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Abstract
Background: Apart from the current understanding of enzyme function, the mechanism of ectonucleotide pyrophosphatase/phosphodiesterase 1 (Enpp1) deficiency-associated osteoporosis is unknown. We aimed to explore the
changes in the expression of signaling pathways of bone tissues involved in Enpp1 deficiency.
Methods: The body weights and morphology and histology of the bones of male Enpp1 knockout (KO) and wildtype (WT) mice were assessed. The humeri of WT and Enpp1 KO mice at 12 weeks of age were subjected to highthroughput quantitative molecular measurements, and bioinformatics analysis was performed. Proteins from humeri
and calvarial pre-osteoblasts (Pobs) were used to verify the differentially expressed signaling pathways and to explain
the mechanism of Enpp1 deficiency-associated osteoporosis.
Results: Enpp1 KO mice had significantly lower body weight and trabecular bone mass in the hindlimbs than
WT mice. Proteomics and immunoblotting showed that Enpp1 deletion downregulated the expression of the p38
mitogen-activated protein kinase (MAPK) signaling pathway in bones. Lysophosphatidic acid (LPA) was involved in
activating the MKK3/p38 MAPK/PCNA pathway and proliferating Pobs in Enpp1 KO mice, whereas a p38 MAPK inhibitor suppressed the LPA-induced pro-proliferation phenotype (p < 0.05).
Conclusion: The inhibition of MKK3/p38 MAPK/PCNA pathway plays an important role in the development of osteoporosis caused by Enpp1 deficiency, and LPA partially rescued the proliferation of pre-osteoblasts via the MKK3/p38
MAPK/PCNA pathway.
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Introduction
Ectonucleotide pyrophosphatase/phosphodiesterase 1
(Enpp1), also known as plasma cell membrane glycoprotein 1 (PC-1), is highly expressed in a variety of tissues, including bone, cartilage, and adipose tissues,
and has highlighted its importance in human health
and disease [1, 2]. Enpp1 is a central regulator of bone
development in mammals [3], where it catalyzes the
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synthesis of inorganic pyrophosphate (PPi), which inhibits hydroxyapatite (HA) precipitation, thus preventing
over-mineralization [4]. Humans with Enpp1 deficiency
exhibit bone mineralization disturbances, resulting in
early-onset osteoporosis [5]. Altered mineralization by
defective Enpp1 expression was initially demonstrated
using the “tiptoe walking” (ttw/ttw) mouse model [6].
Nucleotide disruption in exon 9 of the Enpp1 gene exhibited abnormalities that were almost identical to those
present in the ttw/ttw mice, including decreased levels of extracellular PPi and substantial alterations in the
mineralization of long bones and calvariae [7]. However,
the molecular mechanism by which Enpp1 loss leads to
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osteoporosis remains unclear. We aimed to explore the
changes in the signaling pathway expression of bone tissues involved in Enpp1 deficiency and reverse the phenotype of osteoporosis caused by Enpp1 deletion, and it will
provide reference significance for future clinical work.

Materials and methods
Experimental animals and analysis of skeletal phenotype

This study was in strict accordance with the recommendations of the 2018 “Guide for the Care and Use of
Laboratory Animals” (NIH, Bethesda, MD). All procedures involving animals and their care in this study were
reviewed and approved by the ethical review board of
the Shanghai East Hospital of Tongji University (Ethical approval code: EC. D (BG). 016.02.1). The technical routes are as follows: The Enpp1 has 5 transcripts;
according to the structure of Enpp1 gene, exon2 of
Enpp1-203(ENSMUST00000135846.1) transcripts is recommended as the knockout region contains 73 bp coding
sequence. CRISPR/Cas9 technology was used to modify
Enpp1 gene. The brief process is as follows: sgRNA was
transcribed in vitro. Cas9 and sgRNA were microinjected
into the fertilized eggs of C57BL/6J mice, and fertilized
eggs were transplanted to obtain positive F0 mice which
were confirmed by PCR and sequencing. A stable F1 generation mouse model (heterozygous mice) was obtained
by mating positive F0 generation mice with C57BL/6J
mice. Both wild-type (WT) and KO mice were bred
from heterozygous mice. Genotyping was performed on
genomic DNA isolated from the toes and analyzed using
PCR protocols developed by GeneTyper (GeneTyper,
New York, USA). The mice were maintained in cages
under controlled environmental conditions (22 ± 2 °C,
55–65% humidity, and a light/dark cycle of 12/12 h). Normal chow diet and freshwater were provided during the
experimental period. The female and male mice exhibited
similar phenotypes, and the phenotype of male mice was
shown in article. The body weights of all mice were measured weekly. The tiptoe walking posture and body flexibility of the mice in the same age and sex groups were
observed regularly. Skeleton staining was performed as
described by Shull [8].
Cell culture

Primary pre-osteoblasts were isolated by dissecting the
calvaria from euthanized neonates (2–3 days old), as
mentioned previously [9]. The obtained calvarial preosteoblasts (Pobs) were isolated and maintained in a regular growth medium containing α-MEM supplemented
with 10% FBS at 37 °C in a 5% C
 O2-humidified incubator. Half media changes were performed on every third
day. Prior to lysophosphatidic acid (LPA, an activator of
MAPK signaling pathway) and SB203580 (inhibitor of
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p38 MAPK) stimulation, the cells were serum-deprived
by incubating in α-MEM containing 0.1% essential fatty
acid-free BSA for 24 h.
Micro‑computed tomography (µCT) analysis

Left hindlimbs of 12-week-old mice were harvested and
soaked in neutral formalin. Bone morphology and microarchitecture were assessed at the distal femoral metaphysis for trabecular parameters. Femurs were scanned with
2 K resolution, 10-μm voxel size, 0.5 Al filter at 60 kV,
and 167 μA. Trabecular bone in the 1000 μm above the
growth plate and extending proximally for 1000 μm was
measured for analysis. Images were reconstructed using
NRecon version 1.1.11 (Bruker micro-CT) and analyzed
using CTAn, v1.15 (SkyScan1176 in vivo micro-CT;
Bruker).
Hematoxylin and eosin (HE) and saffron solid green
staining and immunohistochemistry

HE and saffron solid green staining and immunohistochemistry were performed as previously described
[10, 11]; harvested right hindlimbs were decalcified and
embedded in paraffin blocks, and each section was deparaffinized, rehydrated, and stained with HE, saffron solid
green, and immunohistochemical staining. The tissue
slices were incubated with Ki67 (nuclear proliferationassociated antigen Ki67,1:100; product code ab15580;
Abcam), PCNA (proliferating cell nuclear antigen, 1:100;
product code ab29; Abcam), RUNX2 (Runt-related transcription factor 2,1:100; product code ab92336; Abcam),
and OCN (osteocalcin,1:100; product code ab93876;
Abcam) and then incubated with HRP-conjugated secondary antibodies. The results were captured by fluorescence microscopy and quantified using Image-Pro Plus
6.0 (Media Cybernetics), and the mean density value
(integrated optical density divided by the relevant area)
was calculated for each visual field.
Immunofluorescence staining

Immunofluorescence was performed according to the
protocol described by Willemsen [12], followed by incubation with primary antibody against Enpp1 (1:1000,
Bioss Antibodies Inc., Woburn, MA, USA) and secondary antibody (Alexa Fluor 488 Labeled Goat Anti-Rabbit
IgG, Beyotime, product code A0423). TdT-mediated
dUTP-biotin nick end labeling (TUNEL) staining was
performed as previously described by Markaryan [13].
For EdU labeling in vivo, EdU (50 mg/kg body weight)
was injected intraperitoneally into mice daily for seven
consecutive days, and the hindlimbs were removed and
processed for EdU immunostaining after decalcification.
The pulse and chase time periods were chosen based
on previous reports [14]. Proliferation and apoptosis
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index were calculated as the percentage of positive cells
observed under the fluorescence microscope and were
quantified using Image-Pro Plus 6.0 (Media Cybernetics).
High‑throughput quantitative molecular measurement

Four male WT mice and four Enpp1 KO mice at 12 weeks
of age were euthanized. Humeri were separated, and
bone marrow in humeri was removed by 120,000 × g
high-speed centrifugation. Freshly frozen humeri tissues
from four biological replicates of each group (a total of
eight mice) were processed. Bone protein was prepared
from humeri, and protein identification and quantitative analysis using Nano-UPLCMSE tandem mass spectrometry were performed as described by Yang [15].
Heatmaps related to signaling pathways were generated
using heatmap function of R. Gene Ontology (GO) functional annotations and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were obtained using R Studio. The MCODE cluster analytical tool was used to generate protein–protein interaction networks.
CCK‑8 assay

CCK-8 kit (Dojindo, Shanghai, China) was used to measure the cell proliferation. A total of 1000 cells in a volume
of 100 μL per well were cultured in a medium containing
10% FBS, in eight replicate wells in a 96-well plate. Then,
the CCK-8 reagent (10 μL) was added to 90 μL DMEM to
generate a working solution, of which 100 μL was added
per well and incubated for 4 h. The OD at 450 ƞm was
recorded for the analysis.
Western blotting

Total protein was extracted from humeri and Pobs of WT
and KO mice using RIPA lysis buffer supplemented with
protease and phosphatase inhibitors. Equal quantities
of protein (40 µg per lane) were subjected to SDS–polyacrylamide electrophoresis, transferred onto PVDF membranes, and incubated with specific antibodies against
Enpp1 (1:1000; Bioss Antibodies Inc., Woburn, MA,
USA), MKK3 (1:1000; ABclonal, China), phosphorus-p38
mitogen-activated protein kinase (MAPK) (1:1000; Servicebio, China), p38 MAPK (1:1000; ABclonal), PCNA
(1:1000; ABclonal), and β-tubulin (1:1000; ABclonal).
Membranes were then incubated with 1:1000 horseradish
peroxidase-conjugated secondary antibody. Antibodyantigen complexes were visualized using an ECL reagent,
and images were captured using the ImageQuant™ LAS
4000 imager (Fujifilm, Tokyo, Japan).
Statistical analysis

All statistical analyses were conducted using the SPSS
software (version 22.0; IBM SPSS, NY, USA). The data
are expressed as the mean ± standard deviation. All
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data were analyzed using GraphPad Prism 6.02 (GraphPad Software Inc., San Diego, CA, USA). Comparisons
between the two groups were performed using the Student’s t test, and comparisons between multiple groups
were conducted using analysis of variance. Statistical significance was set at P < 0.05.

Results
Enpp1 deletion inhibited body weight gain and decreased
trabecular bone mass

No significant difference in body weight was found
between the mice in the WT and KO groups before
6 weeks of age, whereas the body weight of WT mice
increased significantly compared with that of KO mice
in the following weeks (Fig. 1B; p < 0.001). At 12 weeks
of age, the body weight of WT mice (28.20 ± 1.37 g, n
= 4) was approximately 1.3 times that of the KO mice
(21.30 ± 2.43 g, n = 3; p < 0.05). Enpp1 KO mice (right)
showed significant growth arrest (Fig. 1A) and reduced
values of bone volume/total volume (BV/TV, 18.5% of
the WT), trabecular thickness (Tb. Th, 86.0% of the WT),
trabecular number (Tb. N, 22.5% of the WT), and significantly higher trabecular separation (Tb. Sp, 1.76 times of
the WT), trabecular pattern factor (Tb. Pf, 1.80 times of
the WT), and structure model index (SMI, 1.20 times of
the WT) in the distal femur than WT mice (left). Crosssectional CT reconstruction at approximately 1000um
proximal to the femoral growth plate revealed significantly more sparse trabecular bone in KO mice (Fig. 1D;
Table 1, all p < 0.05). At 23 weeks of age, Enpp1 KO mice
walked on the tiptoe, developed a severe decline in mobility, and showed body stiffness compared to WT mice (see
Additional file 1: Video). Unlike WT mice, female Enpp1
KO mice did not produce pups during the study. Immunofluorescence staining was performed at the same location near the growth plate, at the distal end of the femur,
at 23 weeks of age. The WT group showed higher expression of Enpp1 in the distal femurs, as revealed by the high
integrated optical density (Fig. 1C, p = 0.0016). At the
age of 12 weeks, HE and saffron solid green staining of
the distal femur showed dense cancellous bone and few
vacuoles in the WT group; however, trabecular bone was
loosely arranged, with some vacuoles and a decrease in
trabecular bone thickness in the KO group. Similarly, at
the age of 23 weeks, sparser and thinner trabecular bone
with more vacuoles in the medulla, worsened structural integrity, and increased trabecular bone separation
was observed in the KO group compared to that in the
WT group (Fig. 1E, F). For staining of the skeleton, cartilage elements and bones were labeled in blue and red,
respectively. Less Alizarin Red staining of the femur
was detected in KO mice compared to that in WT mice
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Fig. 1 Histology and micro-computed tomography of trabecular bone in femur. A The body size of wild-type (WT) (left) and knockout (KO)
(right) mice was compared after anesthesia at 12 weeks of age. B Body weights of 3–4 mice from each group were noted. C Immunofluorescence
staining and quantification of the expression of Enpp1 (green) in mouse distal femur. Cell nuclei were stained blue using DAPI. Scale bar: 100 µm.
D Representative μCT scans of the distal femur showed 3D reconstructed trabecular bones of WT and KO mice at 12 weeks of age. Quantitative
analysis of the percentage of bone volume (BV/TV), trabecular thickness (Tb. Th), trabecular number (Tb. N), trabecular spacing (Tb. Sp), trabecular
pattern factor (Tb. Pf ) (n = 3) was conducted. E Hematoxylin and eosin staining and F saffron solid green staining images of femur near the
metaphysic area of 12- and 23-week-old mice. The right panel shows a higher magnification(X100). G Alcian blue and Alizarin Red staining of femur
of mice from birth to 23 weeks of age (cartilage elements and bones are labeled in blue and red, respectively). Densitometric analysis (mean + SD)
from three independent experiments is presented

at 4 and 23 weeks of age, especially at 23 weeks of age
(Fig. 1G).
Enpp1 deletion causes reduced proliferation
and osteogenesis and increased apoptosis of cells in bone

Distal femur sections of 23-week-old mice were used
for immunohistochemistry. The results demonstrated
a significant increase in the levels of biomarkers for
differentiation (OCN and RUNX2) and proliferation
(Ki67 and PCNA) near the growth plate in WT mice

compared to that in Enpp1 KO mice (partial positive
signals are marked with red arrows) (Fig. 2A, p < 0.05).
During the characterization of cellular proliferation
within the proximal tibia of 12-week-old mice after
EdU intraperitoneal injection, we observed a significant
reduction (75% decrease) in the percentage of EdUpositive cells in Enpp1 KO mice compared to that in
WT mice (Fig. 2B, p < 0.001). In contrast, TUNEL-positive cells increased in the proximal tibia of Enpp1 KO
mice as compared to WT mice (Fig. 2C, 80% increase,
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Table 1 Trabecular bone parameters in the distal femur of
12-week WT and KO mice
WT

KO

p value

Parameters of µCT
BV/TV (%)
Tb. Th(mm)
Tb. N(mm−1)
Tb. Sp(mm)
Connectivity
Tb. Pf(mm−1)
SMI

6.967 ± 0.256

0.043 ± 0.003

1.651 ± 0.078

0.255 ± 0.009

1.287 ± 0.220

< 0.0001

0.372 ± 0.020

< 0.0001

0.037 ± 0.001

0.449 ± 0.042

0.0014

60.404 ± 2.033

< 0.0001

231.333 ± 11.060

104.000 ± 14.422

2.259 ± 0.111

2.703 ± 0.123

33.477 ± 0.950

0.0441

0.0003
0.0096

Parameters were expressed as mean ± standard deviation, and comparisons
between the two groups were performed using the Student’s t test
p value with statistical significance was labeled in bold

p = 0.0014). These observations indicated that Enpp1
mutants inhibited proliferation and osteogenesis while
promoting the apoptosis of cells in the bone.
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High‑throughput protein sequencing shows
downregulated MAPK signaling in the Enpp1 deleted bone

To identify the differentially expressed proteins in bone
following Enpp1 knockout, the deltoid and triceps muscles were dissected free from humeri and cleaned of excess
connective tissue, and 1379 differentially expressed proteins in the humeri of WT and Enpp1 KO mice were used
to create a cross-sectional heatmap (Fig. 3B, p < 0.005).The
distribution of differentially expressed proteins between
KO and WT cohorts was visualized on a volcano plot, the
result showed the proteins crossing the significance threshold with displaying decreased 1268 proteins and increased
111 proteins in humeri of KO mice compared with WT
mice, and Enpp1 expression was found to be significantly
downregulated in KO mice compared to that in WT mice
(Fig. 3A). GO biological process analysis showed that differently expressed proteins are involved in the MAPK
signaling and MAPK signaling pathway was significantly
downregulated in Enpp1-deficient humeri when compared
to that in the WT group (Fig. 3C, p = 10−37.9533). KEGG
pathway analysis also revealed that the MAPK signaling
pathway was downregulated in the humeri of Enpp1 KO

Fig. 2 Histological proliferation, differentiation, and apoptosis of cells in bone A Immunohistochemical expression pattern of Ki67 (nuclear
proliferation-associated antigen Ki67), PCNA (proliferating cell nuclear antigen), OCN (osteocalcin), and RUNX2(Runt-related transcription factor 2)
in distal femurs of 23-week-old mice (partial positive signals are marked with red arrows) (n = 3). B EdU immunostaining and (C) TUNEL of proximal
tibia in 12-week-old mice (n = 3)
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Fig. 3 Downregulated expression of the MKK3/p38 MAPK/PCNA pathway in humeri from Enpp1 KO mice A Volcano plot shows proteins in the
humeri of Enpp1 KO mice, which cross the significance threshold with displaying decreased 1268 proteins and increased 111 proteins in humeri
of KO mice compared with that in WT mice. Enpp1 protein expression was significantly lower in KO than in the WT group. B Heatmap of 1379
differential expression proteins in the humeri of WT and Enpp1 KO mice (p < 0.005). Decreased expression in blue and increased expression in red.
C Gene Ontology biological process analysis showed that differently expressed proteins are involved in the MAPK signaling and MAPK signaling
pathway was significantly downregulated in Enpp1-deficient humeri when compared to that in the WT group (p = 10−37.9533). D Kyoto Encyclopedia
of Genes and Genomes pathway analysis unveiled that the expression of the MAPK signaling pathway was downregulated in the humeri of Enpp1
knockout mice compared to that in the humeri of mice in the WT group. E Protein–protein interaction network diagram of key modules was related
to MAP3K5. F Immunoblot result of MKK3, phosphorylated p38 MAPK, and PCNA of the humeri from WT and Enpp1 KO mice (n = 3). To improve
clarity and conciseness, blots are cropped to the location of the target protein band

mice (Fig. 3D). The top 20 clusters and their representative
enriched terms (one per cluster) were derived (Table 2).
MCODE cluster analysis tool was used to generate a correlated function network module. The interactions of
proteins were visualized by the protein–protein interaction network diagram, and it revealed MAP3K5 as a possible signaling hub and validated the significantly expressed
protein in humeri of 12-week-old mice that are related to
MAP3K5 (Fig. 3E). To validate the proteomic results and
EdU assay of bone, humeri-derived proteins of Enpp1 KO
mice showed MKK3/p38 MAPK/PCNA pathway-related
proteins were significantly downregulated compared with
WT mice, which was consistent with the results of highthroughput protein sequencing and EdU assay (Fig. 3F, all
p < 0.05).

Stimulation of p38 MAPK signaling enhances
the proliferation of pre‑osteoblasts, whereas an agonist
of p38 MAPK inhibits the enhanced pre‑osteoblasts
proliferation

During cell culture, it was found that the proliferation
ability of Pobs of KO suckling mice was evidently weak,
which was confirmed by the EdU assay (Fig. 4A, p < 0.01).
This is also consistent with the low expression of humeriderived proliferation-related proteins in Enpp1-deficient humeri mentioned above. Pobs were subjected to
lysophosphatidic acid (LPA) and the p38 MAPK selective inhibitor, pyridinyl imidazole molecule SB203580.
The CCK-8 assay was used to evaluate cell viability over
a range of time points and drug concentrations. When
we administered 10 µM SB203580 for 2 h and 1 µM LPA
for 48 h, the drugs showed no toxicity on cell activity
(Fig. 4B). To verify the phosphorylation of p38 MAPK
by LPA, five different LPA processing times (0, 30, 60,
90, and 120 min; 1 µM) were tested. Treatment from 0
to 90 min upregulated the expression of phosphorus-p38
MAPK compared to that in the untreated group (Fig. 4C,
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Table 2 The top 20 clusters and their representative enriched terms (one per cluster)
Description

Count

%

Log10(P)

Log10(q)

MAPK signaling pathway

− 37.95

− 33.89

− 11.87

− 8.29

20

86.96

Ras signaling pathway

9

39.13

PID TNF PATHWAY

6

26.09

11

47.83

VEGFA-VEGFR2 signaling pathway

9

39.13

Osteoclast differentiation

6

26.09

Positive regulation of cell migration

8

34.78

Focal adhesion

6

26.09

ST P38 MAPK PATHWAY

4

17.39

Signaling by receptor tyrosine kinases

7

30.43

VEGF signaling pathway

4

17.39

Platelet activation, signaling, and aggregation

5

21.74

Actin filament-based process

7

30.43

Cell junction organization

6

26.09

Apoptosis modulation and signaling

3

13.04

Hippo signaling regulation pathways

3

13.04

Muscle structure development

5

21.74

Negative regulation of secretion by cell

3

13.04

Oxytocin signaling pathway

3

13.04

Regulation of cell activation

4

17.39

Regulation of kinase activity

− 12.52

− 11.26

− 10.47
− 9.09

− 8.08

− 7.98

− 7.66

− 6.87

− 6.83
− 5.7

− 5.63

− 4.81

− 4.23

− 4.15

− 3.86

− 3.64
− 3.6

− 2.76

− 8.76

− 7.74

− 7.11

− 6.05

− 5.17

− 5.12
− 4.9

− 4.21

− 4.19

− 3.23

− 3.18
− 2.5

− 2.08

− 2.02

− 1.79

− 1.61

− 1.57

− 0.86

“Count” is the number of genes in the user-provided lists with membership in the given ontology term. “%” is the percentage of all the user-provided genes that are
found in the given ontology term. (Only input genes with at least one ontology term annotation are included in the calculation.) “Log10(P)” is the p value in log base
10. “Log10(q)” is the multi-test adjusted p value in log base 10

all p < 0.05). Therefore, this concentration (1 µM) was
used in the subsequent experiments. After treatment
with LPA (1 µM) for 48 h, the proliferation of Pobs in the
KO group increased (p = 0.0006), whereas the promotion
of proliferation was inhibited when Pobs were pretreated
with SB203580 for 2 h (Fig. 4D, p = 0.0015). Similarly, the
protein expression of MKK3/phosphorus-p38 MAPK/
PCNA increased after LPA treatment, whereas SB203580
inhibited the expression of phosphorus-p38 MAPK and
PCNA (Fig. 4E, all p < 0.05) (Additional file 2: Original
western blot).

Discussion
The skeletal and biochemical phenotypes of Enpp1deficient humans and homozygous-deficient mice are
nearly identical, demonstrating diminished skeletal
bone mass and abnormally low levels of PPi [16, 17]. In
this study, male Enpp1 KO mice were confirmed to be
an animal model of early-onset osteoporosis through
phenotypic trait assessment, including reduced body
weight and lower bone mass. To explore the mechanism
of early-onset osteoporosis induced by Enpp1 deficiency,
we employed proteomics to analyze the protein profile
of humeri from 12-week-old male WT and Enpp1 KO
mice. Proteomic analysis showed that strong genetic signals were associated with the MAPK signaling pathway

and MAP3K5 (a key member of the p38 MAPK pathway), which were significantly downregulated in Enpp1deficient bone, whereas the expression of JNK and ERK/
MAPK signaling pathways was not significantly downregulated as that of the p38 MAPK signaling pathway
(not shown). The p38 MAPK signaling pathway is implicated in a series of biological processes in which extracellular stimuli are transduced into different cellular
responses. Once the stimuli reach the cell, MAP3K5 is
activated and phosphorylates MKK3, which in turn phosphorylates and activates p38 MAPK [18]. The MKK3/p38
MAPK axis is required to regulate pre-osteoblast genesis
programs [19–21]. For p38 MAPK inhibitor (SB203580)
impaired MC3T3 pre-osteoblast differentiation [22] and
the role of MAP3K in the activation of p38 MAPK [23].
It is worth confirming that the MAP3K5–MKK3–p38
MAPK signaling pathway responds to Enpp1 deficiency
and is regulated by Enpp1. This was verified by detecting protein expression in the humeri in our study. This
outcome opens the possibility of changes in bone structure because of changes in p38 MAPK signaling pathway expression. In addition, we observed significantly
inhibited proliferation of Pobs in the Enpp1 KO group
compared to that in the WT group during cell culture.
Considering the role of Enpp1 deficiency in the suppression of pre-osteoblast proliferation and important role
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Fig. 4 Lysophosphatidic acid (LPA) partially rescued the impacted proliferation of Enpp1 KO pre-osteoblasts via the MKK3/p38 MAPK/PCNA
pathway A EdU immunostaining of Pobs from WT and Enpp1 KO suckling mice. EdU-positive cells were quantified (n = 3). B Cell viability
measurement of Pobs incubated with LPA under a series of concentrations (0–10 μM) and times (12–48 h) or incubated with SB203580 (0–20 µM,
1 h, and 2 h) (n = 8). C Immunoblot showed the expression of phosphorylated p38 MAPK/p38 MAPK of WT and Enpp1 KO Pobs at different time
gradients (0, 30, 60, 90, and 120 min) under LPA stimulation at 1 uM concentration (n = 3). D Pobs of WT and Enpp1 KO groups were incubated in
the presence of LPA (1 μM) or SB203580 (10 μM; added 2 h prior to LPA addition) followed by LPA (1 µM) for 48 h. Cells were then stained for EdU
immunostaining and visualized using confocal microscopy. Fluorescence intensity was quantified using Image-Pro Plus 6.0 (Media Cybernetics).
Three different areas per chamber were measured. E Serum-starved Pobs were treated with LPA in the absence or presence of SB203580 (10 μM)
that was added 2 h prior to LPA addition. MKK3/p38 MAPK/PCNA pathway expression was monitored using western blot. One representative
blot for each protein and the densitometric analysis (mean + SD) from three independent experiments are presented. To improve clarity and
conciseness, blots are cropped to the location of the target protein band. (Results are presented as the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001;
one-way analysis of variance with Bonferroni correction)

of p38 MAPK in cell proliferation [24, 25], it is possible
that the p38 MAPK signaling pathway plays a vital role
in the decreased proliferation of Pobs caused by Enpp1
deletion. To prove our hypothesis, lysophosphatidic acid
(LPA) was used in our study, which has been already
demonstrated in induction of pre-osteoblast proliferation
in MC3T3-E1 cells [26, 27]. However, there have been
no prior studies on the effect of LPA on the p38 MAPK
pathway in pre-osteoblasts. In our study, we found that
LPA activated the expression of the MKK3/p38 MAPK/
PCNA pathway and promoted the proliferation of preosteoblasts, indicating that the inhibition of pre-osteoblast proliferation caused by Enpp1 deletion could be
reversed by upregulation of the MKK3/p38 MAPK/
PCNA pathway, and it can be inhibited by a selective p38
MAPK inhibitor (SB203580).
However, a limitation of this study is that there are differences in the pre-osteoblast microenvironment in vivo
and in vitro, and the therapeutic effect of LPA in vivo
is unclear. In addition, tissue proliferation and apoptosis staining were not concentrated on the surface of

trabecular bone but all over the bone marrow cavity of
the long bone, indicating that the proliferation and apoptosis of bone marrow mesenchymal stem cells were also
affected by Enpp1 knockout, which needs to be further
verified. In conclusion, our findings suggested that Enpp1
deficiency-associated osteoporosis involves inhibition of
the MKK3/p38 MAPK/PCNA signaling pathway and that
LPA partially rescued the impacted proliferation of preosteoblasts via the MKK3/p38 MAPK/PCNA pathway,
which deepened our understanding of the mechanism
of early-onset osteoporosis caused by deletion mutation of Enpp1 gene and provides some help for clinical
treatment.
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