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ABSTRACT

Intervertebral disc degeneration (IVDD) is a main cause of low back pain that is associated with extracellular
matrix (ECM) degradation and inflammation. This study aims to investigate the role of DNMT3B and its
regulatory mechanisms in IVDD. IVDD rat models were constructed followed by transfections with oe-
DNMT3B or oe-YAP in order to explore the role of DNMT3B in the development of IVDD. After that
transfection, nucleus pulposus (NP) cells were isolated and transfected with oe-DNMT3B, oe-TRPA1, si-YAP,
oe-YAP or oe-COX2 in order to investigate the functions of DNMT3B in NP cells. DNMT3B was poorly
expressed in IVDD tissues and NP cells whereas TRPA1l, COX2, and YAP were highly expressed. The
proliferation or apoptosis of NP cells was detected through CCK-8 assay or flow cytometry, respectively.
Overexpression of DNMT3B promoted the proliferation of NP cells, inhibited their apoptosis, as well as
increasing the expression of collagen Il and aggrecan and decreasing expression of MMP3 and MMP9.
Besides, DNMT3B suppressed inflammation and alleviated IVDD. Mechanistically, DNMT3B modified the
TRPA1 promoter by methylation to inhibit the expression of COX2. Overexpression of COX2 promoted the
apoptosis of NP cells and decreased the expression of YAP, which was reversed by upregulating DNMT3B.
DNMT3B may promote the proliferation of NP cells and prevent their ECM degradation through the
TRPA1/COX2/YAP axis, thereby alleviating IVDD in rats.

INTRODUCTION

Human intervertebral disc degeneration (IVDD) is a
multifactorial process that is caused by both genetic
factors and mechanical stress [1]. IVDD is
asymptomatic in most cases, and is often correlated
with sciatica, spondylolisthesis, disc herniation, and
degenerative scoliosis [2]. Currently, clinical inter-
ventions for IVDD mainly include conservative medical
treatment and surgery, but these treatments only provide
temporary relief of painful symptoms [3]. Nucleus
pulposus (NP) cells play critical roles in generating
aggrecan, type II collagen, and other components of the
extracellular matrix (ECM), thereby exerting its

important effects on maintaining IVD integrity [4].
During IVDD, pro-inflammatory cytokines such as
TNF-a and IL-1p can accelerate NP cell degeneration
by promoting the release of matrix metalloproteinases
(MMPs) and inflammatory cytokines [5, 6]. Therefore,
ECM degradation and inflammation in NP cells have
been shown to accelerate the progression of IVDD.
However, the underlying factors or mechanisms
involved in this process are not yet fully understood.

DNA methylation is a form of epigenetic modification
that plays a crucial role in biological processes. Its
multiple functions include; repression of transposons
and genes or gene activation, which directly determines
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disease development [7]. DNA Methyltransferase 3
Beta (DNMT3B) is a major methyltransferase that is
known to methylate centromeric, pericentromeric and
subtelomeric repeats, while DNMT3B protein plays
different roles in diseases that are context-dependent
[8]. A recent report indicated that a DNMT3B inhibitor
increases the expression of transient receptor potential
ankyrin 1 (TRPA1) during erythroid and megakaryocyte
differentiation [9]. Additionally, TRPA1 is a cation
channel located on the plasma membrane of many types
of cells, and is a potential sensor for inflammatory pain
[10]. TRPA1 is highly expressed in the intestinal
mucosa and exerts anti-inflammatory and protective
effects [11]. Moreover, TRPA1 promotes the
development of degenerative cartilage changes and joint
pain in osteoarthritis, when the expression of a potential
mediator, cyclooxygenase 2 (COX-2), gets inhibited
[12]. COX-2, a key enzyme in fatty acid metabolism, is
induced by pro-inflammatory cytokines and is also a
key link in triggering subsequent inflammatory
responses [13]. Interestingly, hypoxia increases the
expression of COX2 in mesenchymal stem cells, which
then activates Yes-associated protein (YAP) in
hepatoma carcinoma cells and leads to increased cell
proliferation [14]. The dysregulation of YAP is
involved in IVDD and cell senescence [15]. Based on
the aforementioned evidence, we speculated that
DNMT3B might regulate TRPA1/COX2/YAP axis to
alleviate IVDD.

RESULTS
DNMT3B was lowly expressed in IVDD

Studies have shown decreased DNA methyltransferase
DNMT3B expression levels in osteoarthritis [16]. To
investigate whether DNMT3B is associated with the
development of IVDD, we first constructed a
puncture-induced IVDD rat model. H&E and SO
staining of the morphology of intervertebral disc
tissues revealed decreased numbers of NP cells,
chaotic structure of NP celis, and damaged ECM in
the IVDD rats relative to that of Sham rats (Figure
1A). Therefore, the histological score of the
intervertebral discs of IVDD rats was significantly
higher. The levels of collagen II and aggrecan in
IVDD rats, indicators of protein degradation of ECM
[17], were decreased, while MMP3 and MMP9 levels
were increased (Figure 1B, 1C). In addition, IVDD
rats exhibited increased levels of inflammatory factors
in their intervertebral disc tissues, including IL-6,
TNF-a, and IL-8 (Figure 1D). The above results
demonstrated that the IVDD rat model was
successfully constructed. The mRNA and protein
levels of DNMT3B in the IVDD rats were
significantly reduced (Figure 1E, 1F), indicating that

DNMT3B may be related to the development of
IVDD and could probably be a novel biomarker for
the condition, which needs to be identified by more
comprehensive experiments.

Overexpression of DNMT3B promoted NP cell
proliferation and reduced ECM degradation and
inflammation

To investigate the effects of DNMT3B on NP cells in
vitro, we isolated and cultured NP cells from the
intervertebral disc tissues of IVDD or Sham rats. The
NP cells from IVDD or sham-operated rats were
paddle-shaped or horn-shaped (Figure 2A). The
expression of HIF-1o, HIF-1B, and collagen I in NP
cells at passage 1 and 2 from IVDD rats increased
with cell passage, while collagen II decreased with
cell passage (Figure 2B). These results confirmed that
NP cells were successfully isolated from IVDD rats.
Moreover, DNMT3B was lowly expressed in NP cells
of IVDD rats (Figure 2C, 2D). To study the effects of
overexpression of DNMT3B on NP cell proliferation
and ECM degradation, NP cells were transfected with
0e-DNMT3B, followed by Western blot analysis and
RT-qPCR. The results depicted that oe-DNMT3B had
significantly increased the mRNA and protein levels
of DNMT3B in NP cells (Figure 2E, 2F). More
importantly, we found that treatment with oe-
DNMT?3B had significantly increased the proliferation
of NP cells (Figure 2G) but reduced their apoptosis
(Figure 2H). Upregulation of DNMT3B expression
also reduced the expression of pro-apoptotic factors
Bax and caspase-3, but increased that of anti-
apoptotic factor Bcl2, which was similar to the control
level (Figure 2I, 2J), indicating that the
overexpression of DNMT3B enhances the anti-
apoptotic ability of NP cells. The balance of ECM
synthesis and degradation contributes to the structural
stability of the intervertebral disc, which is also a key
indicator for evaluating NP cell function [18]. In this
assay, we detected the expression of collagen II,
aggrecan, MMP3, and MMP9 in NP cells to evaluate
the balance of ECM synthesis and degradation of NP
cells. As shown in Figure 2K, 2L, oe-DNMT3B
increased the expression levels of collagen II and
aggrecan, and decreased the expression of MMP3 and
MMP9, which was similar to that of the control level.
In addition, the results of immunofluorescence
staining showed that o0e-DNMT3B significantly
increased the expression of collagen II (Figure 2M).
0e-DNMT3B inhibited inflammation of NP cells as
well, as demonstrated by reduced levels of IL-6, TNF-
o and IL-8, similar to that of the control level (Figure
2N). Collectively, these results indicated that the
overexpression of DNMT3B promoted NP cell
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proliferation and reduced ECM degradation and
inflammation.

DNMT3B inhibited the expression of TRPA1l by
modifying TRPA1 promoter methylation

A study has shown that DNMT3B inhibits the
expression of TRPA1 during erythroid and
megakaryocyte differentiation [9]. TRPAT1 is highly
expressed in the intervertebral disc after being treated
with pro-inflammatory cytokines, and may participate
in the homeostasis of the intervertebral disc [19]. To
verify whether DNMT3B works in a TRPAIl-
dependent manner, we first used RT-qgPCR and
Western blot to detect the expression of TRPAT1 in the
intervertebral disc tissues of IVDD rats. As shown in
Figure 3A, 3B, the mRNA and protein levels of
TRPAT in the IVDD rats were significantly increased.
Functional experiments were conducted to further
identify the role of TRPAI, by transfecting NP cells
with 0e-NC or oe-DNMT3B. As shown in Figure 3C,
3D, 0e-DNMT3B reduced the mRNA and protein
levels of TRPAI, indicating that DNMT3B might
inhibit the expression of TRPA1. Next, C-phosphate-
G (CpQ) island was identified in the TRPA1 promoter
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region through the UCSC Genome Browser Database
website (http://genome.ucsc.edu) (Figure 3E). The
addition of aza (a DNMT3B inhibitor) reduced the
methylation of the TRPA1 promoter (Figure 3F), and
the overexpression of DNMT3B could promote the
methylation of the TRPA1 promoter. In addition, aza
reversed the promotion of DNMT3B on the
methylation of the TRPA1 promoter. As shown in
Figure 3G, aza increased the luciferase reporter gene
activity of the TRPAI1-WT promoter, while oe-
DNMT3B reduced the luciferase reporter gene
activity of the TRPA1-WT promoter. Fascinatingly,
aza reversed the inhibition of DNMT3B on the
luciferase reporter gene activity of the TRPA1-WT
promoter. However, at the same time, there was no
significant change in the luciferase reporter gene
activity of the TRPA1-MUT promoter (Figure 3G).
The application of aza resulted in the decreased
expression of DNMT3B and an increase in the
expression of TRPA1, while oe-DNMT3B had the
opposite effects. aza reversed the inhibition of oe-
DNMT3B on the expression of TRPAI1
(Figure 3H, 3I). These data indicated that
DNMT3B inhibited the expression of TRPA1l by
promoting the methylation of TRPA1 promoter.
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Figure 1. DNMT3B was expressed in IVDD tissues in low levels. (A) Histological analysis of intervertebral disc tissues of Sham rats and
IVDD rats. (B) The expression of collagen Il, aggrecan, MMP3, and MMP9 detected by RT-qPCR in intervertebral disc tissues of sham-operated
rats and IVDD rats. (C) Western blot analysis of the expression of collagen Il, aggrecan, MMP3, and MMP9 in intervertebral disc tissues of
sham-operated rats and IVDD rats. (D) The levels of inflammatory factors IL-6, TNF-a, IL-8 was detected by ELISA. (E) The expression of
DNMT3B in the intervertebral disc of sham-operated rats and IVDD rats was detected by RT-gqPCR. (F) The expression of DNMT3B in the
intervertebral disc of sham-operated rats and IVDD rats was detected by Western blot. Measurement data are expressed as the mean +
standard deviation and analyzed using independent sample t-tests. **, p <0.01.
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DNMT3B inhibited TRPA1l to promote NP cell
proliferation and to reduce its ECM degradation
and inflammation

To explore the effect of DNMT3B on NP cells by

cells with o0e-NC, oe-TRPAI1, or oe-DNMT3B. As
shown in Figure 4A, 4B, oe-DNMT3B reversed the
promotion of oe-TRPA1 on mRNA and protein levels
of TRPA1, while the overexpression of TRPA1 hardly
altered the expression of DNMT3B. Additionally, oe-

inhibiting the expression of TRPA1, we transfected NP TRPA1 reduced the proliferation of NP cells and
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Figure 2. DNMT3B promoted NP cell proliferation and ECM synthesis. (A) Representative images of the morphology of isolated NP cells
under an optical microscope. (Scale bar, 100 um). (B) Immunocytochemical staining showing the expression of HIF-1a, HIF-1p, collagen |, collagen
Il'in primary and second generation of NP cells from IVDD rats (scale bar, 50 um; magnification 200 x). (C) The expression of DNMT3B in NP cells
from Sham or IVDD rats was detected by gRT-PCR. (D) Western blot showing the expression of DNMT3B in NP cells from Sham or IVDD rats. (E)
The expression of DNMT3B in NP cells after 24 hours of transfection of oe-DNMT3B was detected by gRT-PCR. (F) The expression of DNMT3B in
NP cells after 48 hours of transfection of oe-DNMT3B was detected by Western blot. (G) The proliferation of NP cells at 24, 48, and 72 hours,
after 24 hours of transfection of oe-DNMT3B was detected by CCK-8. (H) The apoptosis of NP cells after 48 hours of treatment with oe-DNMT3B
was detected by flow cytometry. (I) The expression of apoptosis-related factors Bax, Bcl-2, and caspase-3 in NP cells after 24 hours of treatment
with oe-DNMT3B was detected by qRT-PCR. (J) The expression of apoptosis-related factors Bax, Bcl-2, and caspase-3 in NP cells after 48 h ours of
transfection with oe-DNMT3B was detected by Western blot. (K) The expression of collagen II, aggrecan, MMP3, and MMP9 in NP cells after 24
hours of transfection with ce-DNMT3B was detected by RT-qPCR. (L) The expression of collagen Il, aggrecan, MMP3, and MMP9 in NP cells after
48 hours of transfection with oe-DNMT3B was detected by Western blot. (M) Immunofluorescence staining showing the protein content of
collagen Il in NP cells after 48 hours of treatment with oe-DNMT3B. (N) The levels of inflammatory factors IL-6, TNF-a, IL-8 in NP cells after 24
hours of treatment with oe-DNMT3B were detected by ELISA. Measurement data are expressed as the mean + standard deviation (n = 3) and
analyzed using independent sample t-tests between two groups or using two-way ANOVA between groups at different time points. **, p < 0.01.
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increased their apoptosis, and additional treatment of
0e-DNMT3B had the opposite effects (Figure 4C, 4D).
Increased TRPA1 levels elevated the expression of pro-
apoptotic factors Bax and caspase-3 and reduced the
expression of anti-apoptotic factor Bcl2, and further
treatment of 0e-DNMT3B reversed these changes
(Figure 4E, 4F). Moreover, results from RT-qPCR and
immunofluorescence revealed that oe-TRPA1 reduced
the expression of collagen II and aggrecan but increased
the expression of MMP3 and MMP9; however, the

addition of 0e-DNMT3B restored the expression of
MMP3, MMP9, collagen II and aggrecan (Figure 4G—
41). These alterations supported the inhibitory effect of
DNMT3B on ECM degradation through the inhibition
of TRPAI1. Furthermore, oe-TRPA1 increased the
expression of IL-6, TNF-q, and IL-8, but addition of oe-
DNMTS3B reversed the effects (Figure 4J). These data
indicated that DNMT3B promoted the proliferation of
NP cells and reduced their ECM degradation and
inflammation in a TRPA 1-dependent manner.

- . oe-NC oe-NC
< %5 ** < mm 0e-DNMT3B c , =m 0e-DNMT3B
o 4 2 25+ S 4+ o3 .
e . k5 2 4 g
5 4 e 2 20 53 g
5 " E O 37 & 2-
55157 2 5
¢ 27 £g Z 2- < "
3 S F 107 e £ - S o
o o = L = @ - [0} o
o 14 — a = = =
é g 0.5 T -a(i
© = o) D
E 0 I I % 0.0 I : & 0 . li_ & 0 ' |i_
Sham VDD @ Sham VDD DNMT3B  TRPA1 DNMT3B  TRPA1
E F cor]rtrol control aza
ce-NC  aza+0e-NC o0g-DNMT3B 0e-DNMT3B
Marker M U M u M u M U

.t
5’&:;
b ‘\ )
3 ,l v'\/ W/

l
8 & W

o %0 bp 1000 tp 1990 tp 2000 e hn o )
(el | 1
G control + oe-NC H control + oe-NC I control + oe-NC

Bl aza +oe-NC Bl aza +o0e-NC Bl aza+oe-NC
Hl control + oe-DNMT3B mm control + oe-DNMT3B Hm control + oe-DNMT3B

24 BN aza + 0e-DNMT3B S 4- B aza + 0e-DNMT3B § 3, M aza+0e-DNMT3B
E g 5] g
< = > g, ]
2 ; B
qu_J < 2] % " ok
g g .. - B
= T 514 & T
= 2P ! 2
@ = ©
0] o T
x & r

TRPAT-WT DNMT3B

TRPA1-MUT

TRPA1

DNMT3B

TRPA1

Figure 3. DNMT3B inhibited the expression of TRPA1 through methylation. (A) RT-gPCR showing the expression of TRPA1 in the
intervertebral disc tissue of IVDD rats (n = 10) and sham-operated rats (n = 10). (B) Western blot showing the expression of TRPA1 in the
intervertebral disc tissue of IVDD rats). (C) mRNA expression of DNMT3B and TRPA1 in NP cells after 24 hours of transfection with oe-
DNMT3B or oe-NC was detected by RT-qPCR. (D) mRNA expression of DNMT3B and TRPAL in NP cells after 48 hours of transfection with oe-
DNMT3B or oe-NC was detected by Western blot. (E) A C-phosphate-G (CpG) island in the TRPA1 promoter region was identified in UCSC
website. (F) The methylation of the TRPA1 promoter was measured through MSP in NP cells after 24 hours of transfection with oe-DNMT3B.
(G) The luciferase reporter assay of luciferase activity in promoter of the TRPAL-WT and TRPA1-MUT in NP cells after 24 hours of transfection
with oe-DNMT3B. (H) RT-qPCR showing the mRNA expression of DNMT3B and TRPAL in NP cells after 24 hours of transfection with aza or oe-
DNMT3B. (I) Western blot showing the protein expression of DNMT3B and TRPA1 in NP cells after 48 h treatment with aza or oe-DNMT3B.
Measurement data are expressed as the mean + standard deviation (n = 3) and analyzed using independent sample t-tests between two
groups or using one-way ANOVA between multiple groups. **, p < 0.01; ns, not significant.
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DNMT3B regulated the proliferation, apoptosis and
ECM degradation of NP cells via TRPA1-COX2 axis

Studies have shown that the activation of TRAPI
promotes the expression of COX2 in osteoarthritis [12],
and that COX2 is highly expressed in inflammatory
cytokine-mediated IVDD [20]. Thus, we detected the
expression of COX2 in the intervertebral disc tissues of
Sham rats or IVDD rats. The mRNA and protein levels
of COX2 in the IVDD rats were significantly increased,
as shown in Figure 5A, 5B. To investigate whether
DNMT3B inhibits the expression of COX2 through
TRPA1, we transfected NP cells with oe-TRPA1 or oe-
DNMT3B. As shown in Figure 5C, 5D, oe-TRPA1
increased the mRNA and protein levels of TRPA1 and
COX2, which was reversed by additional treatment with
0e-DNMT3B, indicating that DNMT3B can inhibit the
expression of COX2 through TRPAI.

To explore the effect of DNMT3B on NP cell
proliferation and ECM degradation through the
TRPA1/COX2 axis, NP cells were transfected with oe-
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to induce the expression of pro-apoptotic factors Bax
and caspase-3 and reduced the expression of anti-
apoptotic factor Bcl2, and further treatment of
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0e-COX2 reduced the expression of collagen II and
aggrecan but increased the expression of MMP3 and
MMP9, and further treatment of oe-DNMT3B had the
opposite effects (Figure 5K, 5L), which was consistent
with the results of immunofluorescence staining of
collagen II (Figure 5M). Furthermore, the expression of
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and reduced by 0e-COX2 + 0e-DNMT3B (Figure 5N).
The aforementioned results suggested that DNMT3B
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Figure 4. DNMT3B inhibited TRPA1 to regulate NP cell proliferation and ECM degradation. (A) The expression of DNMT3B and
TRPAL in NP cells after 24 hours of treatment with oe-DNMT3B or oe-TRPA1 was detected by RT-qPCR. (B) The expression of DNMT3B and
TRPAL in NP cells after 48 hours of treatment with oe-DNMT3B or oe-TRPA1 was detected by Western blot. (C) The proliferation of NP cells
after 24 hours of treatment with oe-DNMT3B or oe-TRPA1 was detected by CCK-8. (D) The apoptosis of NP cells after 48 hours of treatment
with oe-DNMT3B or oe-TRPA1 was detected by flow cytometry. (E) The expression of apoptosis-related factors Bax, Bcl-2, and caspase-3 was
detected by qRT-PCR in NP cells after 48 hours of treatment with oe-DNMT3B or oe-TRPA1. (F) The expression of apoptosis-related factors
Bax, Bcl-2, and caspase-3 was detected by Western blot in NP cells after 48 hours of treatment with oe-DNMT3B or oe-TRPA1. (G) The
expression of collagen Il, aggrecan, MMP3, and MMP9 was detected by RT-qPCR in NP cells after 48 hours of treatment with oe-DNMT3B or
oe-TRPAL. (H) The expression of collagen Il, aggrecan, MMP3, and MMP9 was detected by Western blot in NP cells after 48 hours of
treatment with oe-DNMT3B or oe-TRPAL. (I) Immunofluorescence staining showing collagen Il protein in NP cells after 48 hours of treatment
with 0e-DNMT3B or oe-TRPAL. (J) Inflammatory factors IL-6, TNF-a, IL-8 levels in NP cells after 24 hours of treatment with oe-DNMT3B or oe-
TRPA1 were detected by ELISA. Measurement data are expressed as the mean * standard deviation (n = 3) and analyzed using one-way
ANOVA between multiple groups or using two-way ANOVA between groups at different time points. **, p < 0.01; ns, not significant.
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COX2-mediated YAP affects NP cell viability and
ECM degradation

Studies have shown that COX2 overexpression
promotes the expression of YAP [21], which is highly
expressed in [IVDD [15]. In this study, we first detected
the expression of YAP and found that the mRNA and
protein levels of YAP in the IVDD rats were
significantly increased (Figure 6A, 6B).

To study the effect of COX2-mediated YAP protein in
the Hippo signaling pathway on NP cell proliferation

and ECM degradation, NP cells were transfected with
0e-NC + si-NC, 0e-COX2 + si-NC, oe-NC + si-YAP, or
0e-COX2 + si-YAP. Firstly, we designed three si-YAP
sequences. The expression of YAP after treatment of si-
YAP-3 was the lowest, so the si-YAP-3 sequence was
selected for subsequent experiments, as shown in Figure
6C, 6D. According to Figure 6E, 6F, si-YAP reduced
the expression of YAP, and o0e-COX2 reversed the
effect of si-YAP. si-YAP increased the proliferation of
NP cells and reduced their apoptosis, which could be
impaired by oe-COX2 (Figure 6G, 6H). si-YAP reduced
the expression of pro-apoptotic factors Bax and
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Figure 5. DNMT3B regulated NP cell proliferation and ECM degradation by inhibiting TRPA1-COX2 axis. (A) The expression of
COX2 in the intervertebral disc tissue of IVDD and Sham rats was detected by RT-gPCR (n = 10). (B) Western blot showing the expression of
COX2 in the intervertebral disc tissue of IVDD and Sham rats. (C) mRNA expression of DNMT3B, TRPA1, and COX2 in NP cells after 24 hours of
treatment with oe-DNMT3B and oe-TRPA1 was detected by gRT-PCR. (D) Protein expression of DNMT3B, TRPA1, and COX2 in NP cells after
48 hours of treatment with oe-DNMT3B, oe-TRPA1 or oe-NC was detected by Western blot. (E) DNMT3B, TRPA1, and COX2 mRNA expression
in NP cells after 24 hours of treatment with oe-DNMT3B, oe-COX2 or oe-NC detected by RT-gPCR. (F) DNMT3B, TRPA1, and COX2 protein
expression in NP cells after 48 hours of treatment with oe-DNMT3B, oe-COX2 or oe-NC detected by Western blot. (G) The proliferation of NP
cells after 24 hours of treatment with oe-DNMT3B, oe-COX2 or oe-NC was detected by CCK-8 assay. (H) The apoptosis of NP cells after 48
hours of treatment with oe-DNMT3B or oe-COX2 was detected by flow cytometry. (I) The expression of apoptosis-related factors Bax, Bcl-2,
and caspase-3 was detected by gRT-PCR in NP cells after 24 hours of treatment with oe-DNMT3B or oe-COX2. (J) The expression of apoptosis-
related factors Bax, Bcl-2, and caspase-3 was detected by Western blot in NP cells after 48 hours of treatment with oe-DNMT3B or oe-COX2.
(K) The expression of collagen Il, aggrecan, MMP3, and MMP9 was detected by qRT-PCR in NP cells after 24 hours of treatment with oe-
DNMT3B or oe-COX2. (L) The expression of collagen Il, aggrecan, MMP3, and MMP9 was detected by Western blot in NP cells after 48 hours
of treatment with oe-DNMT3B or oe-COX2. (M) Immunofluorescence staining showing collagen Il protein in NP cells after 48 hours of
treatment with oe-DNMT3B or oe-COX2. (N) Inflammatory factors IL-6, TNF-a, IL-8 levels in NP cells after 24 hours of treatment with oe-
DNMT3B or oe-COX2 were detected by ELISA. Measurement data are expressed as the mean * standard deviation (n = 3) and analyzed using
independent sample t-tests between two groups, using one-way ANOVA between multiple groups, or using two-way ANOVA between groups
at different time points. **, p < 0.01.
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caspase-3 and increased the expression of anti-apoptotic COX2 suppressed the proliferation of NP cells and

collagen Il aggrecan ~ MMP3 MMP9 collagen Il aggrecan ~ MMP3 MMP9 IL-6 TNF-a  IL-8

factor Bcl2, and further treatment of oe-COX2 exhibited enhanced their ECM degradation and inflammation
opposite effects (Figure 6I, 6J). Moreover, si-YAP properties in a Y AP-dependent manner.
rescued the reduced expression of collagen II and
aggrecan and yet increased the expression of MMP3 DNMT3B affected NP cell viability and ECM
and MMP9 by o0e-COX2 (Figure 6K-6M), as degradation via COX2-mediated YAP
demonstrated by RT-qPCR and immunofluorescence.
si-Y AP reduced the expression of IL-6, TNF-a, and IL- In order to explore whether DNMT3B regulated the
8, and further treatment of 0e-COX2 had the opposite Hippo signaling pathway through COX2, NP cells were
effects (Figure 6N). These findings supported that transfected with oe-NC, o0e-COX2, or oe-DNMT3B.
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Figure 6. COX2 promoted YAP/Hippo signaling pathway to promote NP cell proliferation. (A) The expression of YAP in the
intervertebral disc tissue of IVDD and sham-operated rats was detected by RT-gPCR (n = 10). (B) Western blot showing the expression of YAP in
the intervertebral disc tissue of IVDD and sham-operated rats. (C) The interference efficiency of si-YAP in NP cells after 24 hours of transfection
was detected by RT-qPCR. (D) The interference efficiency of si-YAP in NP cells after 48 hours of transfection was detected by Western blot. (E)
MRNA expression of COX2 and YAP in NP cells after 24 hours of transfection with oe-COX2 and si-YAP was detected by RT-gPCR. (F) COX2 and
YAP protein expression in NP cells after 48 hours of transfection with oe-COX2 and si-YAP was detected by Western blot. (G) The proliferation of
NP cells after 24 hours of transfection with oe-COX2 or si-YAP was detected by CCK-8. (H) The apoptosis of NP cells after 48 hours of transfection
with 0oe-COX2 or si-YAP was detected by flow cytometry. (I) The expression of apoptosis-related factors Bax, Bcl-2, and caspase-3 was detected by
RT-gPCR in NP cells after 24 hours of transfection with oe-COX2 or si-YAP. (J) The expression of apoptosis-related factors Bax, Bcl-2, and caspase-3
was detected by Western blot in NP cells after 48 hours of transfection with oe-COX2 or si-YAP. (K) The expression of collagen I, aggrecan,
MMP3, and MMP9 was detected by gRT-PCR in NP cells after 24 hours of transfection with oe-COX2 or si-YAP. (L) The expression of collagen I,
aggrecan, MMP3, and MMP9 was detected by Western blot in NP cells after 48 hours of transfection with oe-COX2 or si-YAP. (M)
Immunofluorescence staining showing collagen Il protein in NP cells after 48 hours of transfection with oe-COX2 or si-YAP. (N) Inflammatory
factors IL-6, TNF-q, IL-8 levels in NP cells after 48 hours of transfection with oe-COX2 or si-YAP were detected by ELISA. Measurement data are
expressed as the mean + standard deviation (n = 3) and analyzed using independent sample t-tests between two groups, using one-way ANOVA
between multiple groups, or using two-way ANOVA between groups at different time points. **, p <0.01.
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According to Figure 7A, 7B, 0e-COX2 increased the
expression of COX2 and YAP, and further treatment of
0e-DNMT3B had the opposite effects, indicating that
DNMT3B can regulate the expression of YAP through
COX2.

The effects of DNMT3B-COX2-YAP axis on NP cell
proliferation and ECM degradation were identified by
transfecting NP cells with 0e-NC, oe-YAP, or oe-
DNMTS3B, followed by experiments including CCK-8§,
flow cytometry, RT-qPCR and Western blot analysis to
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As shown in Figure 7C, 7D, oe-YAP increased the
expression of YAP, and oe-DNMT3B could reverse the
effect of oe-YAP. Additionally, oe-YAP reduced the
proliferation of NP cells and increased their apoptosis,
which could be enhanced by 0oe-DNMT3B (Figure 7E,
7F). oe-YAP increased the expression of pro-apoptotic
factors Bax and caspase-3 and reduced the expression of
anti-apoptotic factor Bcl2, and further treatment of oe-
DNMT3B restored the expression of Bax, Bcl2 and
caspase-3 (Figure 7G, 7H). Moreover, oe-YAP reduced
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Figure 7. DNMT3B promoted NP cell proliferation and ECM synthesis via COX2-YAP axis. (A) DNMT3B, TRPA1, COX2, and YAP
expression in NP cells after 48 hours of treatment with oe-DNMT3B and oe-COX2 was detected by RT-qPCR. (B) DNMT3B, TRPA1, COX2, and
YAP expression in NP cells after 48 hours of treatment with oe-DNMT3B and oe-COX2 was detected by Western blot. (C) DNMT3B, TRPA1,
COX2, and YAP expression in NP cells after 48 hours of treatment with oe-DNMT3B and oe-YAP was detected by RT-gPCR. (D) DNMT3B,
TRPA1, COX2, and YAP expression in NP cells after 48 hours of treatment with oe-DNMT3B and oe-YAP was detected by Western blot. (E) The
proliferation of NP cells after 48 hours of treatment with oe-DNMT3B or oe-YAP was detected by CCK-8. (F) The apoptosis of NP cells after 48
hours treatment with oe-DNMT3B or oe-YAP was detected by flow cytometry. (G) The expression of apoptosis-related factors Bax, Bcl-2, and
caspase-3 was detected by RT-qPCR in NP cells after 48 hours of treatment with oe-DNMT3B or oe-YAP. (H) The expression of apoptosis-
related factors Bax, Bcl-2, and caspase-3 was detected by Western blot in NP cells after 48 hours of treatment with oe-DNMT3B or oe-YAP. (I)
The expression of collagen Il, aggrecan, MMP3, and MMP9 was detected by RT-qPCR in NP cells after 48 hours of treatment with oe-DNMT3B
or oe-YAP. (J) The expression of collagen I, aggrecan, MMP3, and MMP9 was detected by Western blot in NP cells after 48 hours of
treatment with oe-DNMT3B or oe-YAP. (K) Immunofluorescence staining showing collagen Il protein in NP cells after 48 hours of treatment
with oe-DNMT3B or oe-YAP. (L) Inflammatory factors IL-6, TNF-a, IL-8 levels in NP cells after 48 hours of treatment with oe-DNMT3B or oe-
YAP were detected by ELISA. Measurement data are expressed as the mean + standard deviation (n = 3) and analyzed using one-way ANOVA
between multiple groups or using two-way ANOVA between groups at different time points. **, p < 0.01.
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the expression of collagen II and aggrecan, but increased
the expression of MMP3 and MMP9, and further
treatment of oe-DNMT3B had the opposite effects (Figure
71, 7)), which was consistent with the results of the
immunofluorescence staining of collagen II (Figure 7K).
oe-Y AP increased the expression of IL-6, TNF-a, and IL-
8, which can be rescued by oe-DNMT3B (Figure 7L).
The results demonstrated that DNMT3B promoted the
proliferation of NP cells and enhanced their ECM
synthesis through the COX2-Y AP axis.

DNMT3B alleviated IVDD through
TRPA1/COX2/YAP axis

To study the roles of the TRPA1-COX2-YAP axis in
DNMTS3B alleviating IVDD in rat models, IVDD rats
were injected with NP cells with oe-NC, oe-Y AP, or oe-
DNMT3B. As shown in Figure 8A, 8B, oe-DNMT3B
increased the expression of DNMT3B, and reduced the
expression of TRPA1/COX2/YAP, and oe-YAP can
rescue the effect of o0e-DNMT3B on YAP. H&E and SO
staining were used to stain the intervertebral disc tissues
of each group of rats. According to Figure 8C, the
number of NP cells in rats injected with NP cells with
oe-YAP was reduced and the NP structure became
disordered, while o0e-DNMT3B could rescue the effects
of oe-YAP. The results of SO staining showed that oe-
DNMT3B could reverse the destructive effects of oe-
YAP on ECM. The treatment with oe-YAP increased
the histological score of intervertebral disc (Figure 8C),
whereas 0e-DNMT3B reduced the score, indicating that
contrary to oe-YAP, o0e-DNMT3B alleviated the
symptoms of IVDD. Moreover, oe-YAP reduced the
expression of collagen II and aggrecan, and increased
the expression of MMP3 and MMP9, and further
treatment of oe-DNMT3B had the opposite effects
(Figure 8D, 8E). oe-YAP increased the expression of
IL-6, TNF-a, and IL-8, and further treatment of oe-
DNMT3B could impair the expression of I1L-6, TNF-a,
and IL-8 (Figure 8F). The results indicated that
DNMT3B prevented the development of IVDD through
TRPA1-COX2-Y AP axis.

DISCUSSION

IVDD, the main cause of low back pain that may lead to
disability, is increasingly becoming the focus of medical
attention [22]. Although IVDD is mainly attributed to the
decrease in the number of NP cells, current treatment
strategies (surgery and conservative treatments) still
cannot increase the number NP cells or reverse the
pathology [23]. Therefore, it is imperative to explore the
molecular mechanism underlying IVDD. In this study, we
clarified that inducing the expression of DNMT3B
increased proliferation and reduced apoptosis of NP cells,
ECM degradation, and inflammation. Mechanistically,

DNMT3B methylated TRPA1, and TRPA1/COX2/YAP
mediated the protective effect of DNMT3B on NP cells.
In IVDD rat models, we further confirmed that the
overexpression of DNMT3B could alleviate the number
and structure of NP cells. Hence, our findings indicated
that DNMT3B/TRPA1/COX2/YAP may be a new
therapeutic target for IVDD (Figure 9).

Because vasculature atrophies with age, the
intervertebral disc itself is susceptible to degeneration
[24]. The imbalance between ECM metabolism and
inflammatory response in NP tissues is a key culprit in
the development of IVDD [25]. The ECM of NP tissues
is rich in collagen and proteoglycans [26]: Type II
collagen and aggregated proteoglycans, and are
involved in water uptake, nutrient diffusion, and
osmoregulation in NP tissues [27]. A coordinated
balance between the catabolic and anabolic aspects of
the ECM gradient is essential to proper structure and
function of the intervertebral disc [28]. In IVDD,
imbalanced ECM metabolism presents as the loss of
type II collagen and proteoglycans, altered morphology
and structure of intervertebral disc, reduced water
content and mechanical buffering capacity [29, 30].
Aging and degeneration lead to multiple biological
changes in intervertebral disc cells, including altered
cell type in the NP, elevated cell density but reduced
amount of living cells [31]. More importantly, it has
been demonstrated that intradiscal injection of CHOP
shRNA inhibits apoptosis of intervertebral disc cells
and suppresses disc degeneration [32]. In the present
study, we explored the mechanisms behind these
cellular phenotypic changes. It has been shown that
DNMT3B enhances inflammation in alcohol-induced
liver injury via TRAF2 [33]. We found that the mRNA
and protein levels of DNMT3B were significantly
reduced in the intervertebral disc tissues of the [IVDD
rats. Furthermore, we performed gain-of-function and
loss-of-function tests on DNMT3B and confirmed that
DNMT3B could promote the proliferation of NP cells
and inhibit ECM degradation, thus decreasing
expression of inflammatory cytokines TNF-o, IL-6
and IL-8 and content of MMP3 and MMP93. Pro-
inflammatory cytokines play an important role in the
development of IVDD by promoting ECM degradation.
IL-1B and TNF-a not only act directly as injurious
triggers, but also activate the expression of other
potentially injurious molecules, including IL-6 and IL-8
[34]. IL-6 activates the signal transducer and activator
of transcription 3 in NP cells to induce IVDD by
increasing the expression of MMP [35, 36]. It seems
that silencing IL-1B, TNF-0, IL-6 and IL-8,
accompanied with decreased expression of MMP, could
hinder the progression of IVDD, which supports the
inhibitory effect of DNMT3B on the disease
development.
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Figure 8. DNMT3B alleviated IVDD through TRPA1-COX2-YAP axis. Seven days after IVDD surgery, rats were injected with oe-DNMT3B
and/or oe-YAP lentivirus vectors by tail vein for 3 consecutive days. Rats were euthanized 4 weeks after IVDD surgery, and C4-C6 intervertebral
disc tissues were collected. (A) DNMT3B, TRPA1, COX2, and YAP expression in IVDD rats treated with oe-DNMT3B and oe-YAP was detected by
RT-gPCR. (B) DNMT3B, TRPA1, COX2, and YAP expression in |VDD rats treated with oe-DNMT3B and oe-YAP were detected by Western blot. (C)
Histological analysis of the intervertebral disc tissue. (D) The expression of collagen Il, aggrecan, MMP3, and MMP9 was detected by RT-gPCR in
intervertebral disc tissues of rat models treated with oe-DNMT3B or oe-YAP. (E) The expression of collagen I, aggrecan, MMP3, and MMP9 was
detected by Western blot in intervertebral disc tissues of rat models treated with oe-DNMT3B or oe-YAP. (F) Inflammatory factors IL-6, TNF-q, IL-
8 levels were detected by ELISA in intervertebral disc tissues of rat models treated with oe-DNMT3B or oe-YAP. Measurement data are expressed
as the mean + standard deviation (n = 3) and analyzed using one-way ANOVA between multiple groups. **, p < 0.01.
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Figure 9. Diagram illustrating the pathway of our proposed hypothetical mechanism. DNMT3B reduces the levels of MMP3 and
MMP9 and increases the levels of collagen Il and aggrecan through the TRPA1-COX2-YAP axis. DNMT3B then reduces the ECM degradation of
NP cells and the inflammatory response, thereby alleviating IVDD.
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It is well known that DNMT3B adds a methyl group at
the cytosine portion of DNA to regulate gene expression
[37]. Inhibition of TRPA1 expression is attenuated by
DNMT3B inhibitor during erythroid and mega-
karyocyte differentiation [9], in which TRPA1 is
involved in the regulation of the inflammatory response
and ECM homeostasis in intervertebral disc [19].
Elderly mice have IVDD whose L4/L5 lumbar dorsal
root ganglia exhibit an accumulation of TRPA1
channels [38]. In this study, we found enhanced
methylation levels of the TRPA1 promoter upon
overexpression of DNMT3B, by luciferase reporter
assay. In line with previous research [19], our
functional experiments indicated that TRPALl
promoted  apoptosis, ECM  degradation, and
inflammation of NP cells. TRPA1 is known to be a
non-selective cation channel, and is expressed in
sensory nerves, keratinocytes, mast cells, dendritic
cells, and endothelial cells where TRPA1 also acts as a
receptor for injury and enhances inflammation [39]. For
example, mRNA expression levels of interleukins such
as IL-6 were reduced in TRPAIXO mice, suggesting
that TRPA1 is a major contributor to the inflammatory
process [40]. TRPA1 receptor also enhances intra-
cellular Ca2* concentration to promote apoptosis in
oligodendrocytes [41].

As far as inflammatory responses are mediated by
TRPAI1, many reports have referred to the role of
COX-2. TRPA1 agonists inhibit COX-2 in lung
cancer cells and suppress hypoxia-induced inflam-
mation [42]. TRPA1 mediates the anti-inflammatory
effects of N-Acylethanolamine in a COX-2-dependent
manner in rheumatoid arthritis [43], as inactivation of
COX-2 and other mediators 1is associated with
alleviation of IVDD [44]. In addition, through gain-
of-COX2 and/or TRPA1 function, the evidence of the
current study indicated that COX2 promoted apoptosis
of NP cells and upregulated IL-6, TNF-a, IL-8 as well
as the expression of Bax and caspase-3, which was
reversed by overexpression of DNMT3B. It has been
shown that YAP suppresses COX2 to induce cellular
remodeling of pulmonary artery smooth muscle cells
[45]. YAP1 is a member of the Hippo pathway,
regulating various cellular processes, such as cell
proliferation, contact inhibition, and tissue size [46,
47]. YAP1 overexpression induced degeneration and
upregulated the Col-II and aggrecan expression while
YAPI inhibitor effectively impeded the development
of IVDD. IL-6 enhanced the interaction of YAP1 and
B-catenin and nuclear accumulation [48]. We also
noted that silencing YAP1 decreased the content of
inflammatory factors and ECM-related factors in NP
cells and IVDD rats, but the overexpression of COX2
reversed these alterations, findings that are consistent
with previous studies.

In conclusion, this study demonstrated that DNMT3B
impeded the development of [VDD through
TRPA1/COX2/YAPI1 axis. We believe that the newly
discovered DNMT3B/TRPA1/COX2/YAP1 axis may
provide more insight into the understanding of the
potential molecular mechanisms and provide an
attractive target for new therapies of IVDD.

MATERIALS AND METHODS
Ethical statement

All animal experiments were performed with the
approval of the Animal Ethics Committee of Lanzhou
University Second Hospital. The experiments involving
animals were conducted in accordance to the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.
All experiments were approved by the ethics committee
of Lanzhou University Second Hospital.

IVDD rat model construction

A total of 60 adult male Speaque Dawley (SD) rats
(aged two months and weighing 200-250 grams),
purchased from Experimental Animal Center of
Lanzhou University Second Hospital [authorization
number: SCXKI (Hu) 2017-0005; Lanzhou, China],
were raised under a specific pathogen-free environment
at 22-24° C with 50-60% humidity and a 12 hour
light/dark cycle. After 2 weeks of adaptation, fifty rats
were selected to construct IVDD models [49]. Briefly,
rats were anesthetized using 2% (w/v) pentobarbital
sodium (40 mg/kg, Sigma-Aldrich, CA, USA), and
midline incisions were made in the rats’ posterior
cervical vertebrae by incising skin and subcutaneous
tissues. The paravertebral muscles were exposed and
each layer of muscle was completely isolated. The
supraspinous and interspinous ligaments of rat cervical
alignment (C2-C7) were removed, followed by the
suturing of subcutaneous fascia and skin in a specific
way to allow suture lines to fall off naturally. The other
ten rats were subjected to sham surgery (sham-operated
rats) only with the incision of the posterior cervical
spine and closure. All rats were monitored during
recovery. Rats were intraperitoneally injected with
penicillin at 80,000 U/day after three days of surgery.
After 4 weeks, rats were euthanized with excess 4%
pentobarbital sodium, and C4-C6 of rats was collected
under a microscope for subsequent experiments.

Lentivirus injection in IVDD rat models
The lentiviral transfection complex was diluted

according to the instructions of the transfection reagent
(En-transterTM-in  vivo). Seven days after IVDD
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surgery, 40 rats were injected with 3 pL of phosphate
buffer saline (PBS) containing 0.5 nM lentivirus loaded
with overexpressed DNMT3B (oe-DNMT3B) + oe-
negative control (NC), oe-NC + oe-YAP, oe-DNMT3B
+ 0e-YAP, and o0e-NC respectively (n = 10) for 3
consecutive days, while 10 rats were injected with the
same volume of control lentiviruses. All plasmids were
synthesized by Shanghai Genechem Co., Ltd,
(Shanghai, China). Four weeks after IVDD surgery, the
rats were euthanized with excess 4% pentobarbital
sodium, and C4-C6 of IVDD was collected under the
guidance of a microscope for subsequent experiments.

Isolation, culture, and identification of rat NP cells

The NP tissues were isolated from the rats’
intervertebral disc tissues, washed and cut into pieces
under sterile conditions. The NP tissues were left to
digest with 0.25% trypsin at 37° C for 10 minutes,
centrifuged for 5 minutes, treated with 0.2%
collagenase II and centrifuged again for 5 minutes.
After the separation of NP cells, they were cultured in
Dulbecco's modified eagle medium (DMEM)/F12
medium containing 10% FBS (Gibco), 100 ug/ml
streptomycin, and 100 U/ml penicillin in an incubator at
37° C and 5% CO;. The medium was changed every
three days. The NP cells were collected and sub-
cultured in a culture dish after reaching 80-90%
confluence, and the NP cells at passage 2 were used for
subsequent assays. The expression of HIF-1a, HIF-1§,
collagen I and collagen II in NP cells was identified by
immunocytochemistry. The cells were fixed in 4%
formaldehyde, treated with 0.5% Triton X-100 for 15
minutes, and incubated with 3% H>O, for 15 minutes at
room temperature. Cells were then left to block in 5%
goat serum at 37° C for 30 minutes, and incubated with
rabbit anti-HIF-1lo  (ab51608, 1:2000, Abcam,
Cambridge, UK), mouse anti-HIF-1p (ab2771, 1:500,
Abcam, Cambridge, UK), mouse anti-type I collagen
(ab90395, 1:1000, Abcam, Cambridge, UK), and mouse
anti-type II collagen (ab185430, 1:1000, Abcam,
Cambridge, UK) at 4° C overnight. Afterwards, the
cells were incubated with goat anti-rabbit and goat anti-
mouse secondary antibodies labeled with biotin for 30
minutes at room temperature, developed with diamino-
benzidine, and counterstained with hematoxylin.
Subsequently, the cells were sealed with neutral gel and
observed under a microscope.

NP cell transfection

One day before transfection, NP cells in the logarithmic
growth phase were seeded into a six-well plate with a
density of 4x10° cells/well. NP cells were transfected
with 0e-DNMT3B, oe-TRPAI, si-YAP (si-YAP-1, si-
YAP-2, si-YAP-3), oe-YAP, 0e-COX2 and the

corresponding negative controls (0e-NC, si-NC) using
lipofectamine 2000 (11668-019, Invitrogen, NY, CA,
USA) after reaching approximately 80%-90%
confluence. The aforementioned plasmids, vector
construction, sequencing identification, and virus
packaging were constructed by Shanghai Genechem
Co., Ltd. (Shanghai, China). NP cells were collected for
subsequent studies after being incubated for 48 hours.

Histological analysis

Four weeks after the operation, rats were euthanized by
the intraperitoneal injection of 4% pentobarbital, and
the rats’ C4-C6 tissue samples were subsequently
harvested. The samples were later were decalcified,
fixed in formaldehyde, dehydrated, embedded in
paraffin, cut into 5 um slices, and stained with Safranin
O (SO) and Hematoxylin and Eosin (H&E). The
morphology of the tissues was double-blindly examined
under a microscope (Olympus Corporation, Tokyo,
Japan) by other experienced histology researchers and
was evaluated using a grading scale. Histological scores
of normal intervertebral disc, moderately degenerated
disc and severely degenerated disc were 5, 611, and
1214 [50], respectively.

Cell counting kit-8 (CCK-8) assay

Pre-heated 150 pl o-MEM medium containing 10%
CCK-8 solution (96992, Sigma, USA) was added to 96-
well plates, with a well as the blank control being added
with only a mixture of a-MEM and CCK-8. The plate
was incubated at 37° C for 2 hours for detecting the
optical density (OD) value (at 450 nm) after 24 hours,
48 hours, and 72 hours. The experiment was repeated
three times and the average value was calculated.

Flow cytometry

Forty-eight hours after transfection, the cells were
digested with 0.25% trypsin (without EDTA)
(YB15050057, YBio Co., Ltd., Shanghai, China). The
Annexin-V-FITC, PI, and HEPES buffer solutions
were mixed into Annexin-V-FITC/PI staining solution
at a ratio of 1:2:50 according to the instructions of
Annexin-V-FITC Apoptosis Detection Kit (K201-100,
Biovision, CA, USA). Cells were resuspended in
staining solution at 1x10%100 pL, incubated at room
temperature for 15 minutes, and added with 1 mL of
HEPES buffer solution (PB180325, Procell, Wuhan,
China). The FITC and PI fluorescence were detected
for the evaluation of cell apoptosis and ModFit LT
software (Verity software House) was used for
analysis. FITC and PI fluorescence was detected by
525 and 620 nm band-pass filters at a wavelength of
488 nm.
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Enzyme-linked immunosorbent assay (ELISA)

After the tissues and cells were lysed by cell lysate,
the homogenous supernatant of intervertebral disc
tissues was collected following centrifugation and the
cell culture supernatant was subsequently collected.
The protein concentration was measured using the
BioRad Bradford protein assay kit. The ELISA kit
(WuHan Amylet Scientific Inc., Wuhan, Hubei,
China) was used for the determination of interleukin-6
(IL-6, No. K4143-100) and tumor necrosis factor
alpha (TNF-0) (No. K1051-100), IL-8 (No. K4169-
100) in intervertebral disc tissues and NP cells.
According to the instructions, the sample was
packaged, fixed, blocked, and subjected to protein
binding and streptomycin treatment. OD value was
measured at the wavelength of 450 nm with a
microplate reader. The sample concentration was
calculated by drawing a standard curve.

Immunofluorescence staining

The NP cells were washed twice with PBS, left to fix
with 3.5% formaldehyde at 37° C for 30 minutes,
permeabilized with 0.1% Triton X-100 in PBS for 20
minutes, and blocked with 3% bovine serum albumin
(BSA) and 0.05% Tween 20 in PBS for 30 minutes at
room temperature. After cells were left to block, they
were incubated at 4° C overnight with rabbit polyclonal
anti-collagen II (4 pg/mL, ab34712, 1:1000, Abcam,
Cambridge, UK), and incubated with goat anti-rabbit
secondary antibodies (2 pg/mL, abl150077, 1:1000,
Abcam, Cambridge, UK) for | hour at room
temperature. The nuclei were stained with 4°,6-
diamidino-2-phenylindole (DAPI) and the samples were
visualized by a confocal laser scanning microscope
(Leica, Wetzlar, Germany).

Methylation-specific PCR (MSP)

Genomic DNA was extracted from tissues and cells
using a genomic DNA purification kit (Qiagen, Hilden,
Germany). Bisulfite modification of DNA was
performed by using the Intergen CpGenome DNA
modification kit (Intergen, NY, USA) according to the
instructions provided. DNA was evaluated by
electrophoresis in a 3% Tris-borate-EDTA agarose gel
and the gel imaging system to analyze the PCR
products. TRPA1 methylation specific primers were
designed through the Methprimer online program
website  (http://www.urogene.org/cgi-bin/methprimer/
methprimer.cgi), M (F: 5-TTGTAGTTGTAGG
ATAGCGGGAC-3', R: 5-TTCTAAAAAAAATTCT
CAAACCCG-3"), U (F: 5'-GTTGTAGTTGTAGGATA
GTGGGATG-3, R: 5-ACTTCTAAAAAAAATTCT
CAAACCCA-3".

Dual luciferase reporter gene assay

The promoter sequence of TRPA1 was retrieved from
the National Center for Biotechnology Information
(NCBI) database (http://www.ncbi.nlm.nih.gov/gene) (-
2000 bp to 50 bp) and cloned to the PGL3-control
vector to form PGL3-TRPA1-wild type (TRPAL-WT)
plasmid. The sequence with a mutated binding site of
DNMT3B and TRPA1 was synthesized to construct the
PGL3-TRPAl-mutant plasmid (TRPA1-MUT). NP
cells in the logarithmic growth phase were inoculated
into a 6-well plate. The NP cells were co-treated with
control + oe-NC, aza (aza: DNMT3B inhibitor) + oe-
NC, control + 0e-DNMT3B, aza + oe-DNMT3B, and
TRPA1-WT or TRPA1-MUT after 24 hours of
inoculation. After 48 hours, the dual luciferase assay kit
(RG0O05, Beyotime Biotechnology Co., Shanghai,
China) was used for the detection of luciferase activity.

Western blot

After treatments, intervertebral disc tissues and NP
cells were washed with cold PBS, lysed with cooled
RIPA lysis solution plus 1 mmol/L PMSF, and
centrifugated. The total protein content extracted from
tissues and cells was separated by 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis and
transferred onto a polyvinylidene fluoride membrane;
the protein concentration was determined by a protein
determination kit (Bio-Rad, Richmond, CA, USA).
Next, the membrane was immersed in TBST (25
mmol/L Tris, pH 7.5, 150 mmol/L NaCl and 0.1%
Tween 20) containing 5% bovine serum albumin
(BSA) for 1 hour. The membrane was incubated
overnight at 4° C with primary rabbit antibodies against
DNMT3B (ab239893, 1:1000, Abcam, Cambridge,
UK), TRPA1 (ab58844, 1:500, Abcam, Cambridge,
UK), COX2 (ab15191, 1:1000, Abcam, Cambridge,
UK), YAP (ab205270, 1:1000, Abcam, Cambridge,
UK), aggrecan (ab186414, 1:1000, Abcam, Cambridge,
UK), collagen 1II (ab34712, 1:1500, Abcam,
Cambridge, UK), MMP3 (ab52915, 1:2000, Abcam,
Cambridge, UK), MMP9 (ab38898, 1:1500, Abcam,
Cambridge, UK), Bcl2 (ab182858, 1:1500, Abcam,
Cambridge, UK), caspase-3 (ab13847, 1:1500, Abcam,
Cambridge, UK), Bax (ab32503, 1:1500, Abcam,
Cambridge, UK), and mouse anti-GAPDH (ab205719,
1:1000, Abcam, Cambridge, UK). The membrane was
then washed 3 times (5 minutes each time) by TBST,
and incubated with horseradish peroxidase-labeled
secondary antibodies goat anti-rabbit IgG (ab205718,
1:20000, Abcam, Cambridge, UK) and goat anti-mouse
IgG (ab150117, 1:20000, Abcam, Cambridge, UK) for
1 hour. Finally, the blots were developed with
enhanced  chemiluminescence  (Thermo  Fisher
Scientific, MA, USA), imaged by a Chemi-Scope
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Table 1. Primer sequences for RT-qPCR.

Gene Sequences
DNMT3B F: 5'-ACAACCATTGACTTTGCCGC -3’
R: 5'-CGTTCTCGGCTCTCCTCATC -3’
TRPA1 F: 5'-CTGTGAAGCGCTGAATGTAATG-3'
R: 5'-GCTCCTTGGCTGAGAAGAAA-3'
Ccox2 F: 5'-ATTCTTTGCCCAGCACTTCACT-3’
R: 5'-CCTCTCCACCGATGACCTGATA-3’
YAP F: 5'-ACCATAAGAACAAGACCACATCC-3'
R: 5-TTCAATCGCAGCCTCTCCTT-3'
Bax F: 5'-TGTTACAGGGTTTCATCCAG-3’
R: 5'-ATCCTCTGCAGCTCCATATT-3'
Bcl2 F: 5-GATTGTGGCCTTCTTTGAGT-3’
R: 5'-ATAGTTCCACAAAGGCATCC-3’
Caspase-3 F: 5'-GAAAGCCGAAACTCTTCATCA-3'

R: 5'-ATAGTAACCGGGTGCGGTAT-3'

collagen II

F: 5-CTTTCCTCCGTCTACTGTCCA-3'

R: 5'-GCCCTCATCTCCACATCATT-3'

aggrecan F: 5'-GGGACCTGTGTGAGATCGAC -3’
R: 5-GGTCGGGAAAGTGGCGATAA -3’
MMP3 F: 5-GGACCAGGGATTAATGGAGATG-3’
R: 5'-TGAGCAGCAACCAGGAATAG-3'
MMP9 F: 5-AGCCGGGAACGTATCTGGA-3’
R: 5-TGGAAACTCACACGCCAGAAG-3’
GAPDH F: 5-ATGCCATCACTGCCACTCA-3’

R: 5'-CCTGCTTCACCACCTTCTTG-3'

Note: F: forward; R: reverse.

mini-imaging system (Clinx Science Instruments Co.,
Ltd., Shanghai, China), and semi-quantified using
Image] software (National Institutes of Health,
Bethesda, MD, USA).

Reverse transcription quantitative polymerase chain
reaction (RT-qPCR)

Intervertebral disc tissues and NP cells were incubated
with Trizol Reagent (15596026, Invitrogen, Car, USA),
and centrifuged at 4° C. The supernatant was centrifuged
with chloroform to obtain total RNA. PrimeScript™ One
Step RT-PCR Kit (Takara, Shiga, Japan) was used for the
reverse transcription of mRNA, with the reaction
conditions set at 37° C for 15 minutes and 85° C for 5
seconds. RNA were subjected to RT-PCR reaction in a
real-time qPCR instrument (ABI7500, ABI, Foster City,
CA, USA) with the reaction system formed with SYBR
Premix EX Taq kit (RR420A, Takara, Shiga, Japan).
The relative expression was calculated by using 2-44Ct
method with GAPDH as the internal reference gene.
The primer sequences for RT-qPCR are listed in Table
1. The experiment was repeated three times.

Statistical analysis

All measurement data were processed using the SPSS
21.0 statistical software (SPSS, Chicago, IL, USA)
and expressed as the mean = standard deviation.
Data between the two groups were analyzed by
an independent sample #-test. Data between multiple
groups were analyzed by one-way analysis of
variance (ANOVA). Data between groups at
different time points were analyzed by repeated
measurements of ANOVA with Tukey's post-hoc
test. p < 0.05 refers to a statistically significant
difference.

AUTHOR CONTRIBUTIONS

ZQL, YCM and TND designed the study. BM, HWL
and JDA collated the data, carried out data analyses
and produced the initial draft of the manuscript. ZQL
and HHZ conducted experiments. YGW and HHZ
contributed to drafting the manuscript. All authors
have read and approved the final submitted
manuscript.

wWww.aging-us.com 20272

AGING



ACKNOWLEDGMENTS

We would like to give our sincere appreciation to the
reviewers for their helpful comments on this article.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

Editorial note

&This corresponding author has a verified history of
publications using a personal email address for
correspondence.

REFERENCES

1. Kos N, Gradisnik L, Velnar T. A Brief Review of the
Degenerative Intervertebral Disc Disease. Med Arch.
2019; 73:421-24.
https://doi.org/10.5455/medarh.2019.73.421-424
PMID:32082013

2. Sampara P, Banala RR, Vemuri SK, Av GR, Gpv S.
Understanding the molecular biology of intervertebral
disc degeneration and potential gene therapy
strategies for regeneration: a review. Gene Ther. 2018;
25:67-82.
https://doi.org/10.1038/s41434-018-0004-0
PMID:29567950

3. Choi Y, Park MH, Lee K. Tissue Engineering Strategies
for Intervertebral Disc Treatment Using Functional
Polymers. Polymers (Basel). 2019; 11:872.
https://doi.org/10.3390/polym11050872
PMID:31086085

4. Li Z, Yu X, Shen J, Chan MT, Wu WK. MicroRNA in
intervertebral disc degeneration. Cell Prolif. 2015;
48:278-83.
https://doi.org/10.1111/cpr.12180
PMID:25736871

5. Wang X, Wang H, Yang H, LiJ, Cai Q, Shapiro IM, Risbud
MV. Tumor necrosis factor-a- and interleukin-18-
dependent matrix metalloproteinase-3 expression in
nucleus pulposus cells requires cooperative signaling
via syndecan 4 and mitogen-activated protein kinase-
NF-kB axis: implications in inflammatory disc disease.
Am J Pathol. 2014; 184:2560-72.
https://doi.org/10.1016/j.ajpath.2014.06.006
PMID:25063530

6. Risbud MV, Shapiro IM. Role of cytokines in
intervertebral disc degeneration: pain and disc
content. Nat Rev Rheumatol. 2014; 10:44-56.
https://doi.org/10.1038/nrrheum.2013.160

10.

11.

12.

13.

14.

PMID:24166242

Greenberg MV, Bourc’his D. The diverse roles of DNA
methylation in mammalian development and disease.
Nat Rev Mol Cell Biol. 2019; 20:590-607.
https://doi.org/10.1038/s41580-019-0159-6
PMID:31399642

Gagliardi M, Strazzullo M, Matarazzo MR. DNMT3B
Functions: Novel Insights From Human Disease. Front
Cell Dev Biol. 2018; 6:140.
https://doi.org/10.3389/fcell.2018.00140
PMID:30406101

Chen JL, Ping YH, Tseng MJ, Chang YI, Lee HC, Hsieh RH,
Yeh TS. Notchl-promoted TRPA1l expression in
erythroleukemic cells suppresses erythroid but
enhances megakaryocyte differentiation. Sci Rep.
2017; 7:42883.

https://doi.org/10.1038/srep42883 PMID:28220825

Logashina YA, Korolkova YV, Kozlov SA, Andreev YA.
TRPA1 Channel as a Regulator of Neurogenic
Inflammation and Pain: Structure, Function, Role in
Pathophysiology, and Therapeutic Potential of Ligands.
Biochemistry (Mosc). 2019; 84:101-18.
https://doi.org/10.1134/50006297919020020
PMID:31216970

Alvarenga EM, Souza LK, Araujo TS, Nogueira KM,
Sousa FB, Aradjo AR, Martins CS, Pacifico DM, de C
Brito GA, Souza EP, Sousa DP, Medeiros JV. Carvacrol
reduces irinotecan-induced intestinal mucositis
through inhibition of inflammation and oxidative
damage via TRPA1l receptor activation. Chem Biol
Interact. 2016; 260:129-40.
https://doi.org/10.1016/j.cbi.2016.11.009
PMID:27838229

Moilanen U, Haméalainen M, Nummenmaa E, llmarinen
P, Vuolteenaho K, Nieminen RM, Lehtimaki L, Moilanen
E. Monosodium iodoacetate-induced inflammation
and joint pain are reduced in TRPA1 deficient mice--
potential role of TRPAL in osteoarthritis. Osteoarthritis
Cartilage. 2015; 23:2017-26.
https://doi.org/10.1016/j.joca.2015.09.008
PMID:26521748

Desai SJ, Prickril B, Rasooly A. Mechanisms of
Phytonutrient Modulation of Cyclooxygenase-2 (COX-
2) and Inflammation Related to Cancer. Nutr Cancer.
2018; 70:350-75.
https://doi.org/10.1080/01635581.2018.1446091
PMID:29578814

Liu Y, Ren H, Zhou Y, Shang L, Zhang Y, Yang F, Shi X.
The hypoxia conditioned mesenchymal stem cells
promote hepatocellular carcinoma  progression
through YAP mediated lipogenesis reprogramming. J
Exp Clin Cancer Res. 2019; 38:228.

wWww.aging-us.com 20273

AGING


https://doi.org/10.5455/medarh.2019.73.421-424
https://pubmed.ncbi.nlm.nih.gov/32082013
https://doi.org/10.1038/s41434-018-0004-0
https://pubmed.ncbi.nlm.nih.gov/29567950
https://doi.org/10.3390/polym11050872
https://pubmed.ncbi.nlm.nih.gov/31086085
https://doi.org/10.1111/cpr.12180
https://pubmed.ncbi.nlm.nih.gov/25736871
https://doi.org/10.1016/j.ajpath.2014.06.006
https://pubmed.ncbi.nlm.nih.gov/25063530
https://doi.org/10.1038/nrrheum.2013.160
https://pubmed.ncbi.nlm.nih.gov/24166242
https://doi.org/10.1038/s41580-019-0159-6
https://pubmed.ncbi.nlm.nih.gov/31399642
https://doi.org/10.3389/fcell.2018.00140
https://pubmed.ncbi.nlm.nih.gov/30406101
https://doi.org/10.1038/srep42883
https://pubmed.ncbi.nlm.nih.gov/28220825
https://doi.org/10.1134/S0006297919020020
https://pubmed.ncbi.nlm.nih.gov/31216970
https://doi.org/10.1016/j.cbi.2016.11.009
https://pubmed.ncbi.nlm.nih.gov/27838229
https://doi.org/10.1016/j.joca.2015.09.008
https://pubmed.ncbi.nlm.nih.gov/26521748
https://doi.org/10.1080/01635581.2018.1446091
https://pubmed.ncbi.nlm.nih.gov/29578814

15.

16.

17.

18.

19.

20.

21.

22.

https://doi.org/10.1186/s13046-019-1219-7
PMID:31142342

Zhang C, Wang F, Xie Z, Chen L, Sinkemani A, Yu H,
Wang K, Mao L, Wu X. Dysregulation of YAP by the
Hippo pathway is involved in intervertebral disc
degeneration, cell contact inhibition, and cell
senescence. Oncotarget. 2017; 9:2175-92.
https://doi.org/10.18632/oncotarget.23299
PMID:29416763

Shen J, Wang C, Li D, Xu T, Myers J, Ashton JM, Wang T,
Zuscik  MJ, McAlinden A, O’Keefe RJ. DNA
methyltransferase 3b regulates articular cartilage
homeostasis by altering metabolism. JCI Insight. 2017;
2:e93612.

https://doi.org/10.1172/jci.insight.93612
PMID:28614801

Korecki CL, Kuo CK, Tuan RS, latridis JC. Intervertebral
disc cell response to dynamic compression is age and
frequency dependent. J Orthop Res. 2009; 27:800—-06.
https://doi.org/10.1002/jor.20814 PMID:19058142

Jiang W, Zhao P, Zhang X. Apelin Promotes ECM
Synthesis by Enhancing Autophagy Flux via TFEB in
Human Degenerative NP Cells under Oxidative Stress.
Biomed Res Int. 2020; 2020:4897170.
https://doi.org/10.1155/2020/4897170
PMID:32149109

Kameda T, Zvick J, Vuk M, Sadowska A, Tam WK, Leung
VY, Bolcskei K, Helyes Z, Applegate LA, Hausmann ON,
Klasen J, Krupkova O, Wuertz-Kozak K. Expression and
Activity of TRPA1 and TRPV1 in the Intervertebral Disc:
Association with Inflammation and Matrix Remodeling.
Int J Mol Sci. 2019; 20:1767.
https://doi.org/10.3390/ijms20071767
PMID:30974795

Miyagi M, Uchida K, Takano S, Fujimaki H, Aikawa J,
Sekiguchi H, Nagura N, Ohtori S, Inoue G, Takaso M.
Macrophage-derived inflammatory cytokines regulate
growth factors and pain-related molecules in mice with
intervertebral disc injury. J Orthop Res. 2018; 36:
2274-79.

https://doi.org/10.1002/jor.23888 PMID:29508435

Xu G, Wang VY, LiW, Cao Y, Xu J, Hu Z, Hao Y, Hu L, Sun
Y. COX-2 Forms Regulatory Loop with YAP to Promote
Proliferation and Tumorigenesis of Hepatocellular
Carcinoma Cells. Neoplasia. 2018; 20:324-34.
https://doi.org/10.1016/j.ne0.2017.12.004
PMID:29505957

Vergroesen PP, Kingma |, Emanuel KS, Hoogendoorn
RJ, Welting TJ, van Royen BJ, van Dieén JH, Smit TH.
Mechanics and biology in intervertebral disc
degeneration: a vicious circle. Osteoarthritis Cartilage.
2015; 23:1057-70.

23.

24,

25.

26.

27.

28.

29.

30.

31

https://doi.org/10.1016/j.joca.2015.03.028
PMID:25827971

Xia K, Gong Z, Zhu J, Yu W, Wang Y, Wang J, Xu A, Zhou
X, Tao H, Li F, Liang C. Differentiation of Pluripotent
Stem Cells into Nucleus Pulposus Progenitor Cells for
Intervertebral Disc Regeneration. Curr Stem Cell Res
Ther. 2019; 14:57-64.
https://doi.org/10.2174/1574888X1366618091809512
1PMID:30227822

Smith U, Nerurkar NL, Choi KS, Harfe BD, Elliott DM.
Degeneration and regeneration of the intervertebral
disc: lessons from development. Dis Model Mech.
2011; 4:31-41.

https://doi.org/10.1242/dmm.006403
PMID:21123625

Wu X, Song Y, Liu W, Wang K, Gao Y, Li S, Duan Z, Shao
Z, Yang S, Yang C. IAPP modulates cellular autophagy,
apoptosis, and extracellular matrix metabolism in
human intervertebral disc cells. Cell Death Discov.
2017; 3:16107.
https://doi.org/10.1038/cddiscovery.2016.107
PMID:28149534

Kang L, Hu J, Weng Y, Jia J, Zhang Y. Sirtuin 6 prevents
matrix degradation through inhibition of the NF-kB
pathway in intervertebral disc degeneration. Exp Cell
Res. 2017; 352:322-32.
https://doi.org/10.1016/j.yexcr.2017.02.023
PMID:28215636

Wang WJ, Yu XH, Wang C, Yang W, He WS, Zhang SJ,
Yan YG, Zhang J. MMPs and ADAMTSs in intervertebral
disc degeneration. Clin Chim Acta. 2015; 448:238-46.
https://doi.org/10.1016/j.cca.2015.06.023
PMID:26162271

Zhou X, Chen L, Grad S, Alini M, Pan H, Yang D, Zhen W,
Li Z, Huang S, Peng S. The roles and perspectives of
microRNAs as biomarkers for intervertebral disc
degeneration. J Tissue Eng Regen Med. 2017; 11:
3481-87.

https://doi.org/10.1002/term.2261 PMID:28256798

Kepler CK, Ponnappan RK, Tannoury CA, Risbud MV,
Anderson DG. The molecular basis of intervertebral
disc degeneration. Spine J. 2013; 13:318-30.
https://doi.org/10.1016/j.spinee.2012.12.003
PMID:23537454

Friedmann A, Goehre F, Ludtka C, Mendel T, Meisel HJ,
Heilmann A, Schwan S. Microstructure analysis method
for evaluating degenerated intervertebral disc tissue.
Micron. 2017; 92:51-62.
https://doi.org/10.1016/j.micron.2016.10.002
PMID:27871028

Zhao CQ, Wang LM, Jiang LS, Dai LY. The cell biology of
intervertebral disc aging and degeneration. Ageing Res

wWww.aging-us.com

20274

AGING


https://doi.org/10.1186/s13046-019-1219-7
https://pubmed.ncbi.nlm.nih.gov/31142342
https://doi.org/10.18632/oncotarget.23299
https://pubmed.ncbi.nlm.nih.gov/29416763
https://doi.org/10.1172/jci.insight.93612
https://pubmed.ncbi.nlm.nih.gov/28614801
https://doi.org/10.1002/jor.20814
https://pubmed.ncbi.nlm.nih.gov/19058142
https://doi.org/10.1155/2020/4897170
https://pubmed.ncbi.nlm.nih.gov/32149109
https://doi.org/10.3390/ijms20071767
https://pubmed.ncbi.nlm.nih.gov/30974795
https://doi.org/10.1002/jor.23888
https://pubmed.ncbi.nlm.nih.gov/29508435
https://doi.org/10.1016/j.neo.2017.12.004
https://pubmed.ncbi.nlm.nih.gov/29505957
https://doi.org/10.1016/j.joca.2015.03.028
https://pubmed.ncbi.nlm.nih.gov/25827971
https://doi.org/10.2174/1574888X13666180918095121
https://doi.org/10.2174/1574888X13666180918095121
https://pubmed.ncbi.nlm.nih.gov/30227822
https://doi.org/10.1242/dmm.006403
https://pubmed.ncbi.nlm.nih.gov/21123625
https://doi.org/10.1038/cddiscovery.2016.107
https://pubmed.ncbi.nlm.nih.gov/28149534
https://doi.org/10.1016/j.yexcr.2017.02.023
https://pubmed.ncbi.nlm.nih.gov/28215636
https://doi.org/10.1016/j.cca.2015.06.023
https://pubmed.ncbi.nlm.nih.gov/26162271
https://doi.org/10.1002/term.2261
https://pubmed.ncbi.nlm.nih.gov/28256798
https://doi.org/10.1016/j.spinee.2012.12.003
https://pubmed.ncbi.nlm.nih.gov/23537454
https://doi.org/10.1016/j.micron.2016.10.002
https://pubmed.ncbi.nlm.nih.gov/27871028

32.

33.

34,

35.

36.

37.

38.

39.

Rev. 2007; 6:247-61.
https://doi.org/10.1016/j.arr.2007.08.001
PMID:17870673

Zhang YH, Zhao CQ, Jiang LS, Dai LY. Lentiviral shRNA
silencing of CHOP inhibits apoptosis induced by cyclic
stretch in rat annular cells and attenuates disc
degeneration in the rats. Apoptosis. 2011; 16:594-605.
https://doi.org/10.1007/s10495-011-0596-y
PMID:21479580

Yang SR, Hua KF, Chu LJ, Hwu YK, Yang SM, Wu CY, Lin
TJ, Weng JC, Zhao H, Hsu WH, Liu FC, Liaw WJ, Ma D, et
al.  Xenon blunts NF-kB/NLRP3 inflammasome
activation and improves acute onset of accelerated
and severe lupus nephritis in mice. Kidney Int. 2020;
98:378-90.

https://doi.org/10.1016/j.kint.2020.02.033
PMID:32622527

Johnson ZI, Schoepflin ZR, Choi H, Shapiro IM, Risbud
MV. Disc in flames: Roles of TNF-a and IL-1B in
intervertebral disc degeneration. Eur Cell Mater. 2015;
30:104-16.

https://doi.org/10.22203/ecm.v030a08
PMID:26388614

Ji ML, Lu J, Shi PL, Zhang XJ, Wang SZ, Chang Q, Chen H,
Wang C. Dysregulated miR-98 Contributes to
Extracellular Matrix Degradation by Targeting IL-
6/STAT3 Signaling Pathway in Human Intervertebral
Disc Degeneration. J Bone Miner Res. 2016; 31:900-09.
https://doi.org/10.1002/jbmr.2753 PMID:26587789

Suzuki S, Fujita N, Fujii T, Watanabe K, Yagi M, Tsuji T,
Ishii K, Miyamoto T, Horiuchi K, Nakamura M,
Matsumoto M. Potential Involvement of the IL-
6/JAK/STAT3 Pathway in the Pathogenesis of
Intervertebral Disc Degeneration. Spine (Phila Pa
1976). 2017; 42:E817-24.
https://doi.org/10.1097/BRS.0000000000001982
PMID:27879577

Hamidi T, Singh AK, Chen T. Genetic alterations of DNA
methylation ~ machinery in  human diseases.
Epigenomics. 2015; 7:247-65.
https://doi.org/10.2217/epi.14.80 PMID:25942534

Vincent K, Mohanty S, Pinelli R, Bonavita R, Pricop P,
Albert TJ, Dahia CL. Aging of mouse intervertebral disc
and association with back pain. Bone. 2019; 123:
246-59.

https://doi.org/10.1016/j.bone.2019.03.037
PMID:30936040

Gouin O, L'Hercndelle K, Lebonvallet N, Le Gall-lanotto
C, Sakka M, Buhé V, Plée-Gautier E, Carré JL, Lefeuvre
L, Misery L, Le Garrec R. TRPV1 and TRPAl in
cutaneous neurogenic and chronic inflammation: pro-
inflammatory response induced by their activation and

40.

41.

42.

43.

44.

45.

46.

47.

their sensitization. Protein Cell. 2017; 8:644-61.
https://doi.org/10.1007/s13238-017-0395-5
PMID:28364279

Zhou Y, Han D, Follansbee T, Wu X, Yu S, Wang B, Shi Z,
Domocos DT, Carstens M, Carstens E, Hwang ST.
Transient receptor potential ankyrin 1 (TRPA1)
positively regulates imiquimod-induced, psoriasiform
dermal inflammation in mice. J Cell Mol Med. 2019;
23:4819-28.

https://doi.org/10.1111/jcmm.14392 PMID:31111624

Saghy E, Sipos E, Acs P, Bolcskei K, Pohdczky K, Kemény
A, Sandor 7, Sz6ke E, Sétalé G Jr, Komoly S, Pintér E.
TRPA1 deficiency is protective in cuprizone-induced
demyelination-A new target against oligodendrocyte
apoptosis. Glia. 2016; 64:2166—80.
https://doi.org/10.1002/glia.23051 PMID:27568827

Park J, Shim MK, Jin M, Rhyu MR, Lee Y. Methyl
syringate, a TRPA1 agonist represses hypoxia-induced
cyclooxygenase-2 in lung cancer cells. Phytomedicine.
2016; 23:324-29.
https://doi.org/10.1016/j.phymed.2016.01.009
PMID:26969386

Lowin T, Apitz M, Anders S, Straub RH. Anti-
inflammatory effects of N-acylethanolamines in
rheumatoid arthritis synovial cells are mediated by
TRPV1 and TRPA1l in a COX-2 dependent manner.
Arthritis Res Ther. 2015; 17:321.
https://doi.org/10.1186/s13075-015-0845-5
PMID:26567045

Tang P, Gu JM, Xie ZA, Gu Y, Jie ZW, Huang KM, Wang
JY, Fan SW, lJiang XS, Hu ZJ. Honokiol alleviates the
degeneration of intervertebral disc via suppressing the
activation of TXNIP-NLRP3 inflammasome signal
pathway. Free Radic Biol Med. 2018; 120:368-79.
https://doi.org/10.1016/j.freeradbiomed.2018.04.008
PMID:29649568

Dieffenbach PB, Haeger CM, Coronata AM, Choi KM,
Varelas X, Tschumperlin DJ, Fredenburgh LE. Arterial
stiffness induces remodeling phenotypes in pulmonary
artery smooth muscle cells via YAP/TAZ-mediated
repression of cyclooxygenase-2. Am J Physiol Lung Cell
Mol Physiol. 2017; 313:0L628—-47.
https://doi.org/10.1152/ajplung.00173.2017
PMID:28642262

Kodaka M, Hata Y. The mammalian Hippo pathway:
regulation and function of YAP1 and TAZ. Cell Mol Life
Sci. 2015; 72:285-306.
https://doi.org/10.1007/s00018-014-1742-9
PMID:25266986

Yu FX, Guan KL. The Hippo pathway: regulators and
regulations. Genes Dev. 2013; 27:355-71.
https://doi.org/10.1101/gad.210773.112

wWww.aging-us.com

20275

AGING


https://doi.org/10.1016/j.arr.2007.08.001
https://pubmed.ncbi.nlm.nih.gov/17870673
https://doi.org/10.1007/s10495-011-0596-y
https://pubmed.ncbi.nlm.nih.gov/21479580
https://doi.org/10.1016/j.kint.2020.02.033
https://pubmed.ncbi.nlm.nih.gov/32622527
https://doi.org/10.22203/ecm.v030a08
https://pubmed.ncbi.nlm.nih.gov/26388614
https://doi.org/10.1002/jbmr.2753
https://pubmed.ncbi.nlm.nih.gov/26587789
https://doi.org/10.1097/BRS.0000000000001982
https://pubmed.ncbi.nlm.nih.gov/27879577
https://doi.org/10.2217/epi.14.80
https://pubmed.ncbi.nlm.nih.gov/25942534
https://doi.org/10.1016/j.bone.2019.03.037
https://pubmed.ncbi.nlm.nih.gov/30936040
https://doi.org/10.1007/s13238-017-0395-5
https://pubmed.ncbi.nlm.nih.gov/28364279
https://doi.org/10.1111/jcmm.14392
https://pubmed.ncbi.nlm.nih.gov/31111624
https://doi.org/10.1002/glia.23051
https://pubmed.ncbi.nlm.nih.gov/27568827
https://doi.org/10.1016/j.phymed.2016.01.009
https://pubmed.ncbi.nlm.nih.gov/26969386
https://doi.org/10.1186/s13075-015-0845-5
https://pubmed.ncbi.nlm.nih.gov/26567045
https://doi.org/10.1016/j.freeradbiomed.2018.04.008
https://pubmed.ncbi.nlm.nih.gov/29649568
https://doi.org/10.1152/ajplung.00173.2017
https://pubmed.ncbi.nlm.nih.gov/28642262
https://doi.org/10.1007/s00018-014-1742-9
https://pubmed.ncbi.nlm.nih.gov/25266986
https://doi.org/10.1101/gad.210773.112

48.

49.

PMID:23431053

Chen J, Mei Z, Huang B, Zhang X, Liu J, Shan Z, Wang J,
Wang X, Zhao F. IL-6/YAP1/B-catenin signaling is
involved in intervertebral disc degeneration. J Cell
Physiol. 2019; 234:5964-71.
https://doi.org/10.1002/jcp.27065

PMID:30511395

Zhang Z, Xu T, Chen J, Shao Z, Wang K, Yan Y, Wu C, Lin
J, Wang H, Gao W, Zhang X, Wang X. Parkin-mediated
mitophagy as a potential therapeutic target for
intervertebral disc degeneration. Cell Death Dis. 2018;
9:980.

https://doi.org/10.1038/s41419-018-1024-9
PMID:30250268

50. Yin J, Ren K, Huang Y, Gao G, Nong L, Xu N. Exploration

about changes of IL-10, NF-kB and MMP-3 in a rat
model of cervical spondylosis. Mol Immunol. 2018;
93:184-88.
https://doi.org/10.1016/j.molimm.2017.11.025

PMID:29197741

wWww.aging-us.com

20276

AGING


https://pubmed.ncbi.nlm.nih.gov/23431053
https://doi.org/10.1002/jcp.27065
https://pubmed.ncbi.nlm.nih.gov/30511395
https://doi.org/10.1038/s41419-018-1024-9
https://pubmed.ncbi.nlm.nih.gov/30250268
https://doi.org/10.1016/j.molimm.2017.11.025
https://pubmed.ncbi.nlm.nih.gov/29197741



