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Abstract

Objective and background The deficiency of ectonucleotide pyrophosphatase/phosphodiesterase 1 (Enpp1)
causes the phenotype similar to knee osteoarthritis (OA). However, the molecular mechanism is poorly understood.

Method The global deletion of Enpp1 (Enpp1~/~) mice was created to analyze the role of Enpp1 in the progress of
knee OA.The apoptosis, proliferation and chondrogenic differentiation ability of chondrocytes from wild-type (WT)
and Enpp1~/~ joints were compared. According to the results of high-throughput quantitative molecular measure-
ments, the proteins of chondrocytes from WT and Enpp1~/~ mice were used to explore the mechanism of Enpp
deficiency-associated knee OA.

Result In Enpp1~/~ knee joints, we found significant chondrocyte apoptosis and proteomic results showed that
abnormal expression of AMP-activated protein kinase (AMPK) signaling pathway may contribute to this phenotype. In
primary chondrocyte cultures in vitro, Enpp1 deletion dramatically enhancing chondrocyte apoptosis. Meanwhile, we
found Enpp1 deletion inhibits the phosphorylation of AMPK (P-AMPK). We also found that decreased level of P-AMPK
and chondrocyte apoptosis, which are caused by Enpp1 deficiency, can be reversed by Acadesine (AICAR), the activa-
tor of AMPK.

Conclusion Consequently, Enpp1 deficiency plays an essential role in knee OA by regulating AMPK signaling
pathway.
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Introduction

Knee OA is one of the leading causes of global disability
[1] and increases the risk of all-cause mortality [2], which
is further aggravating with the coming of global aging.
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Enppl catalyzes the hydrolysis of adenosine triphosphate
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(ATP) to adenosine monophosphate (AMP) and pyroph-
osphate (PPi) [11].

Disorders of ATP metabolism due to Enppl deficiency
caused OA. On the one hand, several studies have shown
that articular cartilage calcification contributes to Enppl
deficiency-associated OA of knee joints. Jin et al. [12]
found that Enppl inhibits ectopic joint calcification and
maintains articular chondrocytes by repressing hedgehog
signaling pathway. Besides, Bertrand et al. [13] reported
that cartilage calcification in Enppl~~ mice results in
increased extracellular matrix (ECM) calcification and
activation of canonical Wingless/Integrated (Wnt) sign-
aling pathway. On the other hand, aberrant chondrocyte
metabolism also plays a key role in cartilage degenera-
tion and OA progression which is mainly regulated by
the AMPK pathway [14]. Detailly, high ratio of AMP/
ATP promotes the expression of P-AMPK. In joints with
OA, the abnormal chondrocyte metabolism also leads to
increased apoptosis, an important pathological change
during OA [15]. However, it remains unclear how does
the unbalanced ATP metabolism caused by Enppl defi-
ciency contribute to OA progression. Here, we assumed
that Enpp1 deficiency aggravates the chondrocyte apop-
tosis by regulating AMPK signaling pathway during the
progress of OA.

Materials and methods

Experimental animals

All mouse experiments were approved by the ethical
review board of the Shanghai East Hospital of Tongji
University (Ethical approval code: EC. D (BG). 016.02.1).
In this project, we use CRISPR/Cas9 technology to cre-
ate stable Enppl™~ mice (Fig. 1A) and the relevant
sequences were listed in Additional file 1. Considering
the effect of estrogen on OA and the reproductive func-
tion of female mice [16], only male mice were used in the
experiments.

Genotyping

Genotyping was performed using toe genomic DNA
extracted by small amount alkaline lysis. The mixed PCR
primers of Enppl consists of tF1 (GATCCTGAGAGA
TTGGTACAGTCCAG), tR1 (CACAGAAATTGCCTG
TGGTTTGC) and tR2 (TTGGCGCAGCTTGGTTTC

(See figure on next page.)
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AAC). Bands from agarose gel electrophoresis are 382 bp
(WT mice) and 267 bp (Enppl~/~ mice), respectively
(Fig. 1B).

Immunofluorescent staining and histological analysis
of the knee joints
The knee joints of WT and Enppl™~ mice were har-
vested and stored in 10% formalin. Then knee joints
were decalcified in 0.5 M EDTA (pH 7.4) for 4 weeks at
4 °C, changing EDTA every 2 days. The joints were made
into 6-pum sections after embedding with paraffin. After
deparaffinizing, the sections were incubated with pro-
teinase K (20 pg/mL, Zymo Research, USA) for 10 min
at room temperature and blocked in 5% normal serum
(10,000 C, Thermo Fisher Scientific, USA) in PBS-T (0.4%
Triton X-100 in PBS). Subsequently, the sections were
incubated with antibodies against Enppl (1:1000, Bioss
Antibodies Inc, Woburn, MA, USA) for 12 h and second-
ary antibody (Alexa Fluor 488 Labeled Goat Anti-Rabbit
IgG, Beyotime, China) for an hour, at 37 °C. Finally, the
cover glass was placed on the section after adding the
mounting medium. The images were captured by an
inverted fluorescence microscope (Leica) and then the
proportion of Enppl-positive chondrocytes (green fluo-
rescence) was analyzed by Image].

The 6-pum sections described previously were stained
with Hematoxylin & Eosin and Safranin O/Fast Green
according to standard procedures.

X-ray and micro-CT scan

Left hindlimbs of 14-week-old mice were harvested.
X-rays of knee joints were taken with a Faxitron X-ray
machine (Edimex) to evaluate the integrity and calcifi-
cation of the knee surface. Besides, the knee joints were
also scanned with 2 K resolution, 10-um voxel size, 0.5
Al filter at 60 kV, and 167 pA. Images were reconstructed
using NRecon version 1.1.11 (Bruker micro-CT) and ana-
lyzed using CTAn, v1.15 (SkyScan1176 in vivo micro-CT;
Bruker).

Isolation and cultivation of murine primary chondrocyte

WT and Enppl~/~ mice were euthanized at postnatal D7.
The articular cartilage from femoral condyles and tibia
plateaus were incubated with collagenase type II (Gibco ",

Fig. 1 Enpp1 deletion caused knee OA: A Schematic for the construction of ENPP1 knockout (Enpp1~/~) mice using CRISPR/Cas9 technology. B
The results of genotyping. C IF staining of Enpp1 in murine knee joint. (Enpp1, green; DAPI, blue; Scale bar: 100 um, n > 3). D The quantification
of the expression of Enpp1in WT and Enpp1~/~ knee joint (WT groups =93.10% = 1.90%, Enpp1~/~ groups =6.03 + 1.32, n=3, p<0.0001). E

Representative lateral X-ray of WT and Enpp1~/~ knee joints at week 14 (n > 3). F-I Representative micro-CT scan of WT and Enpp1

= knee

joints at week 14. J H&E staining of WT and Enpp1~/~ knee joint at week 14 (Scale bar: 100 um, n > 3). K Safranin O-Fast Green staining of WT and

Enpp1~/~

knee joints at week 14 (articular cartilage, red; bone, green; Scale bar: 100 um, n > 3).WT, wide type; HET: heterozygote; HOM homozygote;

Enpp1, ectonucleotide pyrophosphatase/phosphodiesterase 1; IF, Immunofluorescence; DAPI, 4’,6-diamidino-2-phenylindole; WT, wild type; H&E,

Hematoxylin & Eosin
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Invitrogen Corporation, France) for two hours at 37°C.
Cells were filtered through a 40-pm cell strainer and then
cultured in DMEM culture media with 20% FBS. Chon-
drocytes after passage were cultured with 10% FBS. To
test the effect of AICAR, WT and Enppl~~ chondro-
cytes were treated with AICAR (1 mM, MedChemEx-
press, New Jersey, United States) for 24 h.

In vitro primary chondrocytes differentiation assay

Briefly, the glass slides were put into individual wells of
24-well plates and micromasses were cultured by pipet-
ting 20 pL of primary chondrocytes on the glass slide
for 4 h. To induce the chondrogenic differentiation, the
micromasses were cultured in 10% FBS supplemented
with Insulin-Transferrin-Selenium (ITS, zqxzbio, China)
for 3 weeks and the medium was changed every three
days. To analyze the chondrocytes differentiation, alcian
blue staining of primary chondrocytes after inducing was
performed. Quantificationally, the micromasses of chon-
drocytes after alcian blue staining were extracted with
150 pL of 6 M guanidine-HCI for 2 h at room tempera-
ture. Finally, the extracted dye was transferred to 96-well
plates and the optical density measured at 620 nm [17].

EDU cell proliferation assay and TUNEL (TdT-mediated
dUTP Nick end labeling) staining

The proliferative ability of primary chondrocytes from
WT and Enppl~/~ mice was detected by EDU stain-
ing. Briefly, primary chondrocytes were equably planted
in cell culture plates at approximately 50% density, then
labeled and stained by using the Click-iT educ-488 cell
proliferation assay kit (Servicebio, Wuhan, China).

The 6-um knee sections (WT and Enppl~/~ mice) and
primary chondrocytes described previously were labeled
and stained by TMR (red) TUNEL Cell Apoptosis Detec-
tion Kit (Servicebio, Wuhan, China).

The images (EDU and TUNEL staining) were captured
by an inverted fluorescence microscope (Leica), and then
the proportion of EDU-positive (green fluorescence) and
TUNEL-positive (red fluorescence) chondrocytes was
analyzed by Image].

High-throughput quantitative molecular measurement
Four male WT mice and four Enppl~/~ mice at 14 weeks
were euthanized, and their knee joints were separated.
Then, the fresh samples of knee joints were sent to con-
duct Proteomic analysis using Nano-UPLCMSE tandem
mass spectrometry. Bioinformatic analysis of proteins
was performed by volcano plot, heatmap, KEGG path-
way analysis, bar graph of enriched pathways, network
of enriched pathways and protein—protein interaction
networks.
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Western blotting
Primary chondrocytes from WT and Enppl~'~ mice were
split by RIPA lysis buffer (100 puL every 6-well plate) con-
taining protease and phosphatase inhibitors (1:100). The
adhesive cells were scraped down sufficiently using a
brush, and the whole process was on the ice for 30 min.
The cracked sample and 5X protein loading buffer were
added to the EP tube and boiled at 100 °C for 20 min.
Equal quantities (10 uL per lane) of proteins described
above were performed by SDS—polyacrylamide electro-
phoresis, transferred onto PVDF membranes, and incu-
bated with primary antibodies against AMPK (1:1000;
Cell Signaling Technology, Boston, USA) and P-AMPK
(1:1000; Cell Signaling Technology, Boston, USA). Then,
membranes were incubated in secondary antibody at
room temperature for 4 h (1:1000; Abclonal, Wuhan,
China). Visualization of protein expression was captured
using the Image Quant’ LAS 4000 imager (Fujifilm,
Tokyo, Japan). Levels of protein expression were normal-
ized with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expression and were analyzed quantitatively by
Image].

Statistical analysis

All quantified data (at least three independent experi-
mental groups) were described as mean=+standard
deviation (SD). Two-tailed Student’s t test was used to
compare the data of the two groups, and one-way analy-
sis of variance (ANOVA) was used to compare the data
more than two groups. Data analyses were performed
using GraphPad Prism 6.02 (GraphPad Software Inc,
San Diego, CA, USA). Statistical significance was deter-
mined at level of at least p<0.05 (*p<0.05, **p<0.01,
**¥p<0.001, ****p<0.0001). The signal of immunohis-
tochemistry, EDU cell proliferation assay and TUNEL
staining was calculated as the number of positive cells/
visual field of view.

Results

Enpp1 deletion caused OA-like morphological changes

of knee joints

To detect the efficiency of Enppl deletion, we exam-
ined the expression of Enppl in knee joints of WT
(14 weeks) and Enppl~/~ mice (14 weeks). As shown
in Fig. 1C and Fig. 1D, the Enppl expression of chon-
drocytes membrane in Enppl™~ mice was dramati-
cally decreased compared to WT mice. As the typical
OA-like bone phenotypes of Enppl~/~ mice from 8
to 22 weeks has been described by Jessica Bertrand
et al. [13], we used X-ray and micro-CT to evaluate
the changes. Compared to WT mice, discontinuity
of articular cartilage surface, calcified articular car-
tilage and narrow joint space were found in X-ray of
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Enppl~~ mice knee joints at week 14 (Fig. 1E). The
results of micro-CT revealed similar morphologi-
cal changes (Fig. 1F-I). Interestingly, we also found
significant osteoporosis in distal femur and proximal
tibia thereby X-ray and micro-CT (Fig. 1E-I). To fur-
ther analyze knee OA severity caused by Enppl dele-
tion, H&E and Safranin O-Fast Green staining was
performed. In Enppl~/~ knee joints, we found a severe
total erosion of cartilage compared to WT knee joints,
which was revealed by the breakdown of the tidemark,
surfaced regularity, turbulence of subchondral bone
(Fig. 1J-K) and nearly vanished safranin O staining
in Cartilage surface of knee joint (Fig. 1K). The above

A DAPI
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Enpp1
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changes are highly similar to the pathological changes
of knee OA.

Enpp1 deletion in chondrocyte inhibits chondrocyte
proliferation and chondrogenic differentiation

To investigate whether Enppl deletion influence chon-
drocyte proliferation, chondrocytes were isolated from
the articular cartilage of WT and Enppl™~ mice. We
compared the proliferation ability of primary chondro-
cyte from WT and Enppl~~ mice by EDU staining.
The results showed the proportion of newly proliferated
chondrocytes in the control group was 2.6 times (12.87%
and 4.90%) than that of Enppl™~ chondrocytes at the
same time (Fig. 2A, B). Besides, to investigate the role
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Fig. 2 Enpp1 deletion impaired chondrocyte proliferation and chondrogenic differentiation: A EDU staining of WT and Enpp1~/~ primary
chondrocyte (EDU-positive chondrocyte, green; DAPI, blue; scale bar: 100 um, n > 3). B The quantification of EDU-positive chondrocyte (WT
groups=12.867% =+ 0.603% and Enpp1~/~ groups =4.900% + 0.600%, p < 0.0001, n>3). C Alcian blue staining of WT and Enpp1~/~ chondrocyte
micromasses induced by 10% FBS with ITS for 21 days. D Microscope images of WT and Enpp1~/~ chondrocyte micromasses (left, 50 x, scale bar:
100 pm, n > 3; right, 100, scale bar: 100 pm, n > 3). E The quantitative analysis of Alcian blue staining by measuring the optical density of the
micromasses extracted by guanidine-HCl from WT and Enpp1~/~ groups. Enpp1, ectonucleotide pyrophosphatase/phosphodiesterase 1; EDU,
5-Ethynyl-2’-deoxyuridine; WT, wild type; DAPI, 4’ 6-diamidino-2-phenylindole; FBS, fetal bovine serum; ITS, Insulin-Transferrin-Selenium
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of Enppl deletion in chondrogenic differentiation, the
micromasses induced by 10% FBS with ITS were visu-
alized thereby alcian blue staining and quantitative
analysis. Visually and microscopically, more sulfated
proteoglycan deposits were found in WT chondrocytes
than Enppl~/~ chondrocytes (Fig. 2C, D). Quantitatively,
consistent with WT chondrocytes, sulfated proteoglycan
deposits of Enppl~/~ chondrocytes reduced by 48.03%
(Fig. 2E). These results demonstrate that Enppl deletion
impaired chondrocyte proliferation and chondrogenic
differentiation.

Enpp1 deletion in chondrocyte promotes articular
cartilage apoptosis

To study whether Enppl deletion influence articular
cartilage apoptosis, we used TUNEL staining to detect
the apoptotic chondrocytes in WT and Enppl~'~ joints
(14 weeks). WT joints showed a dramatically higher pro-
portion of TUNEL-positive cells than Enppl~/~ joints
(Fig. 3A). About 10.3% TUNEL-positive chondrocytes
were detected in WT joints, while 76.3% in Enppl~~
joints (Fig. 3B). It is suggested that Enppl deletion seri-
ously aggravated articular cartilage apoptosis.

ATP metabolism, downregulated AMPK signaling pathway
and chondrocyte apoptosis in the Enpp1~/~ articular
cartilage may lead to knee OA-like phenotype

To find out the differentially expressed proteins and
signaling pathways in articular cartilage following
Enppl deletion, the cartilages of the proximal tibia and
distal femur were analyzed by High-throughput pro-
tein sequencing. Comparing the protein expression
between WT and Enppl~/~ cartilages, 187 differentially
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expressed proteins (upregulate: 38; downregulate:149;)
were found (Fig. 4A, all p<0.05) and used to create a
heatmap (Fig. 4B, p<0.005). We used KEGG pathway
analysis to classify differential proteins and 34 differen-
tially expressed signaling pathways were screened out
(Fig. 4C). Given that knee OA is highly correlated with
ATP metabolism, AMPK signaling pathway, and chon-
drocyte apoptosis, we analyzed the relevant signaling
pathways (Fig. 4D) and protein interactions (Fig. 4E-QG)
among 34 differentially expressed signaling pathways. In
Fig. 4G, protein—protein interaction network diagram of
key modules was related to Casp7, Xiap, Itga4 and Itgb4
and above-mentioned proteins is highly associated with
cell apoptosis [18-21]. As Enppl mainly catalyzes ATP
to AMP, which activates AMP signaling pathway, we
assumed that Enpp1 deletion induces chondrocyte apop-
tosis by inhibiting AMPK signaling pathway and thus
leads to the progress of knee OA.

Enpp1 deficiency caused chondrocyte apoptosis

by inhibiting AMPK signaling pathway

To identify the relationship between Enppl deficiency
and AMPK signaling pathway, we detected the expres-
sion of AMPK signaling pathway by western blot. The
results of Fig. 5A-D demonstrated that AMPK signal-
ing pathway (the phosphorylation process of AMPK)
was significantly inhibited by Enpp1 deficiency and this
change can be reversed by AICAR. This is consistent with
the results of high-throughput protein sequencing. To
further verify whether AICAR can save the chondrocyte
apoptosis, Enppl =/~ chondrocyte cultivated with AICAR
was performed by TUNEL staining. Contrast with WT
chondrocyte, Enpp1 deficiency increased the proportion
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Fig. 3 Loss of Enpp1 aggravates cell apoptosis in articular cartilage: A TUNEL staining of WT and Enpp1~/~ articular cartilage (TUNEL-positive
chondrocyte, red; DAPI, blue; scale bar: 100 um, n>3). B The percentage of TUNEL-positive chondrocytes in WT and Enpp /= knee joints (WT
groups=10.33% +2.08% and Enpp1~/~ groups = 76.67% = 3.79%, p < 0.0001, n > 3). Enpp]1, ectonucleotide pyrophosphatase/phosphodiesterase 1;
TUNEL, TdT-mediated dUTP-biotin nick end labeling; WT, wild type; DAPI, 4/,6-diamidino-2-phenylindole
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Fig.4 Enpp1 deletion caused unbalanced ATP metabolism, downregulated AMPK signaling pathway and chondrocyte apoptosis in knee articular
cartilage: A Volcano plot showed 149 downregulated differential proteins and 38 upregulated differential proteins (p <0.05, n>4). B Heatmap

of 187 differential expression proteins in WT and Enpp17~~ cartilages (p < 0.05, n > 4). C KEGG pathway analysis of differential expression proteins
(p<0.05,n>4). D Bar graph of enriched pathways (Pyrimidine metabolism, AMPK signaling pathway, Apoptosis-multiple species, PI3K-Akt signaling
pathway and mTOR signaling pathway) selected from Fig. C (p < 0.05, n >4). E Network of enriched pathways (pyrimidine metabolism, AMPK
signaling pathway, Apoptosis-multiple species, PI3K-Akt signaling pathway and mTOR signaling pathway) chosen from Fig. C (p<0.05, n>4). F

Bar graph of enriched pathways (pyrimidine metabolism and AMPK signaling pathway) (p < 0.05, n >4). G Protein—protein interaction network
diagram of key modules was related to Casp7, Xiap, Itga4 and Itgb4. Enpp1, ectonucleotide pyrophosphatase/phosphodiesterase 1; ATP, Adenosine
triphosphate; AMPK, AMP-activated protein kinase; WT, wild type; KEGG, Kyoto Encyclopedia of Genes and Genomes; PI3K, Phosphoinositide
3-Kinase; Akt, protein kinase B; mTOR, mammalian target of rapamycin; Casp7, caspase 7; Xiap, X-linked inhibitor-of-apoptosis protein; Itga4, integrin
a4; ltgb4, integrin beta4
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Fig.5 AICAR can reverse the inhibition of AMPK phosphorylation due to Enpp1 deficiency: A Western blot of chondrocytes (WT, WT + AICAR,
Enpp1 == Enppl ~/~ + AICAR, respectively; p<0.05, n> 3)); B-D quantitative statistic of Western blot (p <0.05, n> 3); E TUNEL staining of
chondrocytes (WT, WT+AICAR, Enpp1~/~ and Enpp1~/~ + AICAR, respectively; p < 0.05, n > 3); F Quantitative analysis of TUNEL-positive
chondrocytes (p <0.05, n > 3). AICAR, Acadesine; AMPK, AMP-activated protein kinase; Enpp1, ectonucleotide pyrophosphatase/phosphodiesterase
1; WT, wild type; TUNEL, TdT-mediated dUTP-biotin nick end labeling; DAPI, 4’,6-diamidino-2-phenylindole
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of TUNEL-positive cells (from 13.7 to 41.5%) and apop-
totic phenotype can be rescued by AICAR (from 41.5 to
21.1%). No significant differences were found of TUNEL-
positive cells between WT and WT+AICAR group
(Fig. 5E, F). These observations indicated that Enppl
deficiency caused chondrocyte apoptosis by inhibiting
AMPK signaling pathway.

Discussion

Articular cartilage degeneration, the main cause of knee
OA, is characterized by decreased cartilage prolifera-
tion, damaged chondrocyte differentiation and increased
cartilage apoptosis. We have shown that downregulated
AMPK signaling pathway contributes to the articular
cartilage apoptosis of Enppl~'~ knee joints. Besides, we
found Enppl deficiency also influenced the chondrocyte
proliferation and chondrogenic differentiation.

Enppl is crucial for the ATP hydrolysis in osteo-
chondral development [22]. It is well known that tissue
mineralization is mainly determined by the concentra-
tion of hydroxyapatite, which is mainly influenced by
the ratio of calcium (Ca®>") and phosphate (Pi). PPi has
a dual identity that PPi can not only inhibit the produc-
tion of hydroxyapatite, but also be decomposed into Pi,
the promoter of hydroxyapatite. Thus, during the reac-
tion of Enpp1 hydrolyzes ATP into AMP and PPi outside
the cell, Enpp1 deficiency decreases AMP/ ATP and PPi/
Pi. Roberts et al. [23] thought Enppl is essential for the
regulation of osteochondral development because of the
PPi generated from ATP metabolism.

Pathologic changes of Enppl mutation-associated
diseases are mainly due to abnormal PPi and AMP lev-
els. Enppl knockout mice display a severe calcification
phenotype, with reduced levels of extracellular PPi and
AMP and the pathological calcification is most com-
monly involved in soft tissues, such as arterial walls
[14, 15]. Generalized arterial calcification of infancy
(GACI), a widely calcified syndrome of the whole body
caused by inactivating mutations in Enppl, is charac-
tered by reduced plasma PPi [24] (virtually no PPi in
GACI patients’ blood) and AMP [25]. As reduced PPi
and AMP concentrations of GACI patients, its preferred
treatment must be PPi and AMP supplementation per-
petually. Researches showed that orally administered PPi
is not effective in inhibiting tissue calcification of GACI
patients [26] because PPi is eliminated by phosphatases
in the gut [27]. Yvonne Nitschke et al. [28] tried to treat
arterial stenoses, occurring in at least 72.4% GACI cases
caused by Enppl deficiency. They found the addition of
neither PPi nor etidronate, a current off-label treatment
for GACI, had no effect on proliferation capacity of vas-
cular smooth muscle cell (VSMC), but supplementation
of recombinant humanEnppl-Fc protein (rhEnppl-Fc),
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AMP or adenosine restored the silenced Enppl-associ-
ated proliferation.

The reduced PPi and AMP levels contribute to OA-
like changes caused by Enppl deficiency. Enppl knock-
out mice display a tiptoe-walking phenotype, with
serious cartilage calcification [26]. Increasing evidence
revealed the relationship between Enppl and abnormal
PPi/ Pi in the progress of OA [29, 30], and multiple dif-
ferentially expressed signaling pathways were involved in
Enppl-associated OA. Jin et al. [12] discovered metacar-
pophalangeal osteoarthritis of Enppl~'~ mice, and they
explained the mechanism clearly. In their study, the role
of Hedgehog (Hh) signaling pathway was selected and
validated as the primary mechanism for articular calcifi-
cation and OA due to Enppl deficiency. Besides, Jessica
Bertrand et al. [13] reported that cartilage calcification in
Enppl null mice results in increased extracellular matrix
(ECM) calcification and activation of canonical Wnt sign-
aling pathway. Moreover, the osteochondral phenotypes
in 10-week-old Enppl~/~ mice are driven by catalyti-
cally independent Enppl function, while the osteochon-
dral changes in 23-week-old Enppl~~ mice ascribe to
low plasma PPi [31]. All of the above studies attributed
OA-like phenotypes of Enppl~'~ mice mainly to PPi/ Pi
abnormalities.

Low AMP/ATP resulted from Enppl deficiency causes
OA by inhibiting AMPK signaling pathway. Low AMP/
ATP in plasma is widely reported in Enppl-deficient
humans and mice [24-27]. It is widely known that
AMPK, a metabolic checkpoint, is activated in response
to an increased AMP/ATP ratio [32, 33]. AMPK activ-
ity in chondrocytes is essential in keeping joint homeo-
stasis and OA progress. Phosphorylation of AMPK is
decreased in human OA chondrocytes [34], and sup-
pressing AMPK signaling pathway can lead to OA pro-
gression [35]. Besides, the chondrocyte apoptosis is
significantly upregulated after the conditional deletion of
AMPK in chondrocytes [36], which is highly consistent
with our results of Figs. 4 and 5. Combining the results
of proteomic analysis (Fig. 4), the function of Enpp1 and
OA, we screened out the differentially expressed signal-
ing pathways related to cartilage metabolism (Pyrimidine
metabolism, Glycolysis/Gluconeogenesis, AMPK signal-
ing pathway, Pentose phosphate pathway and Glucagon
signaling pathway) and chondrocyte apoptosis (PI3K-Akt
signaling pathway, AMPK signaling pathway and mTOR
signaling pathway) between WT and Enppl~/~ articular
cartilages. Therefore, we suggested that Enpp1 deficiency
may mediate chondrocytes apoptosis through AMPK
signaling pathway which is highly correlated ATP metab-
olism and consequently cause OA. Figure 5 verifies this
hypothesis. We found that AICAR, an adenosine analog
which activates AMPK signaling pathway, can save the
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Fig. 6 Diagram of proposed mechanism of Enpp1 deficiency caused chondrocyte apoptosis. Enpp1: ectonucleotide pyrophosphatase/
phosphodiesterase 1; ATP: adenosine triphosphate; AMP: adenosine monophosphate; PPi: pyrophosphate; AMPK: AMP-activated protein kinase;
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inhibition of AMPK phosphorylation (Fig. 5A) and chon-
drocyte apoptosis induced by Enppl deficiency. There-
fore, AMPK signaling pathway plays a key role in OA of
Enpp1 deficiency.

Interestingly, Enpp1 deficiency can lead to osteoporosis
and articular cartilage calcification, two antipodal fates.
In our previous research, we found that Enpp1 deficiency
causes mouse osteoporosis via the MKK3/p38 MAPK/
PCNA signaling pathway [37]. In the progression of
osteoporosis, disorders of energy metabolism availabil-
ity cause osteoblast dysfunction and lead to inhibition of
bone formation [38]. Inversely, in the process of cartilage
calcification, abnormal chondrocyte metabolism causes
increased osteogenic differentiation ability and decreased
chondroblast differentiation ability [12]. It can be sum-
marized as that cell metabolism maintains programmed
phenotype and pathological factors of disrupting cell
metabolism, such as Enpp1 deficiency, can cause adverse
cell fates (Fig. 6).

Collectively, our findings demonstrated that Enppl
plays an indispensable role in chondrocyte metabolism
through AMPK signaling pathway. Enppl deficiency in
chondrocyte increases chondrocyte apoptosis, inhibits
chondrocyte proliferation, impairs chondrogenic differ-
entiation, and interrupts the activation of AMPK signal-
ing pathway (phosphorylation of AMPK). Till now, it is
still not clear what is the detail mechanism of chondro-
cyte metabolism regulated by Enppl. The mechanism of
chondrocyte proliferation and chondrogenic differentia-
tion affected by Enppl also remains unclear. We are still

trying to uncover the aforementioned mechanisms that
are not fully understood.
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