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Angiogenesis is a pathological signature of intervertebral disc
degeneration (IDD). Accumulating evidence has shown that
notochordal cells (NCs) play an essential role in maintaining
intervertebral disc development and homeostasis with inhibi-
tive effect on blood vessel in-growth. However, the anti-angio-
genesis mechanism of NCs is still unclear. In the current study,
we, for the first time, isolated NC-derived exosomes (NC-exos)
and showed their increased concentration following compres-
sive load cultures. We further found that NC-exos from 0.5
MPa compressive load cultures (0.5 MPa/NC-exos) inhibit
angiogenesis via transferring high expressed microRNA
(miR)-140-5p to endothelial cells and regulating the down-
stream Wnt/b-catenin pathway. Clinical evidence showed
that exosomal miR-140-5p expression of the nucleus pulposus
is negatively correlated with angiogenesis in IDD. Finally, 0.5
MPa/NC-exos were demonstrated to have a therapeutical
impact on the degenerated disc with an anti-angiogenesis effect
in an IDD model. Consequently, our present findings provide
insights into the anti-angiogenesis mechanism of NC-exos,
indicating their therapeutic potential for IDD.
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INTRODUCTION
Intervertebral disc (IVD) degeneration (IDD) and related diseases are
important contributors to low back pain, which affects almost 80% of
the population at least one time during their life. Studies have shown
that the cause of IDD is multifactorial with various leading factors.
Previously, we elucidated the immune privilege of the intervertebral
disc with respect to various pathways.1–4 As the largest avascular or-
gan of the body, the intervertebral disc consists of the inner nucleus
pulposus (NP), the surrounding annulus fibrosus (AF), and the adja-
cent cartilaginous endplates. The healthy disc is characterized with
limited blood vessels in the outer surface of the AF. In IDD, vascular
invasion was widely observed and was thought to play an important
role in IDD progress by bringing activated immunocytes and inflam-
matory cytokines, facilitating neuralization, and thus breaking the ho-
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meostasis of the disc. However, the mechanism of how healthy inter-
vertebral disc inhibits vascularization is still unclear.

During the embryogenesis period, the rod-like notochord is entrap-
ped from the vertebral body and develops to the NP tissue soon in
the early fetal life, whereas blood vessels recede from the inner area.
The large, vacuolated notochordal cells (NCs) thus remain in the
NP tissue. During the second decade of human life, the population
of NCs starts to decrease, and early IDD happens. Accumulating ev-
idence has demonstrated that NCs play an essential role in disc
development and function.5,6 Particularly, NCs were shown not
only to activate NP cells (NPs)7 and mesenchymal stem cells
(MSCs)8 but also to inhibit blood vessel in-growth.9 Therefore,
NCs have received considerable attention due to their therapeutic
potential. However, the anti-angiogenesis effects of NCs in the
disc are still unclarified.

Exosomes are extracellular vesicles with a range of 30–150 nm in
diameter, secreted by many cell types, including stem cells, tumor
cells, immunocytes, and chondrocytes.10 The transfer of numerous
bioactive substances, such as cytokines, proteins, lipids, and RNAs,
is generally defined as intercellular communicating vehicles. It has
been shown that exosomes play an essential role in tumor metas-
tasis,11 immunomodulation,12 osteoarthritis,13 and angiogenesis.14

However, no studies showed whether NCs produce exosomes and
their impact on disc homeostasis.
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Figure 1. Identification of Notochordal Cells (NCs)

(A) Schematic diagram for isolation of NCs and chondrocyte-like nucleus pulposus cells (NPs). (B) Isolated NCs and NPs. Bar, 50 mm. (C) Immunofluorescence staining of

cytokeratin 8 (CK8) and vimentin expression in NCs and NPs. Bar, 50 mm. (D) Western blotting analysis of CK8 and vimentin expression in NCs and NPs. (E) RT-PCR analysis

of brachyury expression in NCs and NPs. The expression of brachyury in NPs was normalized to 1. Mean ± SEM is provided (n = 3). **p < 0.01.
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In the current study, we hypothesized that NCs could secret NC-
derived exosomes (NC-exos) and the NC-exos might be impacted
by compressive load considering the close relation of NCs and biome-
chanics. In addition, the NC-exosmight play an important role in disc
angiogenesis inhibition via delivering a bioactive substance to
vascular endothelial cells. The elucidation of these effects might
shed light on the mechanism of NCs’ application in IDD treatment.
RESULTS
Identification of NCs

NCs and NPs were isolated and obtained with the mentioned filtra-
tion procedure. As shown in Figure 1B, isolated NCs were presented
as large cells with heterogeneous vacuole-like structures, and NPs are
smaller spherical cells. We then examined the cells with the noto-
chordal marker cytokeratin 8 (CK8) and mesenchymal marker vi-
mentin. As shown in Figure 2C, NCs were observed as dense clusters,
which were both CK8 and vimentin positive, whereas NPs were only
vimentin positive. Western blotting demonstrated the same tendency
expression of these markers in NCs and NPs (Figure 1D). Addition-
ally, RT-PCR showed that NCs brachyury gene expression was signif-
icantly higher than that of NPs (Figure 1E).
NC-Exos Isolation and Their Response to Compressive Loads

To explore the existence and potential functions of NC-exos, exosome
extraction procedures were performed with NC conditioned media
(Figure 2A). NC-exos were identified as membrane-encapsulated par-
ticles by transmission electron microscopy (TEM) (Figures 2B and
2C), and their size and shape were approximately a size of 50–
150 nm in diameter (Figure 2D). A 3hree-dimensional plot of relative
intensity showed a stereo picture of the size distribution (Figure 2E).
NC-exos expressed exosomal positive marker proteins CD63 and
Tsg101. Additionally, calnexin expressed in endoplasmic reticulum
is negatively expressed in NC-exos (Figure 2F). To evaluate the
impact of NC-exos on angiogenesis, NC-exos were further used in
endothelial cell cultures. NC-exos were labeled with PKH67 and incu-
bated in human umbilical vein endothelial cells (HUVECs) culture.
Fluorescent microscopy and flow cytometry results demonstrated
that PKH26-labeled NC-exos were internalized by HUVECs (Figures
2G and 2H). It has been shown that NCs responded to mechanical
stress with various effects, such as vacuolation exhaustion and proteo-
glycan-matrix secretion.15 Here, we detected the impact of compres-
sive loads on NC-exos. NCs were cultured in different compressive
loads, and NC-exos were extracted and analyzed. NCs exhibited
increased NC-exos concentration after compressive load cultures
(Figure 2J). However, no significant difference was observed in cell
viability after compressive load cultures (Figure 2K).
0.5. MPa/NC-Exos Inhibit Angiogenesis

To evaluate the impact of NC-exos on angiogenesis, NC-exos derived
from different compressive load cultures were used for angiogenesis
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Figure 2. NC-Derived Exosomes (NC-Exos) Isolation and Their Response to Compressive Loads

(A) Schematic diagram for isolation of NC-exos. (B) Typical image of NC-exos morphology was captured by transmission electron microscopy (TEM). (C) Nanoparticle

tracking measurements under flow conditions with the corresponding video frame. (D) Particle size distribution of NC-exos was examined by nanoparticle trafficking analysis.

(E) Three-dimensional plot of relative intensity showed the size distribution of NC-exos in the stereo picture. (F) Western blotting analysis of exosomal-positive markers (CD63

and Tsg101) and negative protein calnexin from NC-exos. (G) Observation of human umbilical vein endothelial cells (HUVECs) incubated with PKH67-labeled NC-exos. The

green fluorescence in HUVECs indicated cellular internalization of NC-exos. Bar, 10 mm. (H) Flow cytometry assay showed the percentage of green fluorescence-positive

HUVECs after incubation with PBS or PKH67-labeled NC-exos. (I) Schematic diagram for the compressive load culture system. (J) Relative concentration of NC-exos from

compressive load-cultured NCs. The concentration of NC-exos without compressive load culture was normalized to 1. Mean ± SEM is provided (n = 3). **p < 0.01. (K) Viability

of NCs following 0 MPa, 0.5 MPa, and 1.0 MPa cultures at 24 h and 48 h. No significant difference of cell viability was observed in applied compressive loads.
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Figure 3. 0.5 MPa/NC-Exos Inhibit Angiogenesis

(A and C) Effect of 0MPa/NC-exos, 0.5MPa/NC-exos, and 1.0MPa/NC-exos onmigration of HUVECs. Bar, 100 mm.Mean ±SEM is provided (n = 3). *p < 0.05, **p < 0.01 for

comparison with the 0.5-MPa/NC-exos group. (B and D) Effect of 0 mg, 50 mg, and 100 mg 0.5MPa/NC-exos onmigration of HUVECs. Bar, 100 mm.Mean ± SEM is provided

(n = 3). *p < 0.05, **p < 0.01. (E and G) Effect of 0 MPa/NC-exos, 0.5 MPa/NC-exos, and 1.0 MPa/NC-exos on the tube formation ability of HUVECs. Bar, 100 mm. Mean ±

SEM is provided (n = 3). *p < 0.05, **p < 0.01 for comparison with the 0.5-MPa/NC-exos group. (F and H) Effect of 0 mg, 50 mg, and 100 mg 0.5 MPa/NC-exos on the tube

formation ability of HUVECs. Bar, 100 mm.Mean ± SEM is provided (n = 3). *p < 0.05, **p < 0.01. (I and K) Effect of 0MPa/NC-exos, 0.5MPa/NC-exos, and 1.0MPa/NC-exos

on proliferation of HUVECs. Bar, 100 mm. Mean ± SEM is provided (n = 3). *p < 0.05, **p < 0.01 for comparison with the 0.5-MPa/NC-exos group. (J and L) Effect of 0 mg,

50 mg, and 100 mg 0.5 MPa/NC-exos on proliferation of HUVECs. Bar, 100 mm. Mean ± SEM is provided (n = 3). *p < 0.05, **p < 0.01.
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examination in the endothelial cell. As was shown in Figures 3A and
3C, treatment with 0.5 MPa/NC-exos dramatically inhibited migra-
tion of HUVECs compared with other groups. Moreover, 0.5 MPa/
NC-exos showed a dose-dependent inhibitive effect on migration of
HUVECs (Figures 3B and 3D). Moreover, 0.5 MPa/NC-exos showed
an inhibitive angiogenesis effect in the tube formation assay (Figures
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3E–3H). In addition, cell proliferation was suppressed by 0.5 MPa/
NC-exos (Figures 3I–3L). These data suggest that NC-exos induced
by a 0.5-MPa compressive load inhibit endothelial cell angiogenesis.
MicroRNA (miR)-140-5p Is Transferred by 0.5 MPa/NC-Exos to

Endothelial Cells and Inhibits Angiogenesis

To explore the effective components of the 0.5-MPa/NC-exos in anti-
angiogenesis effects, pretreatment of PROse K (proteinase K) or
RNase A was used to exclude the influence of proteins or RNAs. As
shown in Figures 4A–4C, RNase A pretreated 0.5 MPa/NC-exos
showed an attenuated, inhibitive effect on endothelial cell migration,
angiogenesis, and proliferation, whereas PROse K pretreatment
showed no significant effect compared to the untreated group, sug-
gesting that RNAs play an important role in the anti-angiogenic effect
of 0.5 MPa/NC-exos. Studies have shown that exosomes are effective
carriers, transferring microRNAs (miRNAs) from cells to cells. Thus,
we hypothesized that miRNAs be transferred fromNCs to endothelial
cells via NC-exos. To identify potential anti-angiogenic-associated
miRNAs in 0.5 MPa/NC-exos, an miRNA array was performed using
NC-exos with or without 0.5 MPa culture. Among the differently ex-
pressed miRNAs, ten miRNAs (miR-140-5p, miR-182, miR-183-5p,
miR-205, miR-211-3p, miR-34b-3p, miR-34c-5p, miR-361-5p, miR-
434-3p, and miR-541-5p) were significantly upregulated. The
heatmap indicates the result of a two-way hierarchical clustering of
miRNAs (Figure 4D). Volcano plots showed 10 upregulated and 5
downregulated miRNAs (Figure 4E). To evaluate the effect of upregu-
lated miRNAs on angiogenesis, the miRNAs were overexpressed in
HUVECs, respectively. Among these miRNAs, the upregulation of
miR-140-5p showed a significant inhibitive effect on angiogenesis
in endothelial cells (Figure S1). The expression of miR-140-5p in
0.5 MPa/NC-exos was confirmed (Figure 4F). Then, NCs were trans-
fected with Cy3-labeled miR-140-5p mimics and cultured in
compressive loads, and the NC-exos were labeled by PKH67 and
incubated with HUVECs. As demonstrated in Figure 4G, HUVECs
showed both Cy3 and PKH67 fluorescence positive in the 0.5-MPa/
NC-exos group, whereas HUVECs showed only PKH67 fluorescence
in 0 MPa and 1.0 MPa groups. Then, the miR-140-5p expression in
HUVECs was examined, and RT-PCR results showed that HUVECs
demonstrated an increased level of miR-140-5p after incubation with
0.5MPa/NC-exos, whereas nomiR-140-5p upregulation was detected
in other groups (Figure 4H). With the application of Annexin V, an
Figure 4. miR-140-5p Is Transferred by 0.5 MPa/NC-Exos to Endothelial Cells

(A) Effect of 0.5 MPa/NC-exos, 0.5 MPa/NC-exos + PROse K, and 0.5 MPa/NC-exos +

Effect of 0.5MPa/NC-exos, 0.5MPa/NC-exos + PROse K, and 0.5MPa/NC-exos + RNa

(C) Effect of 0.5MPa/NC-exos, 0.5 MPa/NC-exos + PROse K, and 0.5MPa/NC-exos + R

0.01. (D) Heatmap diagram of differential miRNA expression between 0 MPa/NC-exos a

Volcano plots of differentially expressed miRNAs. Red, increased expression; green, d

considered significant. (F) RT-PCR validated the increased expression of miR-140-5p

comparison with the 0.5-MPa/NC-exos group. (G) Observation of Cy3 fluorescence an

10 mm. (H) RT-PCR analysis of miR-140-5p expression in HUVECs incubated with 0 MPa

h. Mean ± SEM is provided (n = 3). *p < 0.05, **p < 0.01 for comparison with the 0.5

incubated with 0.5MPa/NC-exos or 0.5MPa/NC-exos + Annexin V for 48 h. Mean ± SEM

group. n = 3 means cells isolated of 3 individuals.
exosome internalization inhibitor, 0.5 MPa/NC-exos lost the ability
to upregulate miR-140-5p expression in HUVECs (Figure 4I). Collec-
tively, these results indicate that miR-140-5p is the main contributor
in the anti-angiogenesis effect in 0.5 MPa/NC-exos.
miR-140-5p Regulates Anti-angiogenesis via Its Functional

Target Wnt11

To evaluate how miR-140-5p regulates the anti-angiogenesis mecha-
nism, three mRNA target-predicting algorithms (miRDB, miRWalk,
and TargetScan) were used to recognize the potential downstream
targets of miR-140-5p. Among the potential targets, Wnt11 was over-
lapped in all databases (Figure 5A). To detect whether Wnt11 is a
target of miR-140-5p, 30 UTRs of Wnt11 were cloned into the lucif-
erase plasmid psiCHEK-2 in HEK293A and HUVECs. Notably, the
luciferase activities of 30 UTR of Wnt11 were suppressed by miR-
140-5p (Figure 5B). We then examined the expression of Wnt/b-cat-
enin in HUVECs nuclear and cytoplasm. As shown in Figure 5C,
overexpression of miR-140-5p in HUVECs downregulated Wnt11
expression and inhibited b-catenin nuclear accumulation, whereas
restoration ofWnt11 expression abrogated these effects. Additionally,
we also examined the levels of matrix metalloproteinases (MMPs) in
HUVEC cultures due to their close relationship with Wnt/b-catenin
regulation. As expected, the levels ofMMP-2 andMMP-7 were down-
regulated in miR-140-5p-overexpressed HUVEC cultures, whereas
restoration of Wnt11 restored their expression (Figure 5D). Further-
more, overexpression of miR-140-5p inhibited HUVEC migration,
tuber formation, and proliferation, and restoration of Wnt11 abol-
ished miR-140-5p-induced angiogenesis inhibition (Figures 5E–5J).
0.5. MPa/NC-Exos Silence Wnt11 and Inhibit Angiogenesis in

HUVECs

To explore the impact of 0.5 MPa/NC-exos on endothelial cells, we
detected whether 0.5 MPa/NC-exos silence Wnt11 and thus inhibit
angiogenesis of HUVECs. The luciferase activity of Wnt11 30 UTR
was reduced by 0.5 MPa/NC-exos but not 0 MPa/NC-exos or 1.0
MPa/NC-exos. Moreover, the addition of the miR-140-5p inhibitor
or exosome internalization inhibitor, Annexin V, showed restored
luciferase activity of Wnt11 30 UTR, suggesting that Wnt11 in HU-
VECs can be silenced by miR-140-5p derived from 0.5 MPa/NC-
exos (Figure 6A). Then, Wnt/b-catenin expression was examined in
0.5 MPa/NC-exo-cultured HUVECs. As shown in Figure 7B, 0.5
and Inhibits Angiogenesis

RNase A on migration of HUVECs. Mean ± SEM is provided (n = 3). **p < 0.01. (B)

se A on tube formation ability of HUVECs. Mean ±SEM is provided (n = 3). *p < 0.05.

Nase A on proliferation of HUVECs. Mean ± SEM is provided (n = 3). *p < 0.05, **p <

nd 0.5 MPa/NC-exos. Red, increased expression; green, decreased expression. (E)

ecreased expression; and black, no difference. p < 0.05 and fold change > 2 was

in 0.5 MPa/NC-exos. Mean ± SEM is provided (n = 3). *p < 0.05, **p < 0.01 for

d PKH67 lipid dye in HUVECs after adding PKH67-labeled NC-exos for 48 h. Bar,

/NC-exos, 0.5 MPa/NC-exos, and 1.0 MPa/NC-exos for 3 h, 6 h, 12 h, 24 h, and 48

-MPa/NC-exos group. (I) RT-PCR analysis of miR-140-5p expression in HUVECs

is provided (n = 3). *p < 0.05, **p < 0.01 for comparison with the 0.5-MPa/NC-exos
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Figure 5. miR-140-5p Regulates Anti-Angiogenesis via Its Functional Target Wnt11

(A) Potential miR-140-5p binding site in the WNT11 30 UTR predicted by TargetScan. (B) Luciferase activities of 30 UTR WNT11-luciferase (luc) constructs in HEK293A and

HUVECs after transfection of miR-25-3p mimics. Mean ± SEM is provided (n = 3). *p < 0.05, **p < 0.01. (C) Western blotting assay showed Wnt11 expression and b-catenin

expression in nucleus/cytoplasm in miR-140-5p overexpressing or miR-140-5p/Wnt11 coexpressing HUVECs. (D) ELISA detection showed the levels of matrix metal-

loproteinase (MMP)-2 and MMP-7 in medium of miR-140-5p overexpressing or miR-140-5p/Wnt11 coexpressing HUVECs. Mean ± SEM is provided (n = 3). *p < 0.05, **p <

0.01. (E and F) Effects of miR-140-5p andmiR-140-5p/Wnt11 onmigration of HUVECmonolayers. Bar, 100 mm.Mean ± SEM is provided (n = 3). *p < 0.05, **p < 0.01. (G and

H) Effects of miR-140-5p andmiR-140-5p/Wnt11 on tube formation ability of HUVECs. Bar, 100 mm.Mean ± SEM is provided (n = 3). *p < 0.05, **p < 0.01. (I and J) Effects of

miR-140-5p and miR-140-5p/Wnt11 on proliferation of HUVECs. Bar, 100 mm. Mean ± SEM is provided (n = 3). *p < 0.05, **p < 0.01.
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MPa/NC-exos dramatically decreased the expression of Wnt11 and
inhibited b-catenin nuclear accumulation. The application of An-
nexin V or miR-140-5p inhibitor abrogated these effects. Similarly,
restored Wnt11 expression rescued b-catenin nuclear accumulation
(Figures 6B and 6C). In addition, the levels of MMP-2 and MMP-7
were downregulated in 0.5 MPa/NC-exo-treated HUVEC cultures,
whereas the addition of Annexin V, miR-140-5p inhibitor, or restored
Wnt11 increased their levels (Figure 6D). In vitro migration assay,
tube formation assay, and proliferation assay showed that the treat-
ment of 0.5 MPa/NC-exos inhibited angiogenesis, whereas miR-25-
3p inhibitor or Annexin V alleviated their function in promoting
angiogenesis. Additionally, Wnt11 restoration in recipient cells sup-
pressed these effects (Figures 6E–6H). These results suggest that 0.5
MPa/NC-exos are sufficient to inhibit angiogenesis by transferring
miR-140-5p and targeting the Wnt/b-catenin pathway.
1098 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
ExosomalmiR-140-5p Expression of NP IsNegatively Correlated

with Angiogenesis

To determine whether the level of exosomal miR-140-5p inNP tissues
correlated with disc angiogenesis, NP tissues from IDD patients or
idiopathic scoliosis were obtained and examined. Immunofluores-
cence staining showed that angiogenesis expression was higher in
IDD than that of idiopathic scoliosis (Figure 7A), whereas the more
NC-like cells were observed in H&E-stained NP tissues from idio-
pathic scoliosis patients (Figure 7B). Then, exosomes from the NP tis-
sue-cultured medium were isolated, and the exosomal miR-140-5p
expression was examined (Figure 7C). RT-PCR analysis showed
that miR-140-3p from NP tissue-derived exosomes was downregu-
lated in IDD patients (Figure 7D). Statistical analysis showed miR-
140-5p levels and angiogenesis levels were negatively correlated (Fig-
ure 7E), indicating that downregulation of miR-25-3p in NP tissues



Figure 6. 0.5 MPa/NC-Exos Silence Wnt11 and Inhibit Angiogenesis in HUVECs

(A) Luciferase activities of 30 UTR WNT11-luc constructs in HUVECs after incubation with 0 MPa/NC-exos, 0.5 MPa/NC-exos, 1.0 MPa/NC-exos, 0.5 MPa/NC-exos +

Annexin V, and 0.5 MPa/NC-exos + miR-140-5p inhibitor. Mean ± SEM is provided (n = 3). *p < 0.05, **p < 0.01 for comparison with the 0.5-MPa/NC-exos group. (B)

Western blotting analysis of Wnt11, b-catenin of nucleus/cytoplasm in HUVECs after incubation with 0.5 MPa/NC-exos, 0.5 MPa/NC-exos + Annexin V, 0.5 MPa/NC-exos +

miR-140-5p inhibitor, and 0.5MPa/NC-exos +Wnt11. (C) Immunofluorescence staining analysis of b-catenin and PKH67 lipid dye of HUVECs after incubation with 0.5MPa/

NC-exos, 0.5 MPa/NC-exos + Annexin V, 0.5 MPa/NC-exos +miR-140-5p inhibitor, and 0.5 MPa/NC-exos +Wnt11. b-catenin expression was decreased in the nucleus of

the 0.5-MPa/NC-exos group. Bar, 10 mm. (D) ELISA detection of MMP-2 and MMP-7 levels in medium of HUVECs incubated with 0.5 MPa/NC-exos, 0.5 MPa/NC-exos +

Annexin V, 0.5 MPa/NC-exos + miR-140-5p inhibitor, and 0.5 MPa/NC-exos + Wnt11. Mean ± SEM is provided (n = 3). *p < 0.05, **p < 0.01 for comparison with the 0.5-

MPa/NC-exos group. (E–H) Migration (E and F), tube formation (E and G), and proliferation of HUVECs (E and H) after incubation with 0.5 MPa/NC-exos, 0.5 MPa/NC-exos +

Annexin V, 0.5 MPa/NC-exos + miR-140-5p inhibitor, and 0.5 MPa/NC-exos + Wnt11. Bar, 100 mm. Mean ± SEM is provided (n = 3). *p < 0.05, **p < 0.01 for comparison

with the 0.5-MPa/NC-exos group.
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may contribute to elevated angiogenesis. These data suggest that the
decreased expression of miR-140-5p from NP exosome is associated
with disc angiogenesis.

0.5. MPa/NC-Exos Reduce Vascularization in Degenerated Disc

Tissue

The effect of 0.5 MPa/NC-exos on disc vascularization was finally
determined in an IDD animal model. As shown in Figures 8A and
8B, the application of 0.5 MPa/NC-exos in disc NP tissue showed
decreased CD34 expression, indicating its anti-angiogenesis effect
in vivo. Additionally, the degree of disc degeneration was evaluated
by the disc height index (DHI), which was obtained from the mi-
cro-computed tomography (CT) evaluation. As shown in Figures
8C and 8D, the DHI stayed unchanged in the control group, whereas
DHI decreased continuously in the IDD group after the operation.
The treatment of 0.5 MPa/NC-exos increased the DHI significantly
compared to the IDD group at week 6. These results indicate that
0.5 MPa/NC-exos exert therapeutical impact on the degenerated
disc with an anti-angiogenesis effect in vivo.

DISCUSSION
NCs are large cells derived from the axial notochord in the embryonic
period. They are characterized by containing giant cytoplasmic vacu-
oles. In some species, such as the canine and the rat, NCs exist within
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 1099
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Figure 7. Exosomal miR-140-5p Expression of NP Is Negatively Associated with Disc Angiogenesis

(A) Immunofluorescence staining of CD34 in NP tissues from intervertebral disc degeneration (IDD) and idiopathic scoliosis patients. Bar, 100 mm. (B) H&E staining of NC-like

cells in NP tissues from IDD and idiopathic scoliosis patients. Bars, 50 mm. (C) RT-PCR analysis of exosomal miR-140-5p expression of NP tissues from 20 cases. (D) RT-PCR

analysis of exosomal miR-140-5p expression of NP tissues from IDD and idiopathic scoliosis patients. Mean ±SEM is provided. *p < 0.05. (E) Correlation analysis of miR-140-

5p expression and CD34 expression. Pearson’s correlation coefficient (r = �0.5904) and p value (p < 0.05) are shown.
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the NP throughout most of their life, and these species demonstrate
significantly postponed IDD. In humans, most NCs were proven to
transform into chondrocyte-like NPs during adolescent life. It is spec-
ulated that early IDD happens with the disappearance of NCs in hu-
mans.16 Previous evidence has been shown that the NCs play an
important role in disc function via multiple ways, including activating
degenerated NPs, stimulating chondrogenic differentiation, reducing
native cell death, and inhibiting vascularization via secreting
numerous biofactors.7–9,17 However, it still remains unclear as to
the mechanism of NC function.

In the current study, we unveiled that NC-exos could be secreted by
NCs and internalized by endothelial cells. Then, we found that miR-
140-5p could be delivered to endothelial cells via NC-exos with 0.5
MPa compressive load inducement, leading to angiogenesis inhibi-
tion, consequently contributing to intervertebral disc avascular status.
We then showed that the level of exosomal miR-140-5p in NP tissue is
negatively associated with angiogenesis in IDD. Furthermore, we
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demonstrated that 0.5 MPa/NC-exos could alleviate vascularization
in an IDD animal model. Collectively, our study reveals the role of
0.5 MPa/NC-exo-derived miR-25-3p in anti-angiogenesis and its
therapeutic potential for IDD.

Exosome-derived miRNAs can be transferred from various types of
cells to endothelial cells and exert an efficient silencing effect on
mRNAs to reprogram transcriptome. Numerous studies have shown
that exosome-mediated transfer of miRNA to vascular epithelial cells
involves an angiogenesis regulation.18,19 In the intervertebral disc, we
previously showed the important role of Fas ligand (FasL) in avas-
cular maintenance.3 We further elucidate the immune privilege of
the disc, which is established by physical and molecular barriers,
such as blood-NP barrier (BNB) and FasL.4 Although the role of
NCs or the NC-derived matrix in angiogenesis remains controver-
sial,20 studies have shown that NC-derived factors can inhibit angio-
genic processes, indicating their potential role in inhibiting vascular
in-growth treatment.9 With the use of mass spectrometry, Matta



Figure 8. 0.5 MPa/NC-Exos Reduce Vascularization of Degenerated Disc Tissue

(A) Representative H&E staining of intervertebral disc and immunofluorescence staining of CD34 from the groups at 6 weeks. Bar, 100 mm. (B) Quantitative examination of

CD34 expression in the immunofluorescence analysis. Mean ± SEM is provided (n = 5). **p < 0.01. (C) Representative micro-CT images of control group, IDD group, and

IDD + 0.5 MPa/NC-exos group at 6 weeks. (D) %DHI of each group at 2, 4, and 6 weeks after the operation. Mean ± SEM is provided. The sample number for each group is

indicated at the base of the corresponding bar. (E) Schematic of 0.5 MPa/NC-exos inhibits angiogenesis via the miR-140-5p/Wnt/b-catenin axis.
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et al.21 revealed transforming growth factor (TGF)-b1 and connective
tissue growth factor (CTGF) as major hubs in protein-interaction net-
works of NC-derived conditioned medium. Nevertheless, the identi-
fication of key biofactors secreted by NCs that delay the onset of IDD
is still in an early stage. In the current study, we, for the first time,
showed the existence of NPs-exos and demonstrated that NC-exos
produced with 0.5 MPa stimulation could inhibit disc angiogenesis
by transferring miR-140-5p to endothelial cells. These data suggest
the essential role of NC-exos in disc avascular maintenance.

Mechanical stress is of critical importance given the timely mechan-
ical environment of the disc. Studies have indicated the close relation-
ship of the disc with biomechanics.22 Previously, we found that
compressive load cultures could induce CK8 phosphorylation and
downregulation in NPs.23 As for the NCs, Saggese et al.24 showed
that NCs are more resistant to mechanical stresses compared to
NPs, indicating their potential role in compression loaded disc. In
the early stage of spine development, NCs are squeezed into the
disc by the pushing force derived from the forming vertebrae, leading
the NCs into a specific physiological environment with compressed
mechanical force. On the other hand, it is also shown that high me-
chanical force could lead to the exhaustion of NC resources.25,26

These studies suggest that a particular range of mechanical stresses
is necessary for normal NC survival and function. Here, we found
that 0.5 MPa was able to simulate the miR-140-5p package in NC-
exos with no influence on NC viability, indicating that 0.5 MPa might
be a suitable mechanical ambient for modulating NC function.

miR-140-5p has been shown to be involved in cell migration, prolifer-
ation, and metastasis.27–29 Meanwhile, the Wnt signaling pathway is
critically involved in angiogenesis through the modulation of endothe-
lial cell proliferation, migration, vascular sprouting, and vascular sys-
tem maturation.30,31 Importantly, b-catenin regulation was regarded
as one of themost important downstream pathways ofWnt-dependent
signaling.32,33 In the intervertebral disc, however, their roles in angio-
genesis have not been elucidated. Here, we showed that miR-140-5p
is upregulated in NC-exos cultured in a 0.5-MPa compressive load,
and miR-140-5p transferred by these NC-exos inhibited angiogenesis
in vascular endothelial cells. Wnt11 and downstream b-catenin
signaling were shown to be the functional targets. Wnt11 is one of
theWnt familymembers and works almost exclusively through nonca-
nonical signaling mechanisms. Studies have revealed that Wnt11 stim-
ulates proliferation, migration, and invasion of many types of cells by
activating b-catenin and inducing its nuclear accumulation.34,35 Addi-
tionally, Wnt11 was shown to be involved in the regulation of MMP
expression.36 The current study provides evidence thatNC-exo-derived
miR-140-5p inhibits the secretion of MMP-2 and MMP-7 in endothe-
lial cells. MMPs are a family of zinc-containing and zinc-dependent en-
zymes, which have been shown to facilitate blood vessel infiltration by
inducing degradation of the extracellular matrix.37 This result suggests
that the exosomal miR-140-5p could reduce the invasive ability of
blood vessels by inhibiting MMP expression. Collectively, our data
showed that NCs might exhibit their anti-angiogenesis ability via
NC-exo-derived miR-140-5p.
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Studies have suggested that humans retain a small proportion of NCs,
typically less than 20% of the total NP cell population into adult-
hood.38,39 We have previously shown that the CK8-positive cells exist
in adult human NP tissues and decrease with IDD degree, suggesting
the existence of the remaining NCs.40 In this study, we demonstrated
that the expression of miR-140-3p from NP tissue-derived exosomes
was negatively correlated angiogenesis levels in human NP tissues.
These data indicate that the exosomal miR-140-5pmight be produced
by the remaining NCs and suggest their potential role in normal disc
function maintenance.

Recent studies have revealed the emerging therapeutical role of exo-
somes derived from MSCs.41 In the intervertebral disc, MSC-derived
exosomes were proven to ameliorate IDD via transferring various bio-
factors and regulating the corresponding downstream pathways.42–44

However, there is a paucity of information in the literature pertaining
to the existence of NC-exos and their impact on IDD. To examine the
in vivo effect of NC-exos, we further applied the NC-exos in an IDD
animal model. We found that 0.5 MPa/NC-exos could reduce the
vascularization of degenerated disc tissue. Moreover, IDD progress
was alleviated in the micro-CT measurement. This observation was
consistent with the in vitro study and indicated that NC-exos might
be used as a potential option for further IDD treatment.

In conclusion, our findings showed that the 0.5 MPa/NC-exos inhibit
angiogenesis via regulating the miR-140-5p/Wnt/b-catenin axis in
vascular epithelial cells, providing insights into the anti-angiogenesis
mechanism of NCs. Consequently, the current study increases our
understanding of the therapeutic potential of NCs for IDD.
MATERIALS AND METHODS
NC Isolation and Culture

Forty adult male Sprague-Dawley rats, weighing 200–220 g, were ob-
tained from the Experimental Animal Center of FourthMilitaryMed-
ical University. All animal procedures were performed under the
approval and guidance of the Institutional Ethics Review Board of Xij-
ing Hospital. NCs were obtained following the protocol described
previously (Figure 1A).45 Briefly, following the application of intrave-
nous general anesthesia, the rats were sacrificed, and the lumbar NP
tissue was harvested from each disc. The NP tissues were then washed
with phosphate-buffered saline (PBS) and digested for 40 min in 0.2%
pronase (Gibco-BRL, Carlsbad, CA, USA) (0.005 mL/mg of tissue).
After being washed twice, the tissues were then incubated in 0.25%
type II collagenase (Gibco-BRL, Carlsbad, CA, USA) (0.002 mL/mg
of tissue) at 37�C under gentle agitation for 4 h. Then, the tissue debris
was detached by a 70-mm pore-size nylon mesh. It has been shown
that NCs did not adhere to the flask until day 6; thus, these cells
were separated from the chondrocyte-like NPs on day 3. The NCs
were then isolated by a serial filtration procedure with a mesh diam-
eter of 40, 25, and 15 mm. The yielded NCs are approximately 100
cells/mg tissue, and NPs are approximately 200 cells/mg tissue. NCs
were seeded in culture flasks with DMEM/F12-based medium con-
taining 10% exosome-free fetal bovine serum (Thermo Fisher
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Scientific, Waltham, MA, USA). The culture flasks were then placed
in incubator with 20% oxygen and 5% CO2 at 37�C.

NC-Exos Isolation and Identification

NC-exos were isolated as described previously.19,46 Briefly, cell cul-
ture medium was collected and centrifuged at 200 � g for 10 min
and 10,000 � g for 30 min to remove cells and dead cells. Then, su-
pernatant was obtained and filtered through 0.22 mm membrane fil-
ters with pressure to remove particles larger than 0.22 mm in diameter.
After ultracentrifugation at 100,000 � g for 80 min at 4�C, the exo-
somes were pelleted. Then, the pellets were washed and resuspended
in PBS (Figure 2A). For observation of exosome morphology, the
morphology of the exosomes was observed by TEM (JSM-4800; Hita-
chi, Japan). For size distribution assay, the exosomes were resus-
pended in PBS and measured by nanoparticle trafficking analysis
(NTA) using the NanoSight NS300 system (Malvern, UK), according
to the manufacturer’s instructions. The exosomes were quantified by
the Bradford protein assay and stored at �80�C for further use. For
exosomes from NP tissues, NP tissues were incubated in the serum-
free culture media at 37�C in a humidified 5% CO2 incubator for 6
h. The media were subjected to the mentioned procedures. The exo-
somes were obtained and managed under schemes according to the
corresponding procedures.

Compressive Load Culture

The compressive load culture was established according to our previ-
ous studies.23,47 The culture system consisted of a compression cul-
ture chamber and gas cylinder. To provide compressive stress, the cul-
ture chamber was linked with a high-pressure gas cylinder. The
samples were then subjected to controllable compressive stress at
0 MPa, 0.5 MPa, and 1.0 MPa for 24 and 48 h (Figure 2I).

Internalization of NC-Exos by HUEVCs

NC-exos were labeled with PKH67 (Sigma-Aldrich), according to the
manufacturer’s instructions. Briefly, 250 mg of NC-exos was mixed
with PKH67 in 1 mL of diluent C (Sigma-Aldrich) with a final con-
centration of 2 � 10�6 M PKH67. Then, 2 mL of 5% BSA/PBS was
added for neutralization after 5 min incubation. The NC-exos were
then washed by PBS and incubated with HUVECs. After 6 h, HU-
VECs were observed by fluorescence confocal microscope (Nikon,
Tokyo, Japan) and examined by flow cytometry. Additionally, NCs
were transfected with Cy3-labeled miR-140-5p mimics and cultured
in compressive loads with 0 MPa, 0.5 MPa, and 1.0 MPa. The NC-
exos were labeled by PKH67 and incubated with HUVECs. 40,6-dia-
midino-2-phenylindole (DAPI) was used for cellular nuclei staining.
Imaging of exosome uptake was performed by fluorescence confocal
microscope.

Migration Assay, Angiogenesis Assay, and 5-Ethynyl-20-
Deoxyuridine (EdU) Assay

Migration was measured by scratching the HUVEC confluent layer in
a 24-well plate with a P200 pipette tip. Then, PBS was used to wash
the loose cells. For each group, 300 mL of test medium was applied,
and the plate was incubated at 37�C. HUVEC migration was quanti-
fied andmonitored. For further evaluation, the images were processed
by WimScratch (Wound Healing Assay Image Analysis). Cells from
three random fields were counted. Tube formation assay was per-
formed as follows: Matrigel matrix (Corning) was used to plate in a
24-well plate. The plates were incubated at 37�C for 30 min, and HU-
VECs were seeded on the Matrigel-coated wells. The plate was then
incubated at 37�C in a 5% CO2 humidified atmosphere. Tube forma-
tion was observed with a microscope. The number of tubes was
measured for tube formation ability. For EdU assay, EdU Staining
Proliferation Kit (Abcam) was used. Briefly, 100 ml EdU solution
was added into a 96-well plate for 2 h incubation. Then, fixative solu-
tion was added and incubated for 15 min. After being washed with
PBS, the cells were incubated in permeabilization buffer for 20 min.
Then, reaction mix to fluorescently label EdU was added. After
30 min, the wells were viewed and photographed using a confocal
fluorescence microscope. The EdU-positive rate was counted as pos-
itive cells/overall cells � 100%. For each sample, the cell number was
counted at least three times.

miRNA Microarray Analysis

Total RNA from NC-exos was extracted by Trizol (Tiangen, Beijing)
and assessed by an Agilent 2100 BioAnalyzer (Agilent Technologies,
Santa Clara, CA, USA) and Qubit Fluorometer (Invitrogen).
Sequence libraries were generated and sequenced by CapitalBio Tech-
nology (Beijing, China) using NEB Next Multiplex Small RNA Li-
brary Prep Set for Illumina (NEB, USA) following the manufacturer’s
instructions. PCR amplification was performed using LongAmp Taq
2X Master Mix, SR Primer for Illumina, and Index (X) Primer. Li-
brary quality was assessed on the Agilent Bioanalyzer 2100 system us-
ing DNA High Sensitivity Chips. The library preparations were
sequenced on an Illumina HiSeq 2500 platform following the manu-
facturer’s instructions. A p value of 0.05 and (log2[fold change]) >1
were set as thresholds for significantly differential expression.

Nuclear and Cytoplasm Fractionation

Nuclear and cytoplasm fractionation was conducted using the Nu-
clear and Cytoplasmic Extraction Reagents (Thermo Fisher Scienti-
fic), according to the manufacturer’s instructions. Briefly, cells were
harvested and washed once with cold PBS. Cells were then pelleted
by 500 � g for 3 min. Ice-cold cytoplasmic extraction reagent
(CER) I and CER II were added to the cell pellet. After being vortexed,
cells were centrifuged at 15,000� g at 4�C for 5 min. Supernatant was
collected containing the cytoplasm fraction. The remaining cell debris
was then suspended in nucleotide excision repair (NER), rotated at
4�C for 15 s, and repeated 3 times every 10 min. Cytoplasm and nu-
clear fractionation were stored at �80�C for further detection.

Western Blotting

Cell or exosome lysates were prepared in 3-(N-morpholino)propane-
sulfonic acid (MOPS) buffer on ice for 30 min. Then, debris was
removed by centrifugation for 20 min at 4�C. Protein concentration
was measured with the bicinchoninic acid (BCA) assay (Sigma, St.
Louis, MO, USA). After being electrophoresed in 10% Bis-Tris gel,
proteins were transferred to the polyvinylidene fluoride (PVDF)
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membrane. The samples were then blocked in the nonspecific binding
sites overnight. Following transfer to nitrocellulose membranes, sam-
ples were incubated with the primary antibodies as follows: rabbit
anti-CK8 (1:200), rabbit anti-vimentin (1:200), rabbit anti-glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) (1:1,000), mouse mono-
clonal anti-CD63 (1:200), rabbit anti-Tsg101 (1:200), rabbit anti-cal-
nexin (1:200), rabbit anti-Wnt11 (1:500), and rabbit anti-b catenin
(1:500) (Abcam, Cambridge, MA, USA), Antibody labeling was iden-
tified using horseradish peroxidase (HRP)-conjugated secondary an-
tibodies (Cell Signaling Technology, Boston, MA, USA). Images were
analyzed by densitometry from Scion Image.

RT-PCR

Total RNA was extracted using the Total RNA Kit (Omega Biotek,
Norcross, GA, USA) and normalized to a cell number before RT-
PCR. Thereafter, RT-PCR was performed according to the manufac-
turer’s instructions in a 7500 Real-Time PCR System (Applied Bio-
systems, Foster City, CA, USA) with SYBR Premix Ex Taq (TaKaRa).
The sequences of primers are shown in Table S1. The PCR reaction
was conducted using 25 mL of sample cDNA, 2.5 mL of 10 PCR
buffer, 2.0 mL of MgSO4 (25 mM), 2.5 mL deoxyribonucleotide
triphosphate (dNTP) mix (2 mM), 0.5 mL Taq DNA Polymerase
(2 U/mL), and 15.8 mL deionized H2O. The reaction mixture was
heated to 95�C for 2.5 min and then amplified for 40 cycles as follows:
95�C for 30 s (denaturation), 50�C for 30 s (annealing), and 65�C for
10 s (extension).

Enzyme-Linked Immunosorbent Assay (ELISA) Measurement

According to the manufacturer’s instruction, ELISA kits (Abcam,
Cambridge, MA, USA) were applied to detect the concentration of
MMP-2 and MMP-7 in the HUVEC cultured medium. The concen-
tration was determined in triplicate in each sample, and the average
measurement was considered to be the final concentration.

Luciferase Activity Assay

AWnt11 gene 30 UTR segment was amplified using PCR and inserted
into the vector. Lipofectamine 2000 (Invitrogen) was used to cotrans-
fections ofWnt11 30 UTR plasmids with miR-140-5p lentivirus vector
into the cells. 48 h after transfection by the dual luciferase, luciferase
activity was examined by the Reporter Assay System (Promega). All
experiments were performed in triplicate, and each assay was
repeated three times.

RNA Interference and Plasmids

Mimics and inhibitor of miR-140-5p were purchased from Gene-
Pharma. The sequences of miR-140-5p mimics and inhibitor were
listed in Table S2. Lentivirus vectors expressing miR-140-5p were
constructed and produced by GeneChem. In rescue experiments, cells
that stably expressed miR-140-5p or incubated with exosomal miR-
140-5p were transfected with Wnt11 expressing plasmids (GeneCo-
poeia). In the exosome transfection experiments, the miR-140-5p in-
hibitor (GenePharma) was loaded in NC-exos with the Exo-Fect Exo-
some Transfection Kit (System Biosciences), according to the
manufacturer’s instruction.
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Human NP Tissue Collection

Human NP tissues and magnetic resonance imaging (MRI) data were
obtained, as described previously.23 Ethics approval was obtained
from the Institutional Review Board of Xijing Hospital. Briefly, writ-
ten, informed consents were collected from each patient. NP tissues
were obtained from patients with idiopathic scoliosis (n = 10; average
age 19.3 [range 16–24] years) and IDD (n = 10; average age 46.2
[range 34–68] years) as control and degenerative groups. Samples
were obtained within 2 h after surgery. NP tissues were identified
and separated by a stereotaxic microscope. Then, the NP tissues
were cultured in DMEM/F12-based medium containing 10% exo-
some-free fetal bovine serum (Thermo Fisher Scientific, Waltham,
MA, USA) for exosome isolation or frozen and stored in �80�C for
further immunofluorescence.
Immunofluorescence

Cells or NP tissues were fixed in 4% paraformaldehyde for 10 min at
room temperature. The samples were then washed with PBS and
incubated with blocking buffer (1% BSA, 0.4% Triton X-100, and
4% normal serum in PBS) for 30 min. Thereafter, the samples were
stained with primary antibodies and secondary antibodies (1:200; Ab-
cam) for 1 h at room temperature. Thereafter, the cell nucleus was
stained with DAPI solution (1:1,000; Invitrogen) for 1 min at room
temperature. The immunostaining results were examined and photo-
graphed with a fluorescence microscope (Nikon, Tokyo, Japan). For
quantitative examination, the immunostaining results of the animal
specimens were analyzed by Image-Pro 6.0 software.
In Vivo Validation in IDD Animal Model

The IDD animal model was established as previously reported.48

Briefly, a total of forty-five C57 mice, aged 10–12 weeks, were used.
The mice were anesthetized with intraperitoneal injection of Hyp-
norm (0.5 mL/kg) and Dormicum (0.5 mL/kg). The tail skin of the
mice was longitudinally incised, and the subcutaneous connective tis-
sues were separated. C4/C5 discs were then punctured by a 31G nee-
dle through the AF at a controlled depth of needle bevel under micro-
scopic guidance. Mice were returned to treatment 2 weeks after
puncture surgery. C4/C5 discs were injected with 2 mL of 0.5 MPa/
NC-exos. Micro-CT (eXplore Locus SP; GE Healthcare, Fairfield,
CT, USA) was conducted for quantitative disc height evaluation.
DHI was calculated as the percent of the disc height to the length
of the adjacent vertebral body. Change of DHI was expressed as %
DHI (postinjection DHI/preinjection DHI).
Statistical Analysis

The SPSS statistical package (SPSS, Chicago, IL, USA) was used for
statistical analysis. Student’s t test was used in the analysis of two-
group parameters. ANOVA test was used in comparisons of multiple
groups. A p value <0.05 was considered significant.
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