003)

PAX3 Neural crest
cells

Sacral neural
crest
development

Spina bifida Mus musculus Deal K et al.
(2021)

SP9 Neural crest
cells

Unknown None D. Rerio Lumb et al.
(2017)

LMX1B Stromal cells Sacral neural
crest
development

None D. Rerio Liu and
Johnson R
(2010)

ZEB1 Corneal
endothelium

Regulation of
EMT

Posterior
polymorphous
corneal
dystrophy

H. Sapiens Guha et al.
(2017)

KLF5 Cornea Promoting
cornea
differentiation

None Mus Musculus Gupta et al.
(2011)

EHF Cornea Regulator
cornea
epithelium

None Mus Musculus Stephens et al.
(2013)

PAX6 Cornea Eye
development
and corneal
homeostatsis

Aniridia H. Sapiens Stanescu et al.
(2007)

TP63 Limbal
progenitor
cells

Unknown None H. Sapiens Chen S et al.
(2011)

TFAP2C Neural crest
cells

Early neural
crest
induction

None D. Rerio Li and
Cornell R
(2007)

DBP Neural crest
cells

Early neural
crest
development

None Mus Musculus Webb et al.
(2011)
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Table 3. Literature annotated transcription factors associated with the epidermis

TF Tissue Function Associated
disease

Organism Reference

TGIF1 Epidermis Negative
regulator of
epidermal
differentiation

None H. Sapiens Barbollat-
Boutrand
et al. (2017)

ELK1 Epidermis Angiogenesis Skin fibrosis H. Sapiens Gao et al.
(2019)

MAFB Epidermis Epidermal
differentiation

None Mus musculus Sadl et al.
(2002)

JUNB Epidermis Skin
homeostasis

None Mus musculus Singh et al.
(2018)

SIX2 Epidermis Palatogenesis Cleft palate Mus musculus Boglev et al.
(2011)

SMAD2 Epidermis Basal
keratinocyte
migration

None H. Sapiens Hosokawa
et al. (2005)

GRHL1 Epidermis Epidermal
development

None Mus musculus Boglev et al.
(2011)
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