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Lipid rafts are membrane microdomains rich in cholesterol,
sphingolipids, glycosylphosphatidylinositol-anchored proteins
(GPI-APs), and receptors. These lipid raft components are
localized at the plasma membrane and are essential for signal
transmission and organogenesis. However, few reports have
been published on the specific effects of lipid rafts on tooth
development. Using microarray and single-cell RNA
sequencing methods, we found that a GPI-AP, lymphocyte
antigen-6/Plaur domain-containing 1 (Lypd1), was specifically
expressed in preodontoblasts. Depletion of Lypd1 in tooth
germ using an ex vivo organ culture system and in mouse
dental pulp (mDP) cells resulted in the inhibition of odonto-
blast differentiation. Activation of bone morphogenetic protein
(BMP) signaling by BMP2 treatment in mDP cells promoted
odontoblast differentiation via phosphorylation of Smad1/5/8,
while this BMP2-mediated odontoblast differentiation was
inhibited by depletion of Lypd1. Furthermore, we created a
deletion construct of the C terminus containing the omega site
in LYPD1; this site is necessary for localizing GPI-APs to the
plasma membrane and lipid rafts. We identified that this site is
essential for odontoblast differentiation and morphological
change of mDP cells. These findings demonstrated that LYPD1
is a novel marker of preodontoblasts in the developing tooth; in
addition, they suggest that LYPD1 is important for tooth
development and that it plays a pivotal role in odontoblast
differentiation by regulating Smad1/5/8 phosphorylation
through its effect as a GPI-AP in lipid rafts.

Heterogeneous cell membranes contain transient and dy-
namic domains with varying characteristics, the most promi-
nent of which are organized lipid-driving domains called lipid
rafts (1). Lipid rafts are microdomains rich in cholesterol,
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sphingolipids, glycosylphosphatidylinositol-anchored proteins
(GPI-APs), and receptors (2). Although rafts float freely in the
liquid-disordered bilayer of the cell membrane, once they are
activated, they aggregate into larger platforms and recruit se-
lective lipids and proteins to perform pathophysiological roles,
including membrane transport, signaling, cell adhesion,
migration, or apoptosis (3, 4). Previous studies have shown
that lipid rafts and their components are essential for neuronal
differentiation of different types of stem cells, including human
dental pulp stem cells (5, 6). Sphingomyelin phosphodiesterase
3 (Smpd3), a membrane-bound enzyme that hydrolyzes
sphingomyelin in lipid rafts to modulate lipid-raft integrity, has
been implicated in dentinogenesis imperfecta and has been
shown to be localized in odontoblasts (7, 8). Furthermore,
growth arrest–specific 1 (Gas1) is known as a GPI-anchored
membrane protein, and it has been reported that mice engi-
neered with Gas1 loss-of-function mutation and human sub-
jects with pathogenic mutations in GAS1 exhibit defective
coronal morphology and reduced coronal dimensions in the
molar dentition (9). Thus, lipid rafts play a crucial role in tooth
development. GPI-APs are widely present among all eukary-
otic organisms; they have been identified in at least 150 human
proteins (10). Although protein molecules bound to GPI an-
chors have no common characteristics, they are associated
with membrane microdomains or membrane rafts through
GPI-dependent membrane anchoring (10). Their partitioning
within the raft is considered to trigger activation cascades;
therefore, these GPI-APs are often used as models for studying
signaling “platforms,” the aggregation of signaling molecules
induced by stimulation (11). Although there is persistent
research focus on GPI-APs, few studies have evaluated their
involvement in tooth development.

Tooth morphogenesis requires mutual induction of
epithelial and mesenchymal cells, which originate from the
ectoderm and neural crest–derived mesenchyme, respectively.
In mice, the dental papilla is a condensation of ectomesen-
chymal cells partially encapsulated by epithelial cells that
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LYPD1 regulates odontoblast differentiation
forms at the cap stage (embryonic day [E] 14). In the subse-
quent bell stage (E16), the dental papilla cells (DPCs) under-
lying the epithelium differentiate into preodontoblasts and
odontoblasts, eventually secreting the dentin matrix (12). The
dental follicle is the condensed dental mesenchyme with more
peripheral cells extending around the epithelial dental
component that develops into osteoblasts, cementoblasts, and
fibroblasts (12). Although the dental papilla and dental follicle
are derived from dental mesenchymal cells, they have different
cellular differentiation fates. We hypothesized that specific
genes determine the direction of their differentiation. Classical
reconstitution experiments have demonstrated that dental
epithelium cells exhibit odontogenic potential before the bud
stage (13). However, as tooth development proceeds to the cap
and bell stages, this capability to induce tooth formation shifts
to DPCs, which subsequently direct the formation of the tooth
and its final shape (14). For elucidating the mechanism of
tooth development, a better understanding is required
regarding the differentiation of DPCs to odontoblasts.

In this study, we aimed to screen tooth-specific GPI-APs
using a combination of microarray and single-cell RNA
sequencing (scRNA-seq) methods and identified the role of the
preodontoblast-specific GPI-AP LYPD1 in the developing
tooth. Here, we demonstrate the mechanism underlying the
function of LYPD1 during odontoblast differentiation.
Results

Lypd1 is highly expressed in the dental mesenchyme during
tooth development

To identify the genes specifically expressed in the dental
papilla that are essential for odontoblast differentiation, we
conducted microarray analysis of E14 mouse molar dental
papilla (Fig. 1A). We dissected the dental papilla and dental
follicle from E14 mouse molars and compared the gene
expression by scatter plot analysis (Fig. 1B and Table S1). From
the microarray analysis, we found that the GPI-anchored
protein LYPD1 was preferentially expressed in the dental
papilla (Fig. 1B). In E16 mice, real-time quantitative RT-PCR
(qRT-PCR) analysis showed that Lypd1 expression was
higher in the teeth and brain than in the eyes, colon, heart,
kidney, liver, lung, skin, and stomach (Fig. 1C). qRT-PCR was
performed for examining Lypd1 expression using developing
molars (E12–E18, postnatal day [P] 1–P7); Lypd1 was highly
expressed at E15 and E16, which are the stages involving dif-
ferentiation of dental mesenchymal cells into preodontoblasts
(Fig. 1D). To examine whether Lypd1 is expressed in the dental
epithelium or mesenchyme, the E16 dental epithelium was
separated from the mesenchyme and qRT-PCR was per-
formed. The results showed that Lypd1 was highly expressed
in the mesenchymal cells (Fig. 1E).

During the odontoblast differentiation process, pannexin 3
(Panx3) was predominantly expressed in preodontoblasts, and
it has been shown to modulate the balance of preodontoblast
proliferation and differentiation (15). Alkaline phosphatase
(Alpl), which promotes mineralization, is expressed in early
hard tissue formation, and dentin sialophosphoprotein (Dspp)
2 J. Biol. Chem. (2023) 299(5) 104638
is mainly expressed in terminally differentiated odontoblasts
and is considered to play an important role in the conversion
of predentin to mineralized dentin (16, 17). The expression of
these genes is critical for understanding the differentiation
stage of odontogenesis. We further examined the expression of
the odontoblast marker genes, Panx3, Alpl, and Dspp, in the
developing tooth, and these genes showed stepwise peaks in
developing tooth germ (Fig. 1, F–H). Interestingly, the
expression of Lypd1 peaked at an earlier stage of tooth
development than that of the differentiation marker genes,
suggesting that Lypd1 plays an important role in the differ-
entiation of preodontoblasts into odontoblasts.
Lypd1 is specifically expressed in preodontoblasts

From E16 (bell stage) onward, dental epithelial cells further
differentiate into enamel-secreting ameloblasts, while their
adjacent dental mesenchymal cells develop into dentin-
secreting odontoblasts (12). During this period, a wider vari-
ety of cell types emerge. Hence, we performed scRNA-seq to
determine the expression patterns of the Lypd1 gene at a
single-cell level. In this study, we isolated dental cells from E16
Krt14-RFP mice and obtained transcriptome data from 1905
single cells. Cells were categorized into eight different clusters
through graph-based principal component analysis of the
transcriptomic signature. The quality control statistics for the
experiments are summarized in Table S2. Cell clusters were
classified into cell types on the basis of known marker genes
annotated in Table S3. The representative known marker
genes for classification are preodontoblasts, fibroblast growth
factor 3 (Fgf3); mesenchymal transit amplifying cells, DNA
topoisomerase II alpha (Top2a); dental mesenchymal stem
cells (DMSCs), delta like noncanonical Notch ligand 1 (Dlk1);
dental follicle, asporin (Aspn); dental pulp, matrix metal-
lopeptidase 13 (Mmp13); dental epithelium, keratin 14 (Krt14);
leukocyte, TYRO protein tyrosine kinase binding protein
(Tyrobp); and erythrocyte, 50-aminolevulinate synthase 2
(Alas2) (Figs. 2, A and D and S1). Heatmap analysis was per-
formed on the top 15 differentially expressed genes (DEGs)
among the clusters. Cell type marker genes were labeled in the
generated heatmap (Fig. 2B). Furthermore, we found that
Lypd1 was highly expressed in the preodontoblast cell cluster
(Fig. 2C). Lypd1 expression was similar to Fgf3 expression,
which was at the top of the list (Fig. 2D and Table S3). At the
bell stage (E16–E18), Fgf3 expression was restricted to the
cuspal regions of the dental papilla mesenchyme, including
preodontoblasts and differentiating odontoblasts (18). These
results indicate that Lypd1 might show specific expression in
preodontoblasts.

To further understand the dental mesenchymal cell differ-
entiation process and their gene expression, we performed
trajectory analysis of an E16 molar dataset using Monocle 3
(19). In this dataset, the dental mesenchymal subset was
defined as the partition that contains preodontoblast, mesen-
chymal transit amplifying cells, DMSC, dental follicle, and
dental pulp clusters and was used for trajectory analysis
(Fig. 2E). Trajectory analysis showed that the dental



Figure 1. Expression patterns of Lypd1 during tooth development. A, schematic of sample preparation of the dental papilla and dental follicle from E14
mouse molar tooth germ. B, gene expression profile of E14 dental papilla compared with that of the dental follicle, according to microarray analysis. The
highlighted plot represents Lypd1. The red and blue dots indicate upregulated and downregulated genes, respectively. C, qRT-PCR analysis of Lypd1
expression in the tooth, brain, eye, colon, heart, kidney, liver, lung, skin, and stomach samples from E16 embryos. D, qRT-PCR analysis of Lypd1 expression in
molars obtained from E12 to P7. E, qRT-PCR analysis of Lypd1 expression in the dental epithelium and mesenchyme of the E16 molar. F–H, qRT-PCR analysis
of Panx3, Alpl, and Dspp expression in molars obtained from E12 to P7. The mRNA expression was normalized to Gapdh. Error bars represent the mean ± S.D.
E, embryonic day; P, postnatal day; qRT-PCR, real-time quantitative reverse transcription polymerase chain reaction.

LYPD1 regulates odontoblast differentiation
mesenchymal subset originated from the DMSC cluster and
branched into two leaves: preodontoblast and dental follicle
(Fig. 2F). As expected, Lypd1 and Fgf3 were highly expressed in
the preodontoblast cluster (Figs. 2G and S2B). We further used
the “plot genes in pseudotime” function to examine the
expression change of dental mesenchymal marker genes
J. Biol. Chem. (2023) 299(5) 104638 3



Figure 2. Lypd1 is specifically expressed in preodontoblasts. A, t-SNE visualization of a total of 1905 single-cell datasets from E16 molars. Cells were
classified by graph-based clustering. Cell types were identified using known marker genes listed in Table S3. B, heatmap analysis of the top 15 differentially
expressed genes between clusters. The identity of each cluster was assigned by matching the expression profile with the expression of established cell-
specific marker genes. Heatmap reports the scaled expression of discriminative gene sets for each cluster defined in (A). The labeled genes are highly
expressed in each cluster. The color scheme is based on the Log2FC from −10 (blue) to +10 (red). C, the top 10 differentially expressed genes (DEGs) in the
preodontoblast cluster. D, expression of the preodontoblast marker Fgf3 gene and Lypd1 gene was projected onto the t-SNE plot (upper panel) and violin
plot (lower panel). Blue dashed lines indicate the cell cluster with high gene expression. Pseudotime analyses using Monocle 3. E, dental mesenchymal subset
consisting of preodontoblast, MTAC, DMSC, dental follicle, and dental pulp clusters. F, trajectory analysis of dental mesenchymal subset colored by
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LYPD1 regulates odontoblast differentiation
according to the differentiation process (Fig. 2H). The results
showed that the DMSC marker Dlk1 peaked at the early stage
of differentiation, while Lypd1 and Fgf3 peaked at late stage of
differentiation (Fig. 2H), suggesting that Lypd1 is a novel dif-
ferentiation marker of preodontoblasts.

LYPD1 is localized in lipid rafts and is essential for tooth
development

To examine the localization of Lypd1 during tooth devel-
opment, we performed in situ hybridization (ISH) using mo-
lars at E14, E15, and E16 (Fig. 3A). The result showed that
Lypd1 was intensely expressed in the dental papilla of the
developing tooth. During the cap stage (E14), Lypd1 was
broadly expressed in the condensed mesenchyme. In the early
bell stage (E15), significant expression of Lypd1 was observed
in the dental papilla near the inner enamel epithelium, which
are presumptive odontoblast-forming cells. Furthermore, its
expression was observed in preodontoblast cells along the
inner enamel epithelium at the bell stage (E16) (Fig. 3A).

The notable characteristic of GPI-APs is their association
with raft membrane microdomains (20). To investigate
whether LYPD1 is localized to rafts, detergent-resistant
membrane (DRM) fractions from mouse dental pulp (mDP)
cells treated with or without methyl-β-cyclodextrin (MβCD), a
lipid-raft inhibitor, were floated on an OptiPrep step gradient.
DRMs are one biochemical definition of lipid rafts since they
are insoluble in nonionic detergents at 4 �C (21). Caveolin-1, a
marker for DRM fractions, was detected in fractions 4, 5, and
6, indicating that these fractions contained DRMs. (Fig. 3B, left
panel, below panel). We found that LYPD1 was enriched in the
DRM fractions by Western blot analysis (Fig. 3B, left panel,
upper panel). On the other hand, LYPD1 and Caveolin-1 were
shifted to a membrane region other than the DRM domain
after the destruction of lipid rafts by MβCD treatment (Fig. 3B,
right panel). The results suggest that LYPD1 is localized to the
lipid rafts of mDP cells.

We examined the role of Lypd1 in tooth development using
an ex vivo organ culture system. In this system, we can directly
assess the effect of transfection of siRNA or addition of re-
agents on organ development. We selected Lypd1 SMARTpool
siRNA (a mixture of four distinct siRNAs targeting Lypd1
gene) with modified chemistry to reduce off-target effects
(Dharmacon RNA Technologies) for silencing the expression
of Lypd1. We tested the ability of each of the four siRNAs to
silence Lypd1 expression and the influence on the differenti-
ation of mDP cells. The results showed that Lypd1 SMART-
pool siRNA and all four siRNA sequences decreased Lypd1
and Dspp expression compared with the negative control
(Fig. S3). Lypd1 SMARTpool siRNA was therefore used for
subsequent experiments to avoid the possibility of off-target
effects. E15 mandibular tooth germs were dissected, and
knockdown experiments of Lypd1 were performed using
control or Lypd1 siRNA (Fig. 3C). Upon transfection of Lypd1
pseudotime. G, expression of Lypd1 is projected onto the UMAP plot. H, the re
Graph shows the expression change of dental mesenchymal marker genes
mesenchymal transit amplifying cell; t-SNE, t-distributed stochastic neighbor e
siRNA into the tooth germs, the mRNA and protein expres-
sion levels of Lypd1 and odontoblast differentiation marker
genes (Panx3, Alpl, Dspp) and proteins were significantly
downregulated (Fig. 3, D and E). Since odontoblast differen-
tiation was impaired following Lypd1 depletion in E15 tooth
organ culture, histological differences in the odontoblasts were
compared between the molars transfected with control and
Lypd1 siRNA. In the control molars, odontoblast cells differ-
entiated and were highly columnar, polarized, and neatly ar-
ranged. By contrast, Lypd1 siRNA-transfected molars had
layers of nonpolarized cuboidal cells with a centrally located
nucleus and were randomly arranged (Fig. 3, F and G), sug-
gesting that the differentiation of odontoblasts is disturbed by
depletion of Lypd1. In addition, immunohistochemistry of
molars revealed that the expression of ALPL was suppressed in
the odontoblasts of Lypd1-depleted molars (Fig. 3F). These
results suggest that Lypd1 plays an important role in the dif-
ferentiation of dental mesenchymal cells.
Lipid rafts are essential for cell differentiation in the
developing tooth

Next, we analyzed the effect of lipid rafts on tooth devel-
opment using the ex vivo organ culture system. E15 mandibular
tooth germs were dissected and treated with lipid raft–targeting
drugs, including MβCD, simvastatin, and fumonisin B1
(Fig. 4A). We found that the mRNA and protein expression
levels of LYPD1 and odontoblast differentiation marker genes
were significantly downregulated in the lipid raft–targeting
drug-treated tooth germs (Fig. 4, B–D). We confirmed that
the other two lipid raft–targeting drugs, zaragozic acid A and
myriocin, also downregulated LYPD1 and odontoblast differ-
entiation marker genes (Fig. S4, A and B). Similar results were
obtained in the MβCD-treated mDP cells (Fig. S5). These re-
sults suggest that LYPD1 and lipid raft formation are essential
for cell differentiation in the developing tooth.
LYPD1 is necessary for the differentiation of dental
mesenchymal cells, and it induces odontoblast differentiation
via the bone morphogenetic protein signaling pathway

Because various signaling pathways are involved in odon-
toblast differentiation (22, 23), we examined the phosphory-
lation of signal cascade molecules to determine the signaling
pathways triggered by LYPD1. mDP cells were transfected with
control or Lypd1 siRNA, and then the phosphorylation of
signaling molecules was evaluated by Western blotting. We
observed a significant decrease in Smad1/5/8 phosphorylation
in mDP cells transfected with Lypd1 siRNA after 48 h of
culture. However, the phosphorylation of Smad2 or Smad3
was not detected. No significant change was observed in Akt
phosphorylation and β-catenin phosphorylation (Fig. 5A, left
panel). The results suggested that LYPD1 is involved in the
phosphorylation of Smad1/5/8. Similarly, we examined
sults of “plot genes in pseudotime” function in dental mesenchymal subset.
according to pseudotime. DMSC, dental mesenchymal stem cell; MTAC,
mbedding; UMAP, Uniform Manifold Approximation and Projection.
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Figure 3. LYPD1 localized in lipid rafts and was essential for tooth development. A, in situ hybridization of Lypd1 in developing molars. Expression of
Lypd1 mRNA was detected using the probe of Lypd1 in E14, E15, and E16 mouse molar semiserial sections. Brown, Lypd1; purple, nucleus. The scale bars
represent 50 μm. B, fractionation of mDP cells treated with or without MβCD (1 mM) into soluble and detergent-resistant membranes. The localization of
endogenous LYPD1 and Caveolin-1 was detected by Western blot. Caveolin-1 was used as a marker to identify detergent-resistant membrane fractions. C,
general schematic representation of the experimental procedure used for organ culture. D, real-time quantitative RT-PCR analysis of Lypd1, Panx3, Alpl, and
Dspp expression in E15 tooth germs transfected with control or Lypd1 siRNA after 7 days of culture. The mRNA expression was normalized to Gapdh. E,
Western blotting results for LYPD1, PANX3, ALPL, DSPP, and GAPDH in E15 tooth germs transfected with control or Lypd1 siRNA after 7 days of culture.
GAPDH was used as the internal control. F, upper panel, immunofluorescence of ALPL (green) and vimentin (red) in the section of E15 tooth germs cultured
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LYPD1 regulates odontoblast differentiation
whether these signaling pathways were affected by treatment
of mDP cells with MβCD and whether this resulted in the
disruption of lipid rafts. By contrast to observations under
Lypd1 inhibition, we detected a reduction not only in Smad1/
5/8 phosphorylation in the MβCD-treated group but also in
Akt phosphorylation and β-catenin phosphorylation (Fig. 5A,
right panel). These results confirm that lipid rafts are a plat-
form for signaling pathways and that various signaling path-
ways may be affected when the lipid raft structure is disrupted.
The bone morphogenetic protein (BMP)/Smad signaling
pathway plays a significant role in odontoblast differentiation
(24). To confirm the involvement of LYPD1 in BMP signaling
pathway, we examined the level of BMP2-mediated Smad1/5/8
phosphorylation in control and Lypd1-depleted mDP cells. In
Lypd1-depleted mDP cells, BMP2-mediated phosphorylation
of Smad1/5/8 was downregulated (Fig. 5B). Since Id1 is a
direct target of the BMP/Smad signaling pathway (25), we
investigated whether the expression of Id1 is affected by
knockdown of Lypd1 expression in mDP cells. We found that,
when Lypd1 was depleted, Id1 expression decreased along with
reduced level of phosphorylation of Smad1/5/8 protein
(Fig. 5B). These results suggest that LYPD1 induces odonto-
blast differentiation by participating in the BMP/Smad
signaling pathway.

BMP2 is an important regulator of odontoblast differentia-
tion, and BMP2 treatment promotes differentiation of mDP
cells into Dspp-expressing odontoblasts (15, 26). We further
analyzed the molecular mechanism of LYPD1-mediated dental
mesenchymal cell differentiation by transfecting mDP cells
with control or Lypd1 siRNA and subsequently culturing them
in the presence or absence of BMP2 (Fig. 5C). The marker
genes are expressed sequentially during odontoblast differen-
tiation in the following order: Lypd1, Panx3, Alpl, and Dspp
(Fig. 1, D, F, G, and H). We reproduced this odontoblast dif-
ferentiation process in mDP cells and found that BMP2 in-
duces the expression of Alpl and Dspp (Fig. 5C). Lypd1
knockdown in mDP cells inhibited Panx3, Alpl, and Dspp
expression (Fig. 5, C and D). To further investigate the effect of
LYPD1 on mDP cell differentiation, we performed an ALP
assay and ALP staining. mDP cells transfected with Lypd1
siRNA showed a lower ALP activity than the control cells
(Fig. 5E). Similarly, the results of ALP staining showed that
inhibition of Lypd1 resulted in a decrease in ALPL expression
(Fig. 5F). These findings suggest that LYPD1 plays an impor-
tant role in dental mesenchymal cell differentiation and that it
is required for odontoblast differentiation.

The GPI structural domain of LYPD1 is essential for
odontoblast differentiation

GPI-APs are posttranslationally modified by glycolipids
known as GPI anchors, which allow them to attach and
localize to the plasma membrane (10). According to
for 7 days after transfection with control siRNA or Lypd1 siRNA. Nuclei wer
mesenchyme. White lines represent the basement membrane of teeth. Lowe
control siRNA or Lypd1 siRNA. de, dental epithelium; dm, dental mesenchyme;
height of odontoblast cells in E15 molar transfected with control siRNA or Lyp
ImageJ software. **p < 0.01; ***p < 0.001. Error bars represent the mean ± S
bioinformatics analyses, the mouse LYPD1 protein sequence
has been predicted to comprise a potential signal peptide
sequence, as well as a potential C-terminal GPI anchor
attachment site, known as the omega site (Fig. 6A). For a better
understanding of the function of LYPD1 as a GPI-AP, we
generated constructs of LYPD1, including full-length LYPD1
(LYPD1-FL) and a truncated construct lacking the C-terminal
domain containing the omega site (LYPD1-ΔGPI) (Fig. 6B).
Interestingly, the LYPD1-FL-GFP-positive cells showed
morphological changes, such as a columnar and polarized
morphology with long dendrite-like protrusions compared
with mock-GFP-transfected cells (Fig. 6C). However, the
LYPD1-ΔGPI-GFP-positive cells showed no difference
compared with the mock-GFP-transfected cells. LYPD1-FL-
GFP-positive cells were characterized by longer cell length,
smaller cell area, and fewer cell protrusions. Nevertheless,
most LYPD1-ΔGPI-GFP-positive cells were morphologically
similar to the control cells, maintaining a fibroblast-like
morphological appearance with a stellate or polygonal shape
(Fig. 6, C and D). We subsequently created constructs of V5-
His tagged LYPD1-FL and LYPD1-ΔGPI and analyzed the
expression of Panx3 and Dspp (Fig. 6E). The LYPD1-FL-
transfected group exhibited significantly upregulated Panx3
and Dspp expressions compared with the LYPD1-ΔGPI-
transfected group (Fig. 6E).

To further assess the importance of the omega site of
LYPD1 for cell differentiation, we performed flow cytometry
using LYPD1-FL-GFP- and LYPD1-ΔGPI-GFP-transfected
mDP cells (Fig. 6F). To sort the GFP-positive cells, hierarchical
gates of mDP cells not transfected on the FSC-A/SSC-A
subset, the FSC-H/FSC-W subset, and the SSC-H/SSC-W
subset were set. Using a cell sorter, we isolated negative con-
trol cells and GFP-positive cells separately and performed
qRT-PCR (Fig. 6G). The expression of Panx3 was significantly
upregulated in the LYPD1-FL-GFP cell population compared
with that in the LYPD1-ΔGPI-GFP cell population (Fig. 6G),
consistent with the results in Figure 6E. For further analysis of
the mechanisms, mDP cells were transfected with the mock,
LYPD1-FL, and LYPD1-ΔGPI expression vectors, and the
phosphorylation of Smad1/5/8 was evaluated by Western
blotting. Smad1/5/8 phosphorylation increased from 5 to
30 min after addition of recombinant BMP2 in mDP cells
transfected with LYPD1-FL rather than the LYPD1-ΔGPI
expression vector (Fig. S6). These findings suggest that LYPD1
plays a crucial role in the differentiation of mDP cells through
binding to the GPI anchor, implying that the plasma mem-
brane localization of LYPD1 is important.
Discussion

In this study, we identified that LYPD1 is highly expressed at
a specific stage of preodontoblast differentiation and acts as a
e stained with DAPI (blue). Vimentin was used as a marker of the dental
r panel, diagram of odontoblast cells in E15 tooth germs transfected with
Am, Ameloblasts; Od, odontoblasts. The scale bars represent 20 μm. G, the
d1 siRNA and cultured for 7 days. Quantification was performed using the
D. E, embryonic day.
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Figure 4. Lipid rafts are essential for cell differentiation in the developing tooth. A, general schematic representation of the experimental procedure
used for organ culture. B–D, left, real-time quantitative RT-PCR analysis of E15 tooth germs treated with DMSO or 1 mM MβCD, 1 μM Simvastatin, 40 μM
Fumonisin B1 cultured for 7 days. The expressions of Lypd1, Panx3, Alpl, and Dspp were normalized to GapdhmRNA expression. *p < 0.05; **p < 0.01; ***p <
0.001. Error bars represent the mean ± SD. B–D, right, Western blotting results of LYPD1, PANX3, ALPL, DSPP, and GAPDH in E15 tooth germs treated with
DMSO or 1 mM MβCD, 1 μM Simvastatin, or 40 μM Fumonisin B1 cultured for 7 days. GAPDH was used as the internal control. DMSO, dimethyl sulfoxide.
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Figure 5. LYPD1 regulates odontoblast differentiation via BMP-Smad1/5/8 signaling pathway. A, Western blotting of P-Smad1/5/8, Smad1, P-Smad2,
P-Smad3, Smad2, Smad2/3, P-Akt, Akt, P-β-Catenin, β-Catenin, LYPD1, and GAPDH in mDP cells transfected with control siRNA and Lypd1 siRNA (left panel)
or treated with MβCD (0 mM, 1 mM) (right panel) and cultured for 48 h. GAPDH was used as the internal control. B, Western blotting results of BMP2-induced
Smad1/5/8 phosphorylation in mDP cells transfected with control siRNA or Lypd1 siRNA. After 48 h of transfection with control siRNA and Lypd1 siRNA, mDP
cells were stimulated with 200 ng/ml BMP2 for 0, 5, 15, and 30 min. Protein extractions were analyzed by Western blotting using anti-phospho-Smad1/5/8,
anti-Smad1, anti-Id1, anti-LYPD1, and anti-GAPDH antibodies. GAPDH was used as the internal control. C, real-time quantitative RT-PCR analysis of Lypd1,
Panx3, Alpl, and Dspp expression in mDP cells transfected with either control siRNA or Lypd1 siRNA, cultured with or without 200 ng/ml BMP2 for 3 days after
transfection. The mRNA expression was normalized to Gapdh. ns, p > 0.05; **p < 0.01; ***p < 0.001. Error bars represent the mean ± SD. D, Western blotting
results of LYPD1, PANX3, ALPL, DSPP, and GAPDH in mDP cells transfected with either control siRNA or Lypd1 siRNA. GAPDH was used as the internal
control. E, ALP activity of mDP cells after transfection with control or Lypd1 siRNA. *p < 0.05; **p < 0.01 compared with the value in the control siRNA group.
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GPI-AP in lipid rafts. In lipid rafts, LYPD1 regulated odon-
toblast differentiation by associating with BMPR and induced
phosphorylation of Smad1/5/8 (Fig. 7).

GPI-APs associated with lipid raft microdomains have been
reported to regulate various signaling pathways, such as TGF-
β, GDNF/Ret, BMP, and Wnt signaling, by rearranging re-
ceptor complexes in the plasma membrane (27–30).
Lymphocyte antigen-6 (Ly6) family members have been re-
ported to exhibit a common function of modulating receptor-
mediated signaling (31, 32). LYPD1 belongs to the Ly6/
urokinase-type plasminogen activator receptor superfamily,
which is classified into two subfamilies according to their
subcellular localization. One comprises proteins attached to
the cell surface by a GPI anchor, and the other comprises
secreted proteins (33). Lipid raft components, including GPI-
AP, can be isolated in DRM fraction because of the resis-
tance of lipid rafts to certain nonionic detergents, such as
Triton X-100 (21). Although there is consensus that DRMs do
not reflect lipid rafts on cell membranes (34), the presence of
molecules in the DRM fractions of cell extracts can be inter-
preted as a sign that they are preferred to partition into rafts in
living cells (35). In this study, by subcellular fractionation using
an OptiPrep density gradient, LYPD1 was isolated in DRMs.
Nevertheless, when the lipid rafts were disrupted by treatment
with MβCD, LYPD1 was shifted to the detergent-soluble
fractions. This result indicates the possibility of LYPD1
localization in lipid rafts of mDP cells. In this study, we
identified that the C terminus containing the omega site of
LYPD1 is critical for cell differentiation, suggesting that
LYPD1 plays a role as a GPI-AP in odontoblast differentiation.
GPI-anchored Ly6/urokinase-type plasminogen activator re-
ceptor proteins accumulate at lipid rafts on the cell surface and
interact with signaling molecules to modulate signaling (33). In
mice, this superfamily contains eight LYPD family molecules,
including Lypd2, Lypd4, and Lypd8, which are reported to
exhibit organ-specific expression (36, 37). We analyzed the
expression of LYPD family using scRNA-seq and found no
factors other than Lypd1 that were expressed specifically in the
tooth (Fig. S7). Although LYPD1 is a GPI-AP, few studies have
been reported regarding its role in organ development.

Herein, we confirmed the effect of lipid rafts on tooth
development using an ex vivo organ culture system with five
different lipid raft–targeting drugs. Among them, MβCD binds
strongly to cholesterol, is known to disrupt lipid raft struc-
tures, and is the most used cholesterol remover when
analyzing lipid rafts (38). Simvastatin is an inhibitor of the
rate-limiting enzyme HMG-CoA in the cholesterol biosyn-
thesis pathway and not only reduces the cholesterol present on
the plasma membrane but also inhibits cholesterol synthesis
via the intracellular cholesterol biosynthesis pathway (39).
Fumonisin B1 is a ceramide synthase inhibitor and blocks the
biosynthesis of sphingolipids, which are a critical component
of lipid rafts (40). Zaragozic acid A is an inhibitor of squalene
synthase in the cholesterol biosynthesis pathway (41), and
Error bars represent the mean ± SD. F, ALP staining of mDP cells on days 1, 3, a
panel). ALP, alkaline phosphatase; ns, nonsignificant.
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myriocin is an inhibitor of serine palmitoyl transferase and
affects sphingolipid biosynthesis (42). According to these re-
sults, all lipid raft–targeting drug-treated tooth germs showed
a decrease in the expression of LYPD1 and odontoblast dif-
ferentiation markers at both the RNA and protein levels.
Tooth development was hindered by either destroying lipid
rafts by removing cholesterol from them or inhibiting the
synthesis of cholesterol and sphingolipids (which are essential
components of lipid rafts). Therefore, we suggest that lipid
rafts may play an important role in tooth development.

Previously, we used bioinformatics tools, such as microarray
analysis, cap analysis of gene expression, or scRNA-seq, to
identify some molecules important for tooth development
(43–47). Transcriptome analysis, including scRNA-seq, is
commonly used for screening gene expression, and various
datasets obtained from the tooth germ have been deposited in
a repository (48–50). Although these studies identified many
candidates as novel marker genes for various dental cell types,
the roles of these marker genes have not been elucidated yet.
Krivanek et al. (50) reported that Foxd1 and Fgf3 are colo-
calized in the incisor dental pulp, which contains a stem cell
niche for dental mesenchymal lineage, near the inner enamel
epithelium. Surprisingly, Lypd1 was highly expressed in the
cluster of Foxd1+ cells in their scRNA-seq datasets. In this
study, microarray analysis indicated that the dental papilla
specifically expressed Lypd1. scRNA-seq analysis revealed that
Lypd1 was specifically expressed in the preodontoblast clus-
ters; this result was validated by ISH. These results prove that
Lypd1 is a novel preodontoblast marker and a functionally
essential gene for odontoblast differentiation. Furthermore, we
report the scRNA-seq atlas of E16 molar. This gene expression
profile would contribute to further characterization of the
early stages of the dental cell development process, especially
the gene expression signature of preodontoblasts.

During tooth morphogenesis, various signaling pathways,
such as BMP, Wnt, Notch, Fgf, and Shh, are activated (12).
BMP2 is one of the most significant growth factors that
mediate tooth development, particularly the differentiation of
odontoblasts (51, 52). BMP2 is expressed actively at the cap
stage and bell stage, and dentin sialophosphoprotein (DSPP) is
expressed at the secretory stage (24). BMP2 signaling is
delivered into cells via a heterotetrameric complex of serine/
threonine kinase-active type II and type I receptors. Smads are
phosphorylated and activated when BMP2 binds to BMPR
(53). Consistent with this result, we found that BMP2 induced
the expression of Alpl, and Dspp in mDP cells, while their
expression was reduced when Lypd1 was inhibited. In this
study, we determined that LYPD1 is involved in the phos-
phorylation of Smad1/5/8 by examining the phosphorylation
of signal cascade molecules, whereas lipid raft inhibition also
reduced the other signaling pathway. This also confirmed the
function of lipid rafts as a platform for signal transduction.
These results suggest that LYPD1 specifically regulates the
BMP2-Smad1/5/8 signaling pathway and may help induce
nd 5 after transfection with control siRNA (left panel) and Lypd1 siRNA (right



Figure 6. LYPD1 promotes odontoblast differentiation via the GPI structural domain. A, amino acid sequence of LYPD1. The N-terminal amino acids 1‒
20 were signal peptide (letters are shown in blue). GPI-anchor attachment site (omega site) was predicted at position 115:G (the letter indicated by the red
triangle) using big-PI Predictor (I.M.P. Bioinformatics). The C-terminal amino acids 115 to 141 were deleted in the truncated construct. B, domain structure of
wildtype (LYPD1-FL) and C-terminally truncated LYPD1 (LYPD1-ΔGPI). LYPD1-FL, full-length LYPD1; LYPD1-ΔGPI, with deletion of the C-terminal 115 to 141.
SP, signal peptide (blue section). C, mDP cells were transfected with mock-GFP (left panel), LYPD1-FL-GFP (middle panel), or LYPD1-ΔGPI-GFP (right panel) and
cultured for 48 h. Expression of GFP (green) and phalloidin (red) was detected by immunocytochemistry and visualized using a Zeiss LSM700 confocal laser
scanning microscope. Nuclei were stained with DAPI (blue). The white arrow solid line and yellow dotted line were used for measuring the length and area of
mDP cells, respectively. The scale bars represent 20 μm. D, the length, area, and cellular protrusions of mDP cells transfected with mock-GFP, LYPD1-FL-GFP,
or LYPD1-ΔGPI-GFP. Quantification was performed using the ImageJ software. ***p < 0.001. Error bars represent the mean ± SD. E, real-time quantitative RT-
PCR analysis of Lypd1, Panx3, and Dspp expression levels in mDP cells transfected with mock, LYPD1-FL, or LYPD1-ΔGPI and cultured for 48 h. **p < 0.01;
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Figure 7. Summary diagram of the effect of LYPD1 as a GPI-anchored protein during tooth development.Model of LYPD1 function as a GPI-anchored
protein in the differentiation of dental papilla cells to odontoblasts.

LYPD1 regulates odontoblast differentiation
odontoblast differentiation. However, it is unclear how Lypd1
is regulated during tooth development, and thus identifying
factors that regulate Lypd1 is our next challenge.

Morphological change is a unique characteristic of DPCs
during odontoblast differentiation. Once DPCs differentiate
into odontoblasts, they change their morphology; for example,
the polygonal cells become columnar and polarized, with long
dendritic processes (54). In this study, the morphological
change of odontoblasts was observed by inhibiting Lypd1 in
ex vivo organ culture system. To confirm this, we created
LYPD1-FL and LYPD1-ΔGPI constructs to analyze the func-
tion of LYPD1 as a GPI-AP. We found that cells over-
expressing LYPD1 showed morphological features similar to
those of odontoblasts, such as a columnar and polarized
morphology with long protrusions. In contrast, the
morphology of the cells transfected with the deletion construct
of the omega site did not change significantly compared with
the control, showing a fibroblast-like cell morphology with a
polygonal shape. Furthermore, we found that not LYPD1-
ΔGPI but LYPD1-FL promotes the differentiation of mDP
cells. These results suggest that LYPD1 as a GPI-AP mediates
odontoblast-like morphological changes and differentiation.

In summary, LYPD1 is specifically expressed in pre-
odontoblasts, and it plays a crucial role as a lipid raft
***p < 0.001. Error bars represent the mean ± SD. F, schematic representation
and Panx3 expression levels in LYPD1-FL-GFP- or LYPD1-ΔGPI-GFP-positive c
**p < 0.01; ***p < 0.001. Error bars represent the mean ± SD. GPI, glycosylph
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component in BMP-mediated odontoblast differentiation.
These findings uncover novel mechanisms in the dental papilla
differentiation process and suggest the importance of lipid
rafts during tooth development.

Experimental procedures

Animals

All animal experiments were performed in accordance with
Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines and were approved by the ethics committee of
Kyushu University Animal Experiment Center (protocol no.
A20-281-1), and all procedures were performed in accordance
with the relevant guidelines and regulations. For sampling,
pregnant mice were euthanized by medetomidine, midazolam,
and butorphanol intraperitoneal administration. The embryos
were dissected immediately.

Microarray analysis

Total RNA was extracted from the dental papilla and dental
follicle of the lower first molar of E14 ICR mice using TRIzol
reagent (Life Technologies) and purified using the RNeasy
Mini kit (Qiagen) according to the manufacturer’s protocol.
The Experion automated electrophoresis system (Bio-Rad) was
of cell-sorting procedures. G, real-time quantitative RT-PCR analysis of Lypd1
ells sorted from mDP cell suspensions using flow cytometry. ns, p > 0.05;
osphatidylinositol.
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used for examining the RNA quality; RNA quality indicator
values for dental papilla RNA and dental follicle RNA were
10.0 and 8.4, respectively. Labeling and array hybridization
were performed using standard protocols at the Research
Support Center of the Research Center for Human Disease
Modeling of Kyushu University. Gene expression profiles were
analyzed using a chip-based gene array (MouseWG-6 version
2, Illumina) and normalized in Genome Studio (Illumina).
Gene expression analyses were performed using Subio Plat-
form 1.18 (Subio).
scRNA-seq analysis

Tissue sample dissociation, single-cell library preparation,
and single-cell RNA-seq data analysis were performed as
described (55). The first molars of the lower mandible were
collected from the littermates of E16 Krt14-RFP mice.
Dissected molars were enzymatically processed with Accutase
(Sigma-Aldrich) for 30 min at 37 �C. Thereafter, the cells
obtained were resuspended in cold phosphate-buffered saline
(PBS) containing 0.04% bovine serum albumin (Sigma-
Aldrich). Single cells were isolated and a single-cell library was
generated using the Chromium Single Cell 30 Reagent Kit (10x
Genomics) according to the manufacturer’s protocol. As
described (55), the libraries were sequenced on a NextSeq 500
sequencer (Illumina). From the molars of E16 Krt14-RFP mice,
a total of 1905 cells were identified for subsequent clustering
evaluation. Data processing was performed using the 10x
Genomics Workflow (56). The Cell Ranger Single Cell Soft-
ware Suite v2. 1. 0 (10x Genomics) was used for demulti-
plexing, barcode assignment, and unique molecular identifier
quantification. Cells for which <200 genes were detected were
excluded from subsequent analysis. Cells with >10% unique
molecular identifiers mapped to mitochondrial genes were
defined as nonviable or apoptotic cells and were not included
in the analyses. Clustering and gene expression were visualized
using a Loupe Cell Browser v6 (10x Genomics). For visualizing
data in 2D space, the PCA-reduced data were projected onto
the t-Stochastic Neighbor Embedding plot. Clusters were
defined by the graph-based clustering algorithm. The p-values
were adjusted using the Benjamini–Hochberg correction for
multiple tests. Under the following conditions, we considered
genes to be differentially expressed: log2-fold change of >1.0
and p-value <0.1. Thereafter, clusters were labeled on the
basis of known dental cell marker genes observed in the top 20
upregulated DEGs between clusters. Heatmap analysis was
performed using the Loupe Cell Browser for the top 15
upregulated DEGs of the preodontoblast cluster.

For trajectory analysis, Monocle 3 software (19) was used
under R version 4.2.2. A total of 1905 cell datasets were used as
input, and the clustering was performed with a resolution of
0.003. For visualizing data in 2D space, the dataset was pre-
processed with PCA in dimension = 50, and uniform manifold
approximation and projection was used for reduction. The
command “learn_graph” was implemented in default setting,
and the root node was manually selected from the edge of the
DMSC cluster with the “order_cells” function.
In situ hybridization

ICR mouse heads (E14, E15, and E16) were fixed with 4%
paraformaldehyde in PBS for 8 h at 4 �C and then immersed in
gradient sucrose solutions in PBS for 12 to 24 h before being
inserted into the optimal cutting temperature compound
(Sakura Finetek). Sections (10 μm thick) were cut, and ISH was
performed using RNAscope 2.5 HD Assay-BROWN (ACD,
Cosmo Bio Co) according to the manufacturer’s guidelines.
After dehydration, the slides were treated with hydrogen
peroxide at 23 �C for 10 min for removing the endogenous
peroxidase contained in the tissues and incubated for 5 min at
102 �C with the target retrieval solution. After 30 min of
RNAscope Protease Plus treatment at 40 �C, the Lypd1 probe
was hybridized for 2 h at 40 �C. Following hybridization, the
slides were subjected to signal amplification, and hybridization
signals were detected using a cocktail of diaminobenzidine
solutions A and B (1:1). Finally, the slides were counterstained
with Carrazi’s hematoxylin (Muto Pure Chemicals Co), visu-
alized, and photographed with a KEYENCE BZ-X800.

Cell culture and transfection

mDP cells were cultured in Dulbecco’s modified Eagle’s
medium/F-12, supplemented with 10% fetal bovine serum
(Gibco/Life Technologies) and 1% penicillin/streptomycin
(Gibco/Life Technologies) at 37 �C in a 5% CO2 humidified
atmosphere. For depletion experiments of lipid rafts, mDP
cells were treated with MβCD (0 mM, 1 mM, Sigma-Aldrich)
for 48 h. LYPD1 expression vector or siRNA against Lypd1 was
transfected into mDP cells using a Neon Transfection System
(Invitrogen) according to the manufacturer’s protocol. For
gene silencing, Lypd1 SMARTpool siRNA was used (Dhar-
macon RNA Technologies). The SMARTpool is a mixture of
four distinct siRNAs targeting the same gene. Targeted se-
quences of Lypd1 used for RNA interference have been pro-
vided in Table S4. For the differentiation assay, the cells were
cultured with 200 ng/ml recombinant human bone morpho-
genetic protein 2 (rhBMP2, Wako) for 3 days.

Isolation of DRMs

After 2 days of incubation, mDP cells treated with or
without MβCD were homogenized in lysis buffer (25 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 5 mM EDTA, 5 mM
dithiothreitol) supplemented with a 1% protease inhibitor
(PI) mixture and 1 mM phenylmethylsulfonyl fluoride
(PMSF). The homogenate was then centrifuged at 1000g for
10 min. Subsequently, the supernatant was adjusted with 1%
Triton X-100 and incubated on ice for 30 min. Gradients
were prepared by mixing 1 ml of the solubilized sample with
2 ml of OptiPrep stock (60%) (1893, SEW) and overlaying
with 5 ml of 30% OptiPrep (in lysis buffer+PI+PMSF) and
5 ml of 5% OptiPrep. The gradients were ultracentrifuged at
160,000g for 4 h at 4 �C (HITACHI himac CP80NX; P40ST
rotor), after which ten fractions were collected from the top
of the gradient. Trichloroacetic acid/acetone precipitation
was used for protein purification and processed for Western
blotting.
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Ex vivo organ cultures

Tooth germs from mandibular molars dissected from E15
mouse embryos were seeded into cell culture inserts (Corning)
and grown using an air–liquid interface culture technique in
Dulbecco’s modified Eagle’s medium/F-12 supplemented with
20% fetal bovine serum, 180 μg/ml ascorbic acid, 2 mM l-
glutamine, and 50 U/ml penicillin/streptomycin at 37 �C in a
humidified atmosphere of 5% CO2 for 7 days, as described (57).
For siRNA-mediated knockdown, tooth germs were trans-
fected with Lypd1 siRNA (Dharmacon) or control siRNA
(Dharmacon) at a concentration of 500 nM using Lipofect-
amine 3000 reagent, according to the manufacturer’s protocol.
To investigate the role of lipid rafts in tooth development, the
lipid raft–targeting drugs MβCD (1 mM, Sigma-Aldrich),
simvastatin (1 μM, Wako), and fumonisin B1 (40 μM, Wako)
were added to the organ culture medium, which was replaced
every 2 days. To evaluate tooth differentiation, 7-day cultured
E15 tooth germs treated with siRNA or lipid raft–targeting
drugs were harvested and the expression of dental mesen-
chymal differentiation marker genes was examined.

RNA isolation and qRT-PCR analysis

Tissue samples (tooth, brain, eye, colon, heart, kidney, liver,
lung, skin, and stomach) were dissected from E16 ICR mouse
embryos. Mandibular molar tooth germs were dissected at
each developmental stage (E12, E13, E14, E15, E16, E18), P1,
P3, and P7. E16 tooth germs were treated with type I colla-
genase (246 U/ml) at 4 �C for 90 min for separating the
epithelium and mesenchyme. Total RNA was extracted from
these tissue samples and cultured cells using TRIzol reagent
and purified using the RNeasy Mini Kit. Using SuperScript III
reverse transcriptase reagent (Invitrogen) and random hex-
amers (Invitrogen), 2 μg of total RNA was used for synthe-
sizing complementary DNA (cDNA), which was used as a
template for qRT-PCR with specific forward and reverse
primers listed in Table S5. The expression levels of each gene
were normalized to that of Gapdh. qRT-PCR reactions were
performed using iQ SYBR Green Supermix (Bio-Rad) and the
CFX Connect Real-Time PCR detection system (Bio-Rad). The
mRNA levels were compared with that of Gapdh using the
ΔΔCt method.

Western blot analysis

After being transfected with siRNA or treated with lipid
raft–targeting drugs, the total proteins of mDP cells or 7-day
cultured E15 tooth germs were dissolved in CelLytic M or
CelLytic MT (Sigma-Aldrich) buffers supplemented with a 1%
PI mixture and 1 mM PMSF. The lysates were centrifuged at
12,000 rpm for 10 min, and the protein concentration of each
sample was measured by the Pierce BCA Protein Assay kit
(Thermo Scientific). After denaturation at 70 �C for 10 min,
10 μg of protein from each sample was subjected to 4 to 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(NuPAGE, Invitrogen). Subsequently, the proteins were
blotted onto a PVDF membrane (Invitrogen) and analyzed by
Western blotting. The membranes were blocked with Blocking
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One-P (Nacalai Tesque) for 10 min and immunoblotted with
antibodies listed in Table S6. The signals were visualized using
an ECL kit (Thermo Scientific) and the ImageQuant 800 sys-
tem (GE Healthcare).

Alkaline phosphatase assay

mDP cells transferred with control siRNA and Lypd1 siRNA
were seeded and cultured for 5 days. On days 1, 3, and 5 after
transfection, cell differentiation ability was measured using a
TRACP and ALP Assay Kit (Takara Bio). The absorbance at
405 nm for Alp activity was detected using an iMark micro-
plate reader. In addition, Alp staining was performed using the
TRACP and ALP double-stain kit (Takara Bio). The cells were
washed with PBS, and 5-bromo-4-chloro-3-indolyl phosphate/
nitroblue tetrazolium liquid substrate was added to each well,
followed by a 25-min incubation in the dark at 37 �C. Alpl-
positive cells appeared dark purple when visualized under a
light microscope. The images were captured using a KEY-
ENCE BZ-X800.

Construction of expression vector

LYPD1 expression vectors were constructed using a
Gateway cloning system (Invitrogen) according to the manu-
facturer’s protocol. Briefly, the coding sequences of mouse
LYPD1 without a stop codon were cloned into a pENTR/D-
TOPO entry vector. cDNA was prepared from E16 brain
mRNA by reverse transcription PCR, and the sequences were
confirmed by DNA sequencing. The primers listed in Table S4
were used. Expression vectors were cloned via an LR recom-
bination reaction between the entry clone and destination
vectors (Vivid ColorspcDNA6.2/C-EmGFP-DEST and
pcDNA-DEST40, respectively) (Invitrogen) and subsequently
tagged with Em-GFP and V5-His, respectively. All EmGFP
appearing in this paper were abbreviated to GFP.

Immunofluorescence staining

After 7 days of culture, E15 tooth germs transfected with
control and Lypd1 siRNA were frozen in optimal cutting
temperature compound (4583; Sakura) at −80 �C and then cut
into frozen sections of 10 μm thickness. mDP cells were
transfected with mock-EGFP, LYPD1-FL-EmGFP, and
LYPD1-ΔGPI-EmGFP using a Neon Transfection System and
subsequently seeded in a 4-well chamber at a density of 8 ×
104 cells/well. Frozen sections and mDP cells were fixed with
4% PFA and permeabilized with 0.05% Triton X-100 in PBS.
Primary antibody and secondary antibodies are listed in
Table S5. The nuclei were visualized using DAPI. The fluo-
rescence signal was captured under a confocal laser scanning
microscope (LSM700, Carl Zeiss). The cell size and cellular
protrusions of each group were calculated using the ImageJ
software (version 1.53a, National Institute of Health).

Flow cytometry and cell sorting

For flow cytometry and cell sorting, 48 h following trans-
fection with LYPD1-FL-EmGFP or LYPD1-ΔGPI-EmGFP,
mDP cells were harvested and resuspended in 500 μl of PBS
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containing 1% bovine serum albumin (5 × 106 cells/ml). The
dissociated cells were subjected to flow cytometry and cell
sorting using the FACSAria Fusion (BD Biosciences) with a
laser of 488 nm for excitation. Small debris was removed by
gating in the forward scatter (FSC)/side scatter (SSC) axis, and
the doublets were gated out using the axes of FSC-A/FSC-W
and SSC-A/SSC-W. In the experiments, 20,000 events were
recorded at a rate of approximately 1000 events per second.
During measurement, the collected fluorescence data were
visualized using the FACS Diva software (BD Biosciences,
ver.8). GFP-expressing cells were sorted from the mDP cell
suspensions and immediately subjected to RNA isolation and
qRT-PCR. At least 50,000 events were acquired for each
sample.

Statistical analysis

Each experiment was repeated at least three times to
confirm reproducibility. Statistical analysis for each exper-
iment is described in the figure legends. Differences be-
tween two groups of data were analyzed via two-tailed
unpaired Student’s t tests. One-way ANOVA analysis of
variance and Tukey’s multiple-comparison test were used
for quantification between multiple groups. All statistical
analyses were performed using GraphPad Prism 9.3.1, and
p-values less than 0.05 were considered to indicate statis-
tical significance.

Data availability

The datasets generated and/or analyzed during the current
study are available in the NCBI GEO: GSE206135.
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Figure S1. The representative known marker genes for classification. Expression of known marker

genes for dental cell types is projected onto the t-SNE plot (upper panel) and violin plot (lower panel).
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Figure S2. The representative known marker genes for classification using Monocle 3.

Expression of known marker genes for dental cell types is projected onto the UMAP plot.
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Figure S3. Silencing of Lypd1 expression using small interfering RNAs (siRNAs). (A) The relative levels
of Lypd1 mRNA in mDP cells transfected with control siRNA and Lypd1 siRNAs for 24 h. (B) The
relative levels of Dspp mRNA in mDP cells transfected with control siRNA and Lypd1 siRNAs for 72 h.
***, P <0.001, compared to the control siRNA group. Error bars represent the mean± S.D.
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Figure S4. The result of qRT-PCR analysis and Western blotting on dental mesenchymal differentiation
marker genes in E15 tooth germs treated with zaragozic acid A or myriocin. (A and B, left) qRT-PCR
analysis of E15 tooth germs treated with DMSO, 40 μM zaragozic acid A, or 25 μM myriocin and
cultured for 7 days. The expressions of Lypd1, Panx3, Alpl, and Dspp were normalized to Gapdh mRNA
expression. *, P <0.05; **, P <0.01; ***, P <0.001. Error bars represent the mean± S.D. (A and B, right)
Western blotting results of LYPD1, PANX3, ALPL, DSPP, and GAPDH in E15 tooth germs treated with
DMSO, 40 μM zaragozic acid A, or 25 μM myriocin after 7 days of culture. GAPDH was used as the
internal control.
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Figure S5. The result of Western blotting on dental mesenchymal differentiation marker genes

in mDP cells treated with MβCD. Western blotting results of LYPD1, PANX3, ALPL, DSPP, and

GAPDH in mDP cells treated with 0 mM or 1 mM MβCD cultured for 48 h. GAPDH was used

as the internal control.
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Figure S6. Western blotting results of BMP2-induced Smad1/5/8 phosphorylation in mDP cells
transfected with mock-V5, LYPD1-FL-V5, or LYPD1-ΔGPI-V5. After 48 h of transfection with
mock-V5, LYPD1-FL-V5, or LYPD1-ΔGPI-V5, mDP cells were stimulated with 200 ng/mL
BMP2 for 0, 5, 15, and 30 min. Protein extractions were analyzed by western blotting using anti-
phospho-Smad1/5/8, anti-Smad1, anti-Id1, anti-LYPD1, and anti-GAPDH antibodies. GAPDH
was used as the internal control.
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Figure S7. The expression of LYPD family molecules. Expression of the LYPD family projected    
onto the t-SNE plot.



Table S1. List of top genes from microarray analysis.

dental papilla specific genes dental follicle specific genes

Gene log2 FC Gene log2 FC

Egr3 3.4294799 scl0001849.1_2273 -2.1597871

Dlx1as 3.41258171 Ifitm5 -2.1806923

Crym 3.21380327 F13a1 -2.2228545

Gldn 3.16331449 Col17a1 -2.237549

Nptx2 3.02911848 Meis2 -2.2483591

Egr2 2.86945201 Gdf10 -2.2636838

Etv4 2.86150295 2610016A17Rik -2.3458507

Amn 2.61352441 Chodl -2.4108479

Pde1b 2.53347538 Cntn6 -2.4782101

Hs3st6 2.50566058 Dmrta2 -2.5275365

Enpp1 2.46353513 Krt15 -2.6430633

Syn1 2.41664882

Dlx3 2.37899683

Hs3st3b1 2.22015159

Rspo2 2.17785033

Spp1 2.16550735

S100a8 2.11296218

Meox1 2.11119714

Igfbp3 2.08298436

Thy1 2.08089496

3830431G21Rik 2.07782256

Fibcd1 2.06959112

Lypd1 2.06182423

LOC669420 1.99785314

Egr1 1.93691849

Sp6 1.93566062



Table S2. scRNA-seq quality control.

E16 molar

Number of cells captured 1,905

Mean reads per cell 110,782

Mean genes per cell 2,903

Sequencing saturation(%) 76.4



Table S3. List of top 20 DEGs for each cluster.

Gene Cluster Log2 FC p-value Gene Cluster Log2 FC p-value
Fgf3 Preodontoblast 8.0 4.24E-52 Mfap5 DMSC 5.7 5.04E-20

Smpd3 Preodontoblast 6.2 1.18E-54 Clec3b DMSC 5.1 2.88E-31

Dlx6os1 Preodontoblast 5.8 1.81E-49 Dpt DMSC 5.0 1.04E-29
Lmo1 Preodontoblast 5.3 3.40E-41 Kera DMSC 4.6 3.62E-17

Plppr1 Preodontoblast 5.2 8.91E-39 Agtr2 DMSC 4.5 1.73E-33
Lypd1 Preodontoblast 5.0 3.55E-27 Col14a1 DMSC 4.1 4.48E-25

Dlx4 Preodontoblast 5.0 3.55E-27 Gdf10 DMSC 4.0 4.48E-25
Dkk1 Preodontoblast 4.9 3.90E-19 Angptl1 DMSC 4.0 2.49E-27

Tac1 Preodontoblast 4.9 3.41E-14 Fibin DMSC 3.9 1.38E-13
Hs3st6 Preodontoblast 4.9 1.46E-32 Dlk1 DMSC 3.8 1.38E-13

Plac8 Preodontoblast 4.8 1.52E-16 AW551984 DMSC 3.7 1.28E-18
Rspo2 Preodontoblast 4.7 8.43E-29 Adam33 DMSC 3.6 7.74E-22

Wif1 Preodontoblast 4.5 8.43E-29 Eln DMSC 3.6 1.38E-13
Vegfd Preodontoblast 4.4 1.30E-21 Nr2f1 DMSC 3.6 1.09E-18

Sp9 Preodontoblast 4.4 7.67E-23 Osr1 DMSC 3.5 7.74E-22
C1ql1 Preodontoblast 4.1 5.63E-20 Mgp DMSC 3.4 1.38E-13

Wnt10a Preodontoblast 4.0 8.89E-18 Htra1 DMSC 3.4 1.89E-17
Bmp4 Preodontoblast 3.9 1.21E-22 1500015O10Rik DMSC 3.4 8.09E-12

Tril Preodontoblast 3.7 9.83E-14 Meox2 DMSC 3.3 1.41E-13

Dlx3 Preodontoblast 3.7 1.25E-17 9430076C15Rik DMSC 3.3 1.09E-18
Mxd3 MTAC 3.8 1.43E-15 Pappa2 Dental Follicle 3.0 2.05E-10

Kif23 MTAC 3.7 1.67E-15 Cntn6 Dental Follicle 2.9 1.34E-08
Cdkn2c MTAC 3.6 5.66E-15 Omd Dental Follicle 2.9 3.98E-08

Ckap2l MTAC 3.4 3.86E-14 Chodl Dental Follicle 2.9 2.57E-10
Spc25 MTAC 3.4 2.89E-14 Calca Dental Follicle 2.7 1.37E-04

Prc1 MTAC 3.3 2.98E-13 Sema3a Dental Follicle 2.7 1.08E-08
Ckap2 MTAC 3.3 3.12E-13 Alcam Dental Follicle 2.7 3.29E-09

Hmmr MTAC 3.3 2.96E-12 Aspn Dental Follicle 2.5 2.16E-07
Top2a MTAC 3.2 3.65E-13 Dkk2 Dental Follicle 2.5 5.23E-07

Aurkb MTAC 3.2 7.47E-12 Crlf1 Dental Follicle 2.5 8.47E-08
Mis18bp1 MTAC 3.1 1.20E-11 Lum Dental Follicle 2.4 1.12E-07

Fam64a MTAC 3.1 4.34E-11 C1qtnf3 Dental Follicle 2.4 2.60E-06
Ccna2 MTAC 3.0 1.11E-11 Ibsp Dental Follicle 2.4 3.15E-02

Tk1 MTAC 3.0 1.94E-11 Fbln2 Dental Follicle 2.3 4.61E-07
Hjurp MTAC 3.0 1.64E-11 Rspo3 Dental Follicle 2.3 1.01E-05

Aurka MTAC 3.0 5.31E-10 Apod Dental Follicle 2.3 5.65E-06
Racgap1 MTAC 3.0 4.84E-11 Tfap2b Dental Follicle 2.3 3.49E-06

Nusap1 MTAC 3.0 1.12E-10 Fosl2 Dental Follicle 2.3 3.76E-06
Cenpf MTAC 2.9 6.48E-10 Col8a1 Dental Follicle 2.2 1.94E-05

Ccnb1 MTAC 2.9 1.47E-09 Matn4 Dental Follicle 2.1 4.15E-04



Table S3. continued 

Gene Cluster Log2 FC p-value Gene Cluster Log2 FC p-value
Mmp13 Dental Pulp 5.1 3.35E-24 Myog Leukocyte 9.7 3.32E-22

Pdzrn4 Dental Pulp 4.4 6.47E-24 Cma1 Leukocyte 9.0 1.34E-05
Pcp4 Dental Pulp 3.5 6.75E-15 Ccl9 Leukocyte 8.8 9.20E-18

Gpx3 Dental Pulp 3.5 1.50E-17 Ctss Leukocyte 8.6 7.19E-38
Aldh1a2 Dental Pulp 3.3 2.72E-18 Myod1 Leukocyte 8.6 3.48E-34

Tnc Dental Pulp 3.2 3.15E-15 C1qa Leukocyte 8.5 2.23E-29
Rasl11a Dental Pulp 3.1 1.91E-14 Actc1 Leukocyte 8.4 1.44E-26

Socs3 Dental Pulp 3.0 1.42E-13 C1qc Leukocyte 8.0 1.23E-28
9130024F11Rik Dental Pulp 3.0 3.89E-15 Tyrobp Leukocyte 7.9 4.88E-52

Mafb Dental Pulp 2.9 5.23E-15 Ms4a6c Leukocyte 7.9 1.35E-34
Cebpd Dental Pulp 2.8 1.42E-13 C1qb Leukocyte 7.7 3.00E-27

Kctd12 Dental Pulp 2.8 1.42E-13 Clec4a2 Leukocyte 7.7 1.05E-38
Clec11a Dental Pulp 2.7 4.02E-14 Spi1 Leukocyte 7.7 1.19E-47

S100b Dental Pulp 2.7 1.51E-11 Csf1r Leukocyte 7.6 3.76E-34
Ncam1 Dental Pulp 2.6 1.42E-13 Fcer1g Leukocyte 7.3 7.26E-44

Btg2 Dental Pulp 2.6 6.67E-12 Laptm5 Leukocyte 7.2 1.04E-41
Alpl Dental Pulp 2.6 4.07E-12 Rac2 Leukocyte 7.2 1.79E-41

1190002N15Rik Dental Pulp 2.5 3.82E-12 Cldn5 Leukocyte 7.0 5.87E-17
Maf Dental Pulp 2.5 5.69E-12 Gmfg Leukocyte 6.8 4.95E-38

Fgfr2 Dental Pulp 2.5 8.47E-11 Ccl21a Leukocyte 6.5 2.26E-03
Igfbpl1 Dental Epithelium 9.8 7.26E-35 Alas2 Erythrocyte 7.5 2.10E-99

Shh Dental Epithelium 9.8 1.17E-49 Hba-a2 Erythrocyte 7.3 7.21E-16
Dsc3 Dental Epithelium 8.8 4.68E-51 Hbb-bt Erythrocyte 7.2 7.21E-16

Dmkn Dental Epithelium 8.6 3.60E-09 Gypa Erythrocyte 7.2 2.94E-59
4631405K08Rik Dental Epithelium 8.6 1.58E-44 Hba-a1 Erythrocyte 7.1 7.21E-16

Nkx2-3 Dental Epithelium 8.2 2.20E-42 Hbb-bs Erythrocyte 6.8 7.21E-16
Epcam Dental Epithelium 8.1 3.08E-59 Snca Erythrocyte 5.7 4.60E-61

Trp63 Dental Epithelium 8.0 8.82E-51 Slc25a37 Erythrocyte 4.9 4.88E-51
tg_DsRed Dental Epithelium 7.7 4.14E-59 Mkrn1 Erythrocyte 4.6 1.10E-50

Krt14 Dental Epithelium 7.3 4.80E-48 Fam46c Erythrocyte 4.6 8.64E-43
Vwa2 Dental Epithelium 7.1 2.69E-46 Pnpo Erythrocyte 4.4 4.42E-39

Cyp26a1 Dental Epithelium 7.0 6.38E-33 Fech Erythrocyte 4.2 4.92E-44
Krt17 Dental Epithelium 7.0 2.17E-44 Bpgm Erythrocyte 3.7 4.04E-34

Dsp Dental Epithelium 6.8 7.88E-32 Ube2l6 Erythrocyte 3.0 1.04E-24
Sp6 Dental Epithelium 6.7 3.45E-45 March2 Erythrocyte 2.2 3.87E-15

Sfn Dental Epithelium 6.6 5.56E-24 Fam220a Erythrocyte 2.0 4.56E-13
Krt5 Dental Epithelium 6.2 2.97E-23 Bnip3l Erythrocyte 1.3 1.02E-05

Spint2 Dental Epithelium 6.0 1.45E-44 Blvrb Erythrocyte 1.2 2.53E-05
Mpped1 Dental Epithelium 5.9 2.68E-37 Prdx2 Erythrocyte 0.8 5.14E-03

Perp Dental Epithelium 5.9 6.25E-30 Car2 Erythrocyte 0.8 2.62E-02



Table S4. Lypd1 target sequences used for RNA interference.

Fragment Lypd1 target sequences

Lypd1 #1 siRNA GGGAUCAUGUACCGGAAGU

Lypd1 #2 siRNA GCUGAGAGGACACGUUGUA

Lypd1 #3 siRNA CCUUUCAAGUAACGCAAGA

Lypd1 #4 siRNA GCUCUGUGCUUGUCGGCUU



Table S5. Primer sequences used in this study.

Gene Forward Reverse Product size Purpose

Gapdh 5′-ggagcgagaccccactaacatc-3′ 5′-ctcgtggttcacacccatcac-3′ 181 qRT-PCR

Lypd1 5′-caaagtgctgggatcatgtacc-3′ 5′-tggaagaacaggagagtggtg-3′ 218 qRT-PCR

Panx3 5′-cttacaaccgttccatccgc-3′ 5′-caggtaccgctctagcaagg-3′ 140 qRT-PCR

Alpl 5′-tcaggatgagactcccagga-3′ 5′-gtgtgtgtgtgtgtcctgtc-3′ 101 qRT-PCR

Dspp 5′-catgaaacgacgcctcagag-3′ 5′-catcctcctctaccccgttc-3′ 133 qRT-PCR

Lypd1-FL 5'-caccatgtgggttctcggcatc-3' 5'- gcagtgtgccaagcagagggctaagtg -3' Construction of Expression Vector

Lypd1-ΔGPI 5'-caccatgtgggttctcggcatc-3' 5'- tctcttcttgggcctcggcccattgcaaa -3' Construction of Expression Vector



Table S6. Antibodies used in this study.

Antibody Purpose Dilution Provider Catalog Number

Anti-LYPD1 Western blotting 1:500 LSBio LS-C179169

Anti-PANX3 Western blotting 1:500 Invitrogen 433270

Anti-DSPP Western blotting 1:500 Kerafast NH083-FP

Anti-ALPL Western blotting & 
Immunostaining 1:500 Bio-techne AF2910

Anti-P-smad1/5/8 Western blotting 1:500 Cell Signaling Technology 9511

Anti-Smad1 Western blotting 1:500 Cell Signaling Technology 6944

Anti-P-Smad2 Western blotting 1:500 Cell Signaling Technology 3108

Anti-P-Smad3 Western blotting 1:500 Cell Signaling Technology 9520

Anti-Smad2 Western blotting 1:500 Cell Signaling Technology 5339P

Anti-Smad2/3 Western blotting 1:500 Cell Signaling Technology 8685

Anti-P-Akt Western blotting 1:500 Cell Signaling Technology 2965

Anti-Akt Western blotting 1:500 Cell Signaling Technology 4691

Anti-P-β-Catenin Western blotting 1:500 Cell Signaling Technology 4176P

Anti-β-Catenin Western blotting 1:500 Cell Signaling Technology 8480

Anti-Id1 Western blotting 1:500 Santa Cruz sc-133104

Anti-GAPDH Western blotting 1:500 Cell Signaling Technology 5174

Horseradish peroxidase-
conjugated goat anti-rabbit IgG Western blotting 1:1000 Cell Signaling Technology 81-1620

horseradish peroxidase-
conjugated rabbit anti-goat IgG Western blotting 1:1000 Invitrogen 7074P2

Anti -Vimentin Immunostaining 1:500 Santa Cruz sc-7557-R

Anti-GFP Immunostaining 1:500 Cell Signaling Technology 2955S

Alexa fluor 488 donkey anti-
rabbit IgG Immunostaining 1:500 Invitrogen A21206

Alexa fluor 488 donkey anti-goat 
IgG Immunostaining 1:500 Invitrogen A11055

Alexa fluor 594 donkey anti-
rabbit IgG Immunostaining 1:500 Invitrogen A21207

Phalloidin-iFlour 594 reagent Immunostaining 1:1000 Abcam ab176757
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