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Single-cell transcriptomics defines Dot1L interacting partners
and downstream target genes in the mouse molar dental pulp
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ABSTRACT Although histone methyltransferases are implicated in many key developmental processes,
the contribution of individual chromatin modifiers in dental tissues is not well understood. Using single-
cell RNA sequencing, we examined the expression profiles of the disruptor of telomeric silencing 1-like
(Dot1L) gene in the postnatal day 5 mouse molar dental pulp. Dot1L is the only known enzyme that meth-
ylates histone 3 on lysine 79, a modification associated with gene expression. Our research revealed 15
distinct clusters representing different populations of mesenchymal stromal cells (MSCs), immune cells,
pericytes, ameloblasts and endothelial cells. We documented heterogeneity in gene expression across
different subpopulations of MSCs, a good indicator that these stromal progenitors undergo different
phases of osteogenic differentiation. Interestingly, although Dot 1L was broadly expressed across all cell
clusters within the molar dental pulp, our analyses indicated specific enrichment of Dot7L within two
clusters of MSCs, as well as cell clusters characterized as ameloblasts and endothelial cells. Moreover,
we detected Dot 7L co-expression with protein interactors involved in epigenetic activation such as Setd2,
Sirt1, Brd4, Isw1, Bptf and Suv39h1. In addition, Dot1L was co-expressed with Eed2, Chbx3 and Dnmt1,
which encode epigenetic factors associated with gene silencing and heterochromatin formation. Dot 1/
was co-expressed with downstream targets of the insulin growth factor and WNT signaling pathways,
as well as genes involved in cell cycle progression. Collectively, our results suggest that Dot1L may play
key roles in orchestrating lineage-specific gene expression during MSC differentiation.
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Introduction

The dental pulp is the neurovascular bundle central to each
tooth, and consists of nerve fibers, blood vessels and stromal cells
(Sui et al., 2019). The dental pulp is composed of a heterogenous
population of MSCs exhibiting self-renewal, a high capacity for
multi-lineage differentiation, and the potential to regenerate a
dentin/pulp-like complex (Tsutsui, 2020). The fate of the dental
pulp cellsis regulated by multiple transcription factors (e.g., Msx1,
Lef1, Pitx2 and Runx2) and growth factors (e.g., basic fibroblast
growth factor, transforming growth factor-g and bone morphogenic
proteins) (Zhang et al., 2005). However, an important issue that

remains poorly addressed is uncovering the epigenetic regulatory
mechanisms involved in the renewal and differentiation of dental
pulp progenitors.

Ahighly conserved histone methyltransferase knownas disruptor
of telomeric silencing 1-like (Dot1L) plays a critical role in several
cellular processes including cell cycle regulation, DNA damage
repair, transcriptional elongation, cell differentiation and reprogram-
ming (Sarno et al., 2020; Steger et al., 2008; Barry et al., 2009; Kim
etal., 2014, Yang et al., 2019; FitzGerald et al., 2011; Wakeman et
al., 2012). Dot1L itself is enriched at actively transcribed genes
through its interaction with phosphorylated C-terminal domain of
RNA polymerase Il (Steger et al., 2008; Kim et al.,2012), and serves
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as the only enzyme that catalyzes the mono-, di- and tri methyla-
tion of histone 3 on lysine residue 79 (H3K79) (Feng et al., 2002).
Enrichment of H3K79me2/3 within gene bodies is positively cor-
related with active transcription. Notably, a genome-wide analysis
also revealed that H3K79me?2 is deposited within gene regulatory
sequences including enhancers and promoters (Wood et al., 2018;
Ferrari et al., 2020). Mechanistically, Dot1L forms a complex with
other factors such as AF10,AF17 and ENL toregulate transcription
elongationinregions of active transcription. Recent studies suggest
that Dot1L may also regulate transcriptional initiation by recruiting
transcription factor 11D (Wu et al., 2021). The interaction of Dot1L
with mixed lineage leukemia (MLL) recruits RNA polymerase Il to
unmethylated CpG-rich promoters by forming a functional complex
with the AF4/ENL/P-TEFb complex, MOZ and p300/CBP histone
acetyl transferases (Miyamoto et al., 2020).

The essential role for Dot1L in mammalian development has
been well-documented. Germline disruption of Dot7L and loss of
H3K79me2 in mice results in mid-gestational lethality, which is at-
tributed to defective extraembryonic vascular network formation,
impaired hematopoietic development and cardiac hypertrophy
(Duanetal.,2016;Fengetal.,2010). Multiple studies underscore the
importance of meticulously regulated Dot 1L functionin establishing
cell-type-specific transcriptional programs during differentiation.
Severallines of evidence suggest thatinhibition of Dot1L activity in
progenitor populations biases the transcriptome from a stemness
toadifferentiation-mediating transcriptional program. Forexample,
deficiency of Dot1L in the central nervous system reduces the
number of neural progenitors, impairs neurogenesis and alters the
distribution of neuronal subtypes (Franz et al., 2019; Bovio et al.,
2019; Gray de Cristoforis et al., 2020). Yoo et al., determined that
Dot1L function in blood endothelial cells or lymphatic progenitors
ensures normal lymphatic development and function (Yoo et al.,
2020). Inthe skeletal system, we previously demonstrated that early
expression of Dot7L in limb mesenchymal progenitors provides
regulatory control of endochondral bone growth and development
through control of chondrocyte proliferation and differentiation
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(Sutter et al., 2021). Our research further implicated Dot1L in the
regulation of key signaling pathways and associated genesinvolved
in proliferation, as well as cell cycle checkpoint control in growth
plate chondrocytes.

The epigenetic control of dental progenitors by Dot1L remains
unexplored. Thus, in the present study, we performed single-
cell RNA sequencing (scRNA-seq) to gain new insights into the
mechanistic contributions of Dot1L in early postnatal mouse molar
dental pulp. Our analysis generated transcriptomic signatures
demarcating 15 distinct cell clusters within the molar dental pulp,
including ameloblasts, vascular endothelial blood cells, pericytes
and immune cells, as well as multiple subpopulations of MSCs at
various stages of osteogenic differentiation. Notably, our analy-
sis of the transcriptionally distinct cell populations that make up
the mouse molar pulp revealed enrichment of Dot7L within cell
clusters representing MSCs. We showed that Dot7L co-expresses
with genes encoding the epigenetic factors Setd2, Sirt1, Suv39hT,
Iws1, Pbrm1 and Bptf, which are associated with transcriptional
activation. Interestingly, Dot7L co-expresses with genes encoding
repressive epigenetic factors involved in DNA methylation and
heterochromatin organization such as Dnmt1, Eed, Suv39h7 and
Cbx3. We also noted that Dot7L co-expresses with downstream
target genes associated with insulin growth factor (IGF) and WNT
signaling and cell cycle progression. Taken together, our research
provides novel insights into the role of Dot1L in the lineage com-
mitment of MSCs in the mouse molar dental pulp.

Results

Single-cell RNA analysis of MSCs in the mouse molar dental pulp

Weidentified 15distinct cell clustersinthe dental pulp of mouse
molars based on the differential expression of marker genes (sum-
marized in Fig. 1A). Based on the expression of developmental
genes required for skeletogenesis (Lmo4, Runx2, Sp7, members
of the Lef1/Tcf family, Col71a1, Alpl, Bmpria, Fgfr3, Wnt5a, Tgfb2
and others) (Supplemental Fig. 1 and Supplemental Table 1), we
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Fig. 1. scRNA-seq clustering analysis of the mouse molar dental pulp. (A) The mouse molar dental pulp is composed of 15 distinct cell types that
represent MSCs at different stages of osteogenic and odontogenic differentiation as well as pericytes, ameloblasts, immune cells and vascular endothelial
cells. (B) STRING interaction network analysis revealed that Dot1L associates with SIRT1, SETD2, the MYC/p300 regulatory axis and B-catenin. SIRT1
physically interacts with SUV39H1, CBX3, DNMT1, NCOR1 and EED, key components of the repressive chromatin complexes. By contrast, SETD?2 interacts
with PBRM1, BPTF, NIPBL and IWS1, which are associated with transcriptional activation. The MYC/p300 regulatory axis controls the expression of SnaiT,
Zeb1 and Zeb2. Dot1L interacts with 3-catenin, which regulates of the WNT signaling genes Tcf3, Tcf4 and Wnt5a.
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Fig. 2. Expression of genes encoding epigenetic interactors, transcription elongation factors and downstream targets of Dot1L. (A) Violin plots of
the genes Dot1L, Setd2, Sirt1, Brd4, Iws1, Bptf, Suv39h1, Cbx3, Dnmt1 and Eed (left). UMAP visualization of genes encoding the components of the tran-
scription activation complex, proteins involved in DNA methylation and components of the PRC2 (right). (B) Violin plots of the genes Dot1L, Mlit1, Mlt6,
MIIt10, Aff1, Cetn1, Pcna, Cdk1, Cdk4, Cdk9, E2f1 and E2f8 (left). UMAP visualization of genes encoding proteins involved in transcription elongation and

cell cycle progression (right).

identified 11 clusters of MSCs referred to as MSCs #1 to #10 and
#13. Tooth development relies on reciprocal interactions between
the ectoderm-derived dental epithelium and the underlying neural
crest (NC)-originated mesenchyme (Hermans et al., 2021). In the
mouse dental pulp, MSCs are derived from the cranial NC. A selec-
tive group of transcription factors known as NC master regulators,
including DIx, Msx, Sox, Id, Snai, Twist and others, control the NC
specification program (Simoes-Costa and Bronner, 2015). We
found that DIx5, Twist1, Msx1, Msx2, Sox9 and members of the
Id family are broadly expressed in all 11 subpopulations of MSCs
(Supplemental Fig. 2).

Although previous reports have demonstrated that the dental
pulp is composed of both fibroblasts and MSCs (Alvarez-Vasquez
et al., 2022; Mollentze et al., 2021), we use MSCs as a common
name to define both cell types. Recent studies have shown that
MSCs and fibroblasts are identical with respect to their prolifera-
tion and differentiation capacities, gene expression profiles and
immunomodulatory properties (Hematti, 2012; Denu et al., 2016;
Soundararajan and Kannan, 2018), and it has been proposed that
fibroblasts are in fact aged MSCs. Moreover, recent scRNA-seq
studies have revealed significant similarities between cell subsets
derived from MSCs and fibroblasts based on comprehensive analy-
ses of integrated single-cell transcriptome data (Fan et al., 2022;
Soliman et al., 2021). The authors suggested that MSCs represent
a subclass of fibroblasts.

Differential expression of the osteogenic genes Lef1, Tcf7,
Runx2, Sp7,Sp1, Snail, Snai2, Twist2, Lmo4, Cebpb and Myc, which
encode transcription factors, suggests that clusters 1to 5and 8 to
10represent subpopulations of MSCs undergoing different phases
of osteogenic differentiation. These clusters are also enriched in
genes essential for skeletal development such as Alpl, Col1al,
Fgfr3, Wnt5a and Tgfb2 (Supplemental Fig. 1). Cluster 6 contains
an undifferentiated population of stromal cells characterized by

expression of Slc40a1, Cd55, Col3al, Col5a2 and Col9a2 (Supple-
mental Table 1). In the adjacent cluster 7, we observed relatively
modest expression of Alp, Col3a1, Fgfr1, Satb2, Id1, Id2 and Tgfb2
(Supplemental Fig. 1 and Supplemental Table 1). Within clusters 3
and 7, we identified a subpopulation of odontogenic cells enriched
in Bglap, Dspp and Dmp1 (Supplemental Fig. 3).

There are some challenges to labeling stem cells in dental
tissues using well-accepted markers such as Plp7 (Kaukua et al.,
2014), Ng2/Cspg4 (Iwasaki et al., 2013), Gli1 (Zhao et al., 2014)
and Sox2 (Sanz-Navarro et al., 2018). Although these markers are
frequently used to trace stem cells, researchers have observed the
expression of these genes in many tissues and cell types; more
importantly, these markers are nearly ubiquitously expressed in
skeletallineages at different developmental stages (Ambrosi et al.,
2019). Thus, based on the expression profiles of Plp1, Cspg4, Gli1
and Sox2, we cannot pinpoint a specific cluster as a populationthat
represents stem cells, although the data hint that cluster 3 is likely
to harbor a population of stem cells (Supplemental Fig. 4). Further
research based on lineage tracing is required to define these cells.

Cluster 11 represents immune cells and is enriched in Fcer1g,
Tyrobp, C1gb, Csf1rand Pf4 (Supplemental Fig. 5and Supplemental
Table 1). Cluster 12 defined pericytes, which express Rgs5, Ndufa4i2,
Casq2, Acta2 and Myh1] (Supplemental Fig. 6 and Supplemental
Table 1). We found that cluster 13 is enriched in a highly prolifera-
tive population of MSCs, as evidenced by an enrichment of genes
involvedincell division or DNAreplication (i.e.,Nusap1, Spc25, Pim-
reg, Cenpfand Birc5) (Supplemental Fig. 7 and Supplemental Table
1). Cluster 14 represents ameloblasts based on the expressions
of Krt5, Amelx, Fxyd3, Mmp20 and Enam (Supplemental Fig. 8 and
Supplemental Table 1), whereas cluster 15 exhibits transcriptional
profiles compatible with vascular endothelial cells (i.e.,enrichment
in Cdh5, Plvap, Ctla2a, Emcn and Cldn5) (Supplemental Fig. 9 and
Supplemental Table 1).
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Fig. 3. Expression of genes encoding cadherins, protocadherins, osteogenic transcription factors and members of the IGF signaling pathway. (A)
Violin plots of the genes Cdh2, Cdh3, Cdh11, Cdh13, Pcdh9, Pcdh10, Pcdh17, Pcdh18 and Pcdh19 (left). UMAP visualization of genes encoding proteins
involved in cell adhesion and cell-cell signaling (right). (B) Violin plots of the genes Runx2, Shox2, Sox5, Sox11, Msx1, Gab1, Igfbp4, Igfbp5 and Igfbp7 (left).

UMAP visualization of these genes (right).

Expression of Dot1L and epigenetic factors associated with Dot 1L
in the mouse molar dental pulp

The histone methyltransferase Dot 1L regulates transcriptional
initiation and elongation by recruiting RNA polymerase Il to un-
methylated CpG-rich promoters by forming a functional complex
with different cofactors (Miyamoto etal.,2020). Protein interaction
networks are critical for a system-level epigenetic understanding
of generegulatory processes. By analyzing the STRING interaction
network (https://string-db.org), we discovered that Dot1L has a
specific set of interacting partners (Fig. 1B). We identified SIRT1
and SETD2 as interacting partners of Dot1L. Our STRING analysis
revealed that EED, a key component of the polycomb repressive
complex 2 (PRC2), and the repressive proteins SUV39H1, CBX3
and DNMTT1, which are known to be associated with heterochro-
matin and DNA methylation (Weirich et al., 2021; van Wijnen et
al., 2021; Qin et al., 2011), can physically interact with SIRT1.
In addition, Dot1L cooperates with the c-MYC-p300 complex
to activate regulators of the epithelial-mesenchymal transition
(Cho et al., 2015). The interaction of DOT1L with B-catenin and
STAT1 ensures the proper control of the downstream targets
of the WNT and JAK-STAT pathways (Monteagudo et al., 2017;
Shah and Henriksen, 2011). Interestingly, although our uniform
manifold approximation and projection (UMAP) analysis showed
that Dot1L is broadly expressed in most clusters within the molar
dental pulp, the violin plots clearly demonstrated an enrichment of
Dot1L in clusters 10, 13, 14 and 15 (Fig. 2 and Supplemental Fig.
10). Next, we analyzed the expression of genes encoding critical
protein partners of Dot1L. Setd2 was enriched in clusters 1,2, 3, 4,
8,9,10,13,14 and 15. Sirt1 exhibited a more restricted expression
with enrichment in cluster 8, while Suv39h1, Dnmt1 and Eed were
mainly expressed in cluster 13 representing mitotic MSCs. Brd4,
Bptf and Cbx were abundantly expressed in clusters 1,2, 3,4, 5, 8,
9,10,11,12,13,14 and 15 (Fig. 2A and Supplemental Figs. 10 and
11). Dot1L participates in transcriptional elongation by forming a
complex with AFF1, MLLT1, MLLT6 and MLLT10. We analyzed the
expression pattern of genes encoding these factors. We detected

expression of MIIt10 in clusters 1,2, 3, 4, 8,9, 10, 13, 14 and 15
(Fig. 2B and Supplemental Fig. 12). By contrast, Milt1 was weakly
expressed in many clusters although we observed some elevated
expression in cluster 13. Mlit6 and Aff1 displayed relatively weak
expression in all clusters.

Expression of downstream targets of Dot1L associated with cell
cycle progression

Prior studiesinerythroid progenitors, lung cells and chondrocytes
reported that Dot1L loss of functioninduced decreased expression
of genes involved in cell cycle regulation and proliferation (Kim et
al., 2014; Sutter et al., 2021). Thus, we analyzed the expression
profiles of cell cycle genes that are known downstream targets of
Dot1L (Sutter et al., 2021). We found robust expression of Cdk4
and Cdk9 in clusters 1,2, 3,4, 8,9, 10, 11,12, 13 and 14 (Fig. 2B
and Supplemental Figs. 12 and 13). In addition, Cdk4 was actively
expressed in cluster 15. By contrast, expression of Cdk1, E2f1 and
E2f8 was limited to cluster 13. Ccnt7 was enriched in clusters 1, 3,
4,8,9,10, 13 and 15. Pcna exhibited a similar expression pattern
with enrichment in clusters 1, 3, 4,8, 9,10, 11, 13, 14 and 15 (Fig.
2B and Supplemental Fig. 12).

Expression of cadherin and protocadherin genes, known down-
stream targets of Dot1L

Research indicates that depletion of Dot7L in Prrx1-expressing
limb progenitors leads to dysregulation of cadherin and protocad-
herin genes (Sutter et al., 2021). Cadherin and protocadherin are
at the crossroads of different signaling pathways (Pancho et al.,
2020). Therefore, we performed a careful analysis of the expression
profiles of these subfamilies in the mouse dental pulp. We found
high levels of expression of Cdh2 and Cdh11 in clusters 1, 2, 3, 4,
5,8,9,10, 12 and 13 (Fig. 3A). In addition, Cdk2 was expressed in
cluster 14. By contrast, expression of Cdh3 and Cdh13 was limited
to cluster 14 and cluster 15, respectively. Pcdh9 was enriched in
clusters 1, 2, 3, 4, 5, 8,9, 10 and 13. Pcdh10 was expressed in
clusters 1, 4, 8, 9 and 10. Expression of Pcdh78 was limited to
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clusters 2 and 15. Pcdh18 was expressed in clusters 1, 3, 12 and
13, whereas Pcdh19 was restricted to cluster 12 (Fig. 3A).

Expression of Dot1L transcriptional targets and downstream
regulated pathways

We analyzedthe expression profiles of genes encodingmembers
of the IGF signaling pathway and some key transcription factors
that were previously reported to be downstream targets of Dot1L
in mouse limb chondrocytes (Sutter et al., 2021). The expression
of Runx2 was limited to clusters 3 and 13 (Fig. 3B). Shox2 was
expressed in clusters 1, 12 and 13, while Sox5 expression was
restricted to clusters 1 and 13. By contrast, Sox77 displayed
vigorous expression in clusters 1, 2, 3, 4, 8,9, 10, 13, 14 and 15.
Similarly, MsxT was strongly expressed in clusters 1, 2, 3, 4, 5, 8,
9,10, 13,14 and 15. We identified high levels of Igfbp4 expression
inclusters 1,2,3,4,5,7,8,9,10,11,12, 13,14 and 15. Igfbp5 was
expressed in clusters 1,2, 4, 5,7, 8,9, 10 and 14, whereas Igfbp7
was more broadly expressed in clusters 1, 2, 3,4, 5, 8,9, 10, 12,
13 and 15 (Fig. 3B).

Ctnnb1encoding B-catenindisplayed abroadrange of expression
in the molar dental pulp (Fig. 4A). With the exception of clusters
6 and 7, Ctnnb1 was expressed in all other subpopulations of
MSCs, as well as immune cells (cluster 11), pericytes (cluster 12),
ameloblasts (cluster 14) and vascular endothelial cells (cluster
15). However, genes encoding transcription factors and ligands
of the WNT signaling pathway exhibited a more restricted expres-
sion pattern. We noticed vigorous expression of Lef1, Tcf3, Tcf4,
Tcf7, Wnt5a, Wnt6 and Wnt10a in cluster 13 (Fig. 4A). By contrast,
expression of Tcf3, Tcf4 and Wnt5a was limited to cluster 10. The
Tle1 gene, which encodes a member of the TLE/Groucho family
of transcriptional corepressors, was mainly enriched in cluster
12 (pericytes).

Analysis of the expression patterns of the downstream targets
of the Myc/p300 regulatory axis and JAK-STAT signaling pathway
revealed enrichment of Ep300, Snai1,Zeb1 and Zeb2 in clusters 10
and 13, whereas c-Myc was enriched in cluster 10 only (Fig. 4B).
Stat7 andtranscription factors Irf1,Irf2 and Irf3 associated with the
JAK-STAT pathway were actively expressed in clusters 10 and 13.

Log2 Exp - Dot11 (Graph-based) DotaL Left
g : | . 8
Log2 Exp - Lef1 (Graph-based)
i 1
i i [ =i =
Log2 Exp - Tcf3 (Graph-based) Tof4
Log2 Exp - Teft (Graph-based)
5 P € P
:
OO YWY WS WK . B
Log2 Exp - Tef? (Graph-based) o7
k- 4
gl | L fo= I (R S | ] | L | i é
Log?2 Exp - Ctnnb1 (Graph-based)
:
2 1
Log2 Exp - Wnt5a (Graph-based) wnt6.
P DY W WA W
Log2 Exp - Wnté (Graph-based)
.
2, !
Log2 Exp - Wnt10a (Graph-based) Wnt10a Tle1
i; I E—— N & ¢
Log?2 Exp - Tle1 (Graph-based)
2
| |
- | IS SN S
1

2 3 4 5 6 7 8 9 10 11 12 13 14 15

DNA demethylation, chromatin accessibility and RNA expression
of Dot1L

We examined the genomic structure of Dot7L for the DNA de-
methylation mark 5-hydroxymethylcytocine (5hmC) and chromatin
accessibility. 5ShmC and open chromatin are hallmark features
of genes that are actively transcribed. Using RNA-seq, assay for
transposase-accessible chromatin using sequencing (ATAC-seq)
and hydroxymethylated DNA immunoprecipitation sequencing
(hMeDIP-seq) assays, we previously determined gene expression,
accessible chromatin regions and genome-wide enrichment of
5hmC in the mouse dental pulp (Joshi et al., 2022a; Joshi et al.,
2022b). By analyzing these datasets, we found that the genomic
region across actively transcribed Dot1L gene exhibited open
chromatin enriched in 5hmC (Fig. 5). Collectively, our results sug-
gest that the Dot7L locus acquired an active chromatin state in
the mouse dental pulp.

Discussion

In the current study, we investigated the expression profile of
Dot7L in the mouse molar dental pulp. Within 15 clusters of cells
that represent pericytes, ameloblasts, vascular endothelial cells
and MSCs, we found that Dot71L is significantly enriched in two
subpopulations of MSCs at different stages of osteogenic differ-
entiation (clusters 10 and 13), as well as in ameloblasts (cluster
14) and vascular endothelial cells (cluster 15).

We furtherinvestigated the expression patterns of components
ofthetranscriptioninitiation and elongation complexes associated
with Dot1L in the mouse molar dental pulp. We identified a core
set of genes that are common in these two clusters (Fig. 6). These
genes encode SETD2, BRD4, IWS1, BPTF and MLLT10, which are
key components of the transcription initiation and transcription
elongation complexes. The mouse STRING database revealed
that SIRT1 also interacts with EED, which is a subunit of the PRC2.
In addition, SIRT1 forms a complex with factors involved in DNA
methylation such as CBX3 and DNMT1. We analyzed the expres-
sion patterns of Eed, Cbx3 and Dnmt1 in the molar dental pulp and
found that Cbx3 was expressed in both clusters, whereas Eed and
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Fig. 4. Expression of genes encoding members of the WNT signaling pathway and the MYC/p300 regulatory axis. (A) Violin plots of the genes Lef7,
Tcf3, Tef4, Tef7, Ctnnb1, Wnt5A, Wnt6, Wnt10a and TleT (left). UMAP visualization of these genes (right). (B) Violin plots of the genes Myc, p300, SnaiT,
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Fig. 5. Chromatin organization of Dot1L in the mouse molar dental pulp. The genomic landscape of Dot1L in the mouse molar dental pulp. The hMeDIP-
seq peaks are high in the promoter and gene body regions, indicating that 5ShmC is enriched in the Dot 1L locus. Strong ATAC-seq peaks are present in the
transcription start site and promoter, which correlates with robust expression of Dot7L in the dental pulp.

Dnmt1 exhibited vigorous expression in cluster 13. Interestingly,
cluster 13 represented mitotic MSCs that undergo cell division.
The core set of transcription factors that were enriched in this
subpopulation include Runx2, Shox2, E2F1, E2F8 and Sox5.

Surprisingly, Dot1L was not expressed uniformly across all
identified MSCs (clusters 1-10 and 13). Some minor enrichment
of Dot1L in the proliferating MSCs (cluster 13) within the mouse
molar dental pulp is consistent with reports that Dot1L balances
cell proliferation and differentiation by preventing premature cell
cycle exit in progenitor populations (Nguyen and Zhang, 2011;
Kim et al., 2014; Franz et al., 2019; Aslam et al., 2021). Although a
major function of Dot1L is linked to cell proliferation (McLean et
al., 2014), the impact of Dot1L depletion varies depending on the
cell type or developmental stage (Kim et al., 2014). In previous
studies, we showed that loss of Dot1L function in chondrocytes
impaired transcriptional regulation of multiple genes implicated
in cell cycle control and the IGF signaling pathway (Sutter et al.,
2021). Our single-cell transcriptome analysis showed that Cdk4,
Cdk9, Ccnt1, Pcna, Cdh2, Cdh11, Pcdh9, Igfbp4 and Igfbp7 were
among the common genes enriched in clusters 10 and 13.

The expressionof Dot7L in cluster 15withinthe molar dental pulp
is also congruent with published studies showing a mechanistic
role for Dot1L in the development of the vasculature (Duan et al.,
2016). Specifically, Duan et al., reported that Dot1L cooperates
with the transcription factor ETS-7 to stimulate the expression of
VEGFR2,thereby activatingthe ERK1/2 and AKT signaling pathways
and promoting angiogenesis.

Dot1L is the only mammalian histone methyltransferase that
catalyzes H3K79 methylation to mediate transcriptional activation
(Vlaming and Leeuwen, 2016). Dot1L interacts with AF10, AF17
and ENL to regulate transcriptional elongation. Recent research

showed that Dot1L is also involved in transcription initiation (Wu
et al., 2021). Surprisingly, depletion of Dot1L and ENL reduced
occupancy of the TATA-binding protein TBP and RNA polymerase
Il along target genes. Researchers have proposed that Dot1L may
regulate transcription initiation by facilitating the recruitment of
the transcription factor IID (Wu et al., 2021).

Withthe assistance of the histone H3K27 acetyltransferases CBP
and p300, Dot1L is involved in sustaining cell-type-specific gene
expression (Ebrahimi et al., 2019). H3K79 methylation mediated
by Dot1L controls enhancer-promoter interactions and activation
of specific marker genes in leukemia cells (Godfrey et al., 2021).
However, during B-cell differentiation, Dot1L supports the repres-
sion of PRC2 targets associated with an antiproliferative plasma
cell differentiation program (Aslam et al., 2021). Pharmacologic
inhibition of Dot1L synergizes with the loss of SETD2 to induce
growth arrest, DNA damage, differentiation and cell death (Skucha
et al., 2018). Dot1L forms a complex with MLLT10/AF10 to bind
TCF4/B-catenin in mouse small intestinal crypts (Mahmoudi et
al., 2010). The recruitment of the MLLT10/AF10-Dot1L complex
in a B-catenin-dependent manner results in H3K79 methylation
and transcriptional elongation of WNT target genes. Surprisingly,
Dot1L is also implicated in heterochromatin formation. Mouse
embryonic stem cells (ESCs) deficient for Dot/ exhibit loss of
H3K79 methylation accompanied by reduced heterochromatin
marks H3K9me2 and H4K20me3, leading to proliferation defects,
telomere elongation and aneuploidy (Jones et al., 2008).

While methylation of H3K79 is viewed as the sole molecular
function of Dot 1L activity, recent studies support methyltransferase-
independent functions of Dot1L in ESCs, including transcriptional
elongation and cellular differentiation (Cao et al., 2020). The global
loss of Dot1L in mouse embryos firmly established the essential
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Fig. 6. Dot1L-associated genes and signaling pathways. Dot7L is primarily expressed in clusters 10 and 13 representing MSCs at different stages of
osteogenic differentiation. Dot1L associates with other components of transcription initiation and elongation to control the cell cycle and the expression

of downstream targets of the WNT and IGF signaling pathways.

role of Dot1Linmammalian erythropoiesis (Fengetal.,2010),yetin
vivo studies using a novel Dot 1L methyltransferase mutant mouse
model provided compelling evidence that Dot1L-controlled early
embryonic erythropoiesis is independent of its intrinsic H3K79
methyltransferase activity (Malcom et al., 2022). These observa-
tions provide a strongrationale to thoroughly examine the functional
contributions of Dot 1L catalytic versus non-catalytic activities within
various developmental processes andtissues, including the dental
pulp. Some of the regulatory functions of Dot1L are likely mediated
through its interactions with lineage-specific transcription factors
or other chromatin remodeling complexes.

Our study revealed that Dot 7/ colocalizes with genes encoding
protein interactors involved in epigenetic activation such as Setd2,
Sirt1,Brd4, Isw1, Bptfand Suv39h1.Inaddition, we found that Dot 7L
is co-expressed with Eed2, Cbx3 and Dnmt1, which encode epigen-
etic factors associated with gene silencing and heterochromatin
formation. Furthermore, we found that Dot 1/ is co-expressed with
downstream targets of the IGF and WNT signaling pathways and
cell cycle progression. Therefore, our findings suggest that Dot1L
plays an important role in orchestrating lineage-specific gene
expression during the differentiation of MSCs.

Collectively, our scRNA-seq analysis unmasked population het-
erogeneity of the mouse molar dental pulp. More importantly, our
study providedinvaluableinsightinto the single-cell gene expression
patternof Dot7L in osteogenic and odontogenic progenitors. Further
investigation toward identifying the molecular pathways through
which Dot1L histone methyltransferase orchestrates gene regula-
tion will provide a more refined understanding of the fundamental
mechanisms underlying the development of dental structures.

Materials and Methods

scRNA-seq and data analysis

We prepared primary pulp from the molars of 5- to 6-day-old
mice according to previously described procedures (Balic et al.,
2010). Viability of each single-cell suspension was assessed using

aCountess Il FL Automated Cell Counter (Thermo Fisher Scientific
Inc., Waltham, MA). Suspensions of dissociated cells were loaded
onto independent single channels of a Chromium Controller (10x
Genomics, Pleasanton, CA) single-cell platform. Briefly, we loaded
~8,112 single cells for capture using a Chromium Single Cell 3' Re-
agentkit,v2 Chemistry (10x Genomics). Following capture andlysis,
complementary DNA was synthesized and amplified (14 cycles)
as per the 10xGenomics protocol. The amplified cDNA was used
to construct an lllumina sequencing library and was sequenced on
a single lane of a HiSeq 4000 (lllumina, San Diego, CA).

Genome-wide ATAC-seq, hMeDIP-seq and RNA-seq

ATAC-seq, hMeDIP-seq and RNA-seq services were performed
by Active Motif (Carlsbad, CA). RNAisolation was performed using
the RNAeasy Mini/Midikit (Qiagen, Germantown, MD). RNA-seqwas
performed using an Illumina NextSeq 500 to generate 42-nt paired-
end sequences. For ATAC-seq and RNA-seq, the paired-end 42-bp
sequencing reads generated by Illumina NextSeq 500 sequencing
were mapped to the genome using the Burrows-Wheeler aligner
(BWA) algorithm with default settings. For hMeDIP-seq, genomic
DNAwas isolated using the Monarch Genomic DNA Purification kit
(New England Biolabs, Ipswich, MA) following the manufacturer’s
instructions. DNA was sonicated to ~150—-300 bp and lllumina
adaptors were ligated to the DNA ends. To generate genome-wide
maps of 5hmC, Active Motif performed hMeDIP-seq experiments
using the antibody AM39791 to 5hmC. The input DNA was used as
a control. Finally,immunoprecipitated DNA and input DNA that did
not go through the immunoprecipitation step were processed into
sequencing libraries and sequenced using the lllumina platform
(NextSeq 500, 75-nt single-end).

Computational analysis
scRNA-seq

Analysis of scRNA-seq was completed using mouse molar
dental pulp labeled as BD19002. The target was 6,000 cells, which
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produced an estimated 8,735 cells with 44,363 average reads
per cell. Overall, the analysis utilized scanpy (Wolf et al., 2018),
comprising several steps as detailed below. Quality control for the
scRNA-seq FASTQ reads included:

(1) filtering FASTQ reads with more than 1 bp mismatched
barcode (10X Genomics, 2018)

(2) filtering FASTQ reads with less than a 3 Q30 score

(3) filtering STAR alignments with less than a 255 MAPQ score
(Dobin et al., 2013)

Sampleswere processedindependently and thenbatchcorrected
via the BBKNN method (Polanski et al., 2020). Single-cell cluster-
ing procedures do not perfectly partition cell types, but instead
indicate similarity of expression patterns which can be useful for
exploring specific gene profiles of genes such as Dot7L. The iso-
lated cluster expression patterns can then be associated with cell
mixtures by using cell-specific markers previously documented in
theliterature. Here, prior expression profiles derived fromthe 3,500
most variable dispersed genes were used to calculate the local
neighborhood of the cells (Satija et al., 2015; Zheng et al., 2017).
Next, a neighborhood graph was generated using the k-nearest
neighbors (for k=30) algorithm, followed by dimensional reduction
using the UMAP procedure (Becht et al., 2018). The neighborhood
graphwasthenbatch corrected with BBKNN (Polanskietal.,2020).
Single-cell clusters were assigned in the UMAP space according
to the Leiden community detection method (Tragg et al., 2019).
In addition to the above scanpy analysis, single-cell subclusters
were generated visually when not automatically detected using the
web-based Cellview software, which provides interactive viewing
of the downstream data (Bolisetty et al., 2017). Figures generated
for this work made use of screen captures of the Cellview interac-
tions and supported the numerical results.

ATAC-seq

Genomic regions with high levels of ATAC-seq transposition/
tagging events were determined using the MACS2 peak-calling
algorithm (Zhang et al., 2008). Since both reads (tags) from paired-
end sequencing represent transposition events, both were used
for peak-calling but were treated as single, independent reads. To
identify the density of the transposition events along the genome,
the genome was divided into 32-bp bins and the number of frag-
ments in each bin was determined. Forthis purpose, thereads were
extended to 200 bp, which is close to the average length of the
sequenced library inserts. In the default analysis, the tag number
of all samples was reduced (by random sampling) to the number
of tags present in the smallest sample. To compare peak metrics
between two or more samples, overlappingintervals were grouped
into “merged regions,” which were defined by the start coordinate
of the most upstream interval and the end coordinate of the most
downstream interval (to determine the union of overlapping in-
tervals). In locations unique to a sample, the merged region was
assigned to the interval. After defining the intervals and merged
regions, the genomic locations and features were summarized
and presented in Excel spreadsheets.

hMeDIP-seq

hMeDIP-seq reads were mapped to the mouse genome (mm10)
using the BWA algorithm with default settings. Alignmentinforma-
tion for each read was stored in the BAM format. For the analysis,
only uniquely mapped reads without duplicates were used, and

tag numbers were normalized to the lowest number among the
samples (by downsampling), which was 19.7 million. Methylated
regions (peak intervals) were identified using the MACS2 peak-
calling algorithm (Zhang et al., 2008) with a default cutoff of p-
value = Te-7. The 5hmC tag distributions around the genes were
determined and presented as average plots (average of values for
all target regions).

Bulk RNA-seq

The 42 bp-long read-pair bulk RNA-seq fragments were mapped
to the reference genome mm10 using the STAR aligner (Dobin et
al., 2013). A fragment assignment step was carried out to count
the number of fragments overlapping the genomic sequence. Only
theread pairsthathad both ends aligned at the same chromosome
and the same DNA strand were considered for subsequent analy-
ses. Feature counts (FPKM assignment to genes) were performed
using the Subread package (Liao et al., 2014). Gene annotations
were originally from the NCBI RefSeq database and then adapted
by merging the overlapping exons from the same gene to form a
set of disjoint exons for each gene. After obtaining the same table
containing the fragments (or reads) of genes, differential analysis
was performed using DESeq?2 (Love et al., 2014).
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