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[Abstract] Objective To investigate the impact of activin receptor type-1 (ACVR1) on odontoblastic differentiation
and dentin formation based on single-cell RNA sequencing. Methods A correlation analysis of ACVRI with

(75 BH#I] 2026-01-26; [1&[E AH#A] 2026-03-30

(E£TB] R A RRHAE 4 H (82370936)

[fEE® ] RAOL, W -LHISEE , Email: sysong23@mails.jlu.edu.cn

[BEEE] IVER, FATE, 1, Email: hesun@jlu.edu.cn; X B, EAEEH, -+, Email: glliu@jlu.edu.cn


https://dx.doi.org/10.12016/j.issn.2096-1456.202660042
https://dx.doi.org/10.12016/j.issn.2096-1456.202660042
mailto:E-mail:hcsun@jlu.edu.cn
mailto:E-mail:qlliu@jlu.edu.cn
mailto:E-mail:sysong23@mails.jlu.edu.cn
mailto:E-mail:hcsun@jlu.edu.cn
mailto:E-mail:qlliu@jlu.edu.cn

AERFRE 20265E7RH 345 HF7H

Journal of Prevention and Treatment for Stomatological Diseases, Jul. 2026,Vol.34 No.7 https://www.kqjbfz.com

© 643 -

Méﬁéﬂﬁﬁhﬂ: 23

odontogenesis-related transcription factors was performed using single-cell data from healthy wild-type adult mouse inci-
sors obtained from the Gene Expression Omnibus database (GSE146123). This experiment was approved by the Institu-
tional Animal Care and Use Committee of the affiliated institution. Conditional knockout mice with ACVR1 deleted in
the dental mesenchyme were generated using the Cre-LoxP system (experimental group: Osterix-Cre; ACVR1™", control
group: Osterix-Cre; ACVR1""). Dental pulp tissue was extracted from the incisors of 3-week-old mice to prepare single-
cell suspensions for 10 X Genomics single-cell transcriptome sequencing. Quality control, normalization, dimensionality
reduction, and Harmony batch effect correction were performed using the Seurat pipeline, followed by UMAP dimen-
sionality reduction visualization and cell subpopulation identification. Monocle was used for pseudotime analysis to
infer cell differentiation trajectories, and changes in transcription factors positively correlated with ACVR1 were ana-
lyzed at the single-cell data level. Immunofluorescence staining was employed to validate the localization and expres-
sion changes of the key transcription factor Osterix and the odontoblast-specific protein DSPP. Results Sp7/Osterix is
widely expressed in the incisor mesenchyme of mice (GSE146123). Using Osterix-Cre, ACVR1 was effectively knocked
out in the mesenchyme. Gene correlation analysis between ACVR1 and key odontogenic genes showed positive correla-
tions between ACVR1 and genes such as Msx1, Msx2, and Sp7. Single-cell atlases of incisor dental pulp tissue from
“Osterix-Cre; ACVRI™ 7 and “Osterix-Cre; ACVR1™"” mice were then constructed. The most significant increase in
the proportion of pre-odontoblasts was in the experimental group, along with downregulated expression of key genes re-
lated to odontoblastic differentiation and polarization in this subpopulation. Differential gene enrichment analysis across
all mesenchymal subpopulations indicated downregulated expression of most genes associated with dentin formation. Fi-
nally, as observed through single-cell differential gene analysis, pseudotime expression analysis, and immunofluores-
cence validation, the expression of Sp7 and DSPP were significantly downregulated in the experimental group. Conclu-
sion The ACVRI gene may promote odontoblastic differentiation and subsequently affect dentin formation through
transcription factors such as Sp7, Msx1, and Msx2.
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t-SNE visualization of incisor mesenchyme cells
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e Visualization of Sp7 expression across different subpopulations of wild—type mouse incisor mesenchymal cells
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The data for this study was derived from the Gene Expression Omnibus (GEO) database (https://www. ncbi. nlm. nih. gov/geo/; dataset ID:
GSE146123). a: t-distributed stochastic neighbor embedding (t-SNE) analysis identified six distinct subpopulations within the mouse incisor mesen-
chymal cells; b-c: Sp7 was broadly expressed across all mesenchymal subpopulations in the mouse incisors. The intensity of red color represents
the level of Sp7 expression

Figure 1  Expression pattern of Sp7 in the mesenchymal cells of the adult mouse incisors
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e Correlation heatmap between ACVR1 and

odontogenesis-related transcription factors
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The data used in this study comes from the Gene Expression Omnibus database (https://www.ncbi. nlm. NIH. gov/go/), dataset ID: GSE146123. a:

correlation analysis was performed between ACVR1 and odontogenic genes using single-cell RNA-seq data (GSE146123) from mouse incisor mes-

enchymal cells; b: top 25 odontogenic genes showing statistically significant correlations with ACVR1 (*P < 0.05; *#P < 0.01; ***P < 0.001); c:

co-expression analysis revealed a positive correlation between ACVR1 and Sp7, a key transcription factor for odontoblastic differentiation; d: top

10 signaling pathways closely associated with ACVR1, including pathways implicated in odontoblastic differentiation

Figure 2 Correlation analysis of ACVR1 with key odontogenic genes

2 ACVRI1 5 HE U 3 5 4 AR e 20 A7

2.4 Osterix-Cre; ACVRI %M K B 3 /s RO
AL o 18] 7R 4 B R K AR R 6 RO T AL

Shy A T VTAG ) 5 J5T 48 B fY) R IR 3R G R A, AR
S F S5 e 2H 5 0k B 2 [A] g 5T 40 i R S 2R AR BB
AR G 1 R 45 R R AT TR R R A T A (A
5a)c X AR 22 7R IR L 4T Gene Ontology
(CellDatase ) & £ 7341, & 30 4 7 I 45 i 2F A
JBT 240 L A B AR TSR 0 A ) 2 3 7R 5 {5 08
#% (151 5b) .

HE— 20 ARSI A Sa IS R PRI T
ACVRI B IEAR S K HE L [N, A0 4% Msx1 51 DR 5
X Y HE 8 H 9 (sex determining region Y-box 9,
Sox9) . Twist Z¢ J B P4 12 JiE - BF - R i % s A 7 1
(twist family bHLH transcription factor 1, Twistl W
XSO I S [N A2 2 e 1 o R v X Tl 7 i 44 )
L2 G B T AT UL S DR R R L B 2%
SRR AT (K1 6) , S IR 3ok 6 B R 7 S 56 2 v ) 2
KK A



© 648 -

OB & s B g

2026 E7 A %345 F1H

Journal of Prevention and Treatment for Stomatological Diseases, Jul. 2026,Vol.34 No.7 https://www.kqjbfz.com

()

) MSCs
® Immune
. Myeloid
Endothelial
® Epithelial
Cﬂa
® Erythrocytes

-10

Control

o 5
g 0 £
=) -5 e
-10
-10 -5 O 5 10
Umap_1
ACVRI1
15
10
N 5
g 0
£ s
-10
-10 -5 0 5 10
Umap_1

® MSCs

@ Immune

® Myeloid
Fndolhehal

@ Epithelial

® Gﬁ)ia

® Erythrocytes

Features

Hba-a2
Hbb-bt
Sox10
Plpl . . " ‘
Krt5 i o L]
Krt14 : : : ¢
Cd34
Cdh5

@ o

Apoe
Ly86
Cer2
Strp2

Tne

Percent expressed
.25
® 50
®75
® 100

Average expression
2

.,

Sp7
< 3
ks Group
g 2 Control
B Experiment
2 |
£
g
&0
P & N > D X &
¥ & & & & ¢ ¢
W ¥ ~ N dx\“
. <
Identity
ACVRI
)
E) 2 Group
g Control
E Experiment
3
&0
> & -d D> D o >
&Q é&&‘ @@ x@\‘& . \&\& & oo*.\ :
& ~ @P\ Q)é N
0 ({)d
Identity

This study used the Cre Loxp system to construct an ACVR1 conditional knockout mouse model. Experiment group: Osterix Cre; ACVR1™ mice,

con trol group: Osterix Cre; ACVR1™*

mice. All mouse strains are C57BL/6], sourced from Yuji Mishina Laboratory at the School of Dentistry,

University of Michigan, USA. a-c: single-cell transcriptomic atlas of dental pulp tissues from the experiment and control group; d-e: expression of

ACVRI in the control group vs. experiment group, showing significant downregulation in the mesenchymal cells of the experiment group.d: immu-

nofluorescence staining

Figure 3 Mesenchymal single-cell atlas in Osterix-Cre; ACVR1 conditional knockout mice
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1% mice,

con trol group: Osterix Cre; ACVR1™* mice. All mouse strains are C57BL/6], sourced from Yuji Mishina Laboratory at the School of Dentistry,

University of Michigan, USA. a-b: re-clustering of the mesenchymal cell population from (Figure 3a) the 10 identified distinct mesenchymal sub-

populations; c: analysis of cellular proportion changes across subpopulations revealed the most pronounced expansion of the pre odontoblast cluster

in the experiment group. d: heatmap of differentially expressed genes related to odontoblastic differentiation in pre odontoblasts. e: downregulation

of genes associated with odontoblastic differentiation and polarization, such as Sp7 and Cdc42, in the pre odontoblasts of the experiment group
Figure 4 Mesenchymal single-cell subpopulation dynamics in Osterix-Cre; ACVR1 conditional knockout mice
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This study used the Cre Loxp system to construct an ACVR1 conditional knockout mouse model. Experiment group: Osterix Cre; ACVR1™ mice,
con trol group: Osterix Cre; ACVR1™* mice. All mouse strains are C57BL/6], sourced from Yuji Mishina Laboratory at the School of Dentistry,
University of Michigan, USA. a: heatmap showing the top 30 differentially expressed genes (DEGs) in mesenchymal cells associated with dentin
formation between the experiment and control group; b: Gene Ontology (GO) enrichment analysis of these DEGs revealed significant enrichment of
pathways related to dentin formation and odontoblastic differentiation

Figure 5 Differentially expressed genes and Gene Ontology enrichment analysis in the mesenchyme of Osterix-Cre; ACVR1 con-

ditional knockout mice
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This study used the Cre Loxp system to construct an ACVR1 conditional knockout mouse model. Experiment group: Osterix Cre;
ACVR1™ mice, con trol group: Osterix Cre; ACVR1™" mice. All mouse strains are C57BL/6], sourced from Yuji Mishina Labora-
tory at the School of Dentistry, University of Michigan, USA. Key genes positively correlated with ACVR1 were selected from the
results in Figure 5a, and their pseudo temporal gene expression trajectories and differential expression analysis were analyzed. a-d:
expression levels of Msx1, Msx2, Sox9, and Twistl—genes positively correlated with ACVR1—were downregulated in the experi-
ment group

Figure 6 Odontogenic key gene expression in the mesenchyme of Osterix-Cre; ACVR1 conditional knockout mice
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This study used the Cre Loxp system to construct an ACVR1 conditional knockout mouse model. Experiment group: Osterix Cre; ACVR1™" mice,

con trol group: Osterix Cre; ACVR1™*

mice. All mouse strains are C57BL/6J, sourced from Yuji Mishina Laboratory at the School of Dentistry,

University of Michigan, USA. a: expression profile of Sp7, a key transcription factor for dentin formation, across distinct mesenchymal subpopula-

tions (TAC: transient amplifying cell); b: the expression of Sp7 in the mesenchymal compartment was significantly downregulated in the experimen-

tal group; c-d: pseudotime trajectory analysis combined with violin plots illustrating its expression across subpopulations demonstrated a global

downregulation of Sp7 throughout the mesenchymal lineage in the experimental group

Figure 7 ACVRI deletion disrupts the ACVR1-Sp7 axis
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This study used the Cre Loxp system to construct an ACVR1 conditional knockout mouse model. Experiment group: Osterix Cre; ACVR1™ mice,

con trol group: Osterix Cre; ACVR1™* mice. All mouse strains are C57BL/6], sourced from Yuji Mishina Laboratory at the School of Dentistry,

University of Michigan, USA. a: immunofluorescence staining further confirmed markedly reduced expression of Sp7 and DSPP in the incisor den-

tal pulp of the experimental group. The yellow arrow points to the odontoblast layer and the yellow box represents the enlarged portion of the field

of view; b-c: quantitative fluorescence analysis of Sp7 and DSPP; d: changes in the expression levels of Smadl, Smad5, and Smad8 at the single-

cell level; e-f: changes in p-Smad1/5/8 expression levels observed via immunofluo rescence staining. ** P < 0.01; *** P < 0.001

Figure 8 Decreased expression of Sp7 transcription factor and DSPP protein in the mesenchyme of ACVR1 deficient mice
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