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Abstract: Aims: This study was to investigate the effect of TUG1 on apoptosis and ECM degradation of human degen-
erative intervertebral disc nucleus pulposus cells (NPCs) and its mechanism. Methods: Human degenerative inter-
vertebral disc NP tissues were obtained from 10 patients with lumbar disc herniation (LDH) who underwent lumbar
spine surgery (IDD group), normal intervertebral disc NP tissues were obtained from 10 patients with lumbar verte-
brae fractures (LVF group). Results: The expression of TUG1 and HMGB1 protein in human degenerative disc NP tis-
sues and NPCs was significantly increased, while the level of miR-26a was significantly decreased. Overexpression
of TUG1 inhibited the proliferation while promoted apoptosis and ECM degradation of human degenerative inter-
vertebral disc NPCs. Simultaneously, the effect of TUG1 knockdown on NPCs was opposite. Interestingly, TUG1
acted as an endogenous sponge to down-regulate the expression of miR-26a in NPCs by direct binding to miR-
26a. Overexpression of miR-26a reversed the effects of TUG1 overexpression on apoptosis and ECM degradation.
Additionally, HMGB1 was a target gene of miR-26a. The increased expression of HMGB1 induced by TUG1 overex-
pression could be reversed by the introduction of miR-26a mimic. Overexpression of TUG1 significantly upregulated
the expression of p65 in the nucleus, while overexpression of TUG1 partially abolished the inhibition of NF-kB by
QNZ pretreatment. Conclusion: TUG1 could promote the apoptosis and ECM degradation of degenerated interverte-
bral disc NPCs by regulating the miR-26a/HMGB1, which may be involved in the activation of NF-kB pathway.

Keywords: Intervertebral disc degeneration, nucleus pulposus cells, long-chain non-coding RNAs taurine upregu-
lated gene 1, apoptosis, extracellular matrix degradation

Introduction

Intervertebral disc (IVD) degeneration (IDD) is
a typical common and frequently-occurring
disease in clinical practice that can cause a
series of clinical syndromes, including cervical
spondylosis, disc herniation, etc. [1]. Current
research suggests that IDD occurs under a
variety of physiological and pathological condi-
tions that can be affected by a variety of fac-
tors, such as genetics, cellular senescence,
mechanical load, matrix degradation, inflam-
mation and apoptosis. The decrease in the
number of nucleus pulposus cells (NPCs) and
the loss of extracellular matrix (ECM) are the

core characteristics of IDD [2]. However, there
is no unified theory on the exact mechanism of
IDD. Once IDD is degenerated, it is difficult to
reverse, and there is still no effective means to
resist degeneration of the IVD [3]. Therefore, it
is necessary to carry out basic research in
depth to clarify the mechanism of IDD.

Long noncoding RNA (IncRNA) is a group of
endogenous, non-coding transcripts of more
than 200 nucleotides in length. Increasing
evidences suggest that IncRNA acts as a key
regulator in biological processes. Abnormal
expression of IncRNA has been shown to be
involved in a variety of human diseases, includ-
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ing IDD and osteoarthritis [4]. However, IncRNA
is still in its infancy in the study of the regula-
tion mechanism of IDD.

Taurine upregulated gene 1 (TUG1) is a Inc-
RNA located on chromosome 22912.2 with a
length of 7598 nt. As an oncogene, TUG1 has
been shown to be involved in cell proliferation,
apoptosis, differentiation and metastasis [5].
Recently, Chen et al. [6] found that TUG1 is
up-regulated in NP samples from patients with
lumbar disc herniation, and knocking out
TUG1 can inhibit TNF-a-induced apoptosis and
senescence of NPCs. However, the mechani-
sm of action of TUG1 in the pathogenesis of
IDD remains to be further explored. IncRNA
can competitively adsorb certain miRNAs th-
rough endogenous RNA pathways to regulate
gene expression to participate in the develop-
ment of IDD [7]. Xi et al. [8] confirmed that
IncRNA HCG18 acts as an endogenous spon-
ge to inhibit the proliferation and induce apop-
tosis of NPCs by directly binding to miR-146a-
5p to promote IDD development. Recent stud-
ies have shown that there may be a targeted
regulatory relationship between TUG1 and miR-
26a [9-11]. We also confirmed that miR-26a is
one of the targets of TUG1 through bioinformat-
ics software. We speculated that TUG1 may
participate in the promotion of IDD by targeting
miR-26a. As such, we collected human degen-
erative disc NP tissue samples and explored
the role of TUG1 in IDD and related mecha-
nisms by in vitro culture of human degenerated
intervertebral disc NPCs.

Methods
Patients and samples

All specimens were taken from March 2017 to
March 2019 in the Orthopedic Department of
Chinese Academy of Medical Sciences Peking
Union Medical College Hospital for lumbar
spine surgery. Human degenerative interverte-
bral disc NP tissues were obtained from 10
patients with lumbar disc herniation (LDH) who
underwent lumbar spine surgery (IDD group),
including 5 males and 5 females (age 45-65
years, mean age 52 + 10 years). Preoperative
symptoms, signs and imaging were clearly diag-
nosed as LDH, which was ineffective by conser-
vative treatment and had surgical indications.
Postoperative pathological findings confirmed
degenerative disc tissues. The grade was IlI-IV
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according to the Pfirrmann degenerative inter-
vertebral disc sagittal MRI grading standard
[12]. Normal intervertebral disc NP tissues
were obtained from 10 patients with lumbar
vertebrae fractures (LVF group), including 5
males and 5 females (age 45-65 years, mean
age 53 + 11 years). Intraoperative human NP
tissues were placed in DMEM/F12 medium
(HyClone, USA) containing 10% fetal bovine
serum (Gibco, USA), stored in an ice box and
transferred to a clean bench for subsequent
processing. This study was approved by the
Ethics Committee of Chinese Academy of
Medical Sciences Peking Union Medical College
Hospital.

Quantitative real-time (QRT-PCR)

Total RNA in NP tissues and NPCs was extract-
ed using the Total RNA Rapid Extraction Kit
(Sigma-Aldrich, USA). 500 ng total RNA was
used to analyze the relative expression of
TUG1 and miR-26a by using SYBR Green PCR
kit (Takara, Japan) on a 7500 fast real-
time PCR system (Applied Biosystems, USA).
GAPDH and U6 were used as internal parame-
ters. The relative expression of the gene of
interest was calculated by the 224 method.
The primers are as follows: TUG1, 5-ACGACT-
GAGCAAGCACTACC-3'(F) and 5-CTCAGCAATC-
AGGAGGCACA-3’(R); miR-26a, 5-CTGTCAACG-
ATACGCTAC-3’(F) and 5-GTAATCCAGGATAGG-
CTG-3'(R); GAPDH, 5-ACAACTTTGGTATCGTG-
GAAGG-3'(F) and 5-GCCATCACGCCACAGTTTC-
3'(R); U6, 5-GCCAGCACCATGCTCTTCTA-3'(F)
and 5-GGTTCCACAGATGCTCAGGTC-3'(R).

Immunohistochemistry

Paraffin sections (4 uym) were prepared after
NP tissue was fixed in 10% formalin for 24 h.
Paraffin sections were dewaxed and hydrated
and placed in citrate buffer (pH 6.0) for an-
tigen retrieval. Paraffin sections were dewax-
ed and hydrated and placed in citrate buffer
(pH 6.0) for antigen retrieval. The primary anti-
body anti-HMGB1 (Abcam, Cambridge, MA,
USA) was added dropwise to the sections and
placed at 4°C overnight. After washing with
PBS, a multi-polymer secondary antibody was
added dropwise to the sections. After wash-
ing, the sections were developed with DAB.
The sections were counterstained with hema-
toxylin and returned to blue with an aqueous
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solution of lithium carbonate, followed by dehy-
dration, transparency and sealing. The expres-
sion of HMGBL1 in the NP tissue of the interver-
tebral disc was observed under an optical
microscope.

Western blot

Cells were completely lysed in lysis buffer
(Takara, Japan) and extracted nuclear proteins
and cytoplasmic proteins. Protein concentra-
tion was determined using the BCA Protein
Assay Kit (Pierce). 50 pg of the sample was
taken for SDS-PAGE electrophoresis, and
transfered to the PVDF membrane. Then,
membranes were blocked with 5% skim milk
for 1 h at room temperature. Membranes were
then incubated with the corresponding pri-
mary antibody, including anti-HMGB1 (Abcam,
USA), anti-Bcl-2 (Abcam, USA), anti-Bax (Ab-
cam, USA), anti-cleaved caspase-3 (Abcam,
USA), anti-collagen Il (Abcam, USA), anti-aggre-
can (Abcam, USA), anti-MMP-3 (Abcam, USA),
anti-MMP-13 (Abcam, USA), anti-p65 (Abcam,
USA), anti-Histone (Abcam, USA) and anti-GAP-
DH (Abcam, USA) overnight at 4°C. GAPDH and
Histone were used as internal controls. After
washing with TBST, membranes were incubat-
ed with horseradish peroxidase-labeled sec-
ondary antibody for 1 h at room temperature.
After washing with TBST, specific protein bands
were visualized using an enhanced chemilumi-
nescent (ECL; Millipore, Shanghai, Chian).

Isolation, culture and identification of NPCs

The NP tissues were cut into pieces of 1 mm?
size with an ophthalmic scissors. Then, sam-
ples were incubated with 0.25% trypsin for
30 min, and centrifuged at 1000 r/min for 10
min. The supernatant was discarded and type
Il collagenase was added and digested at
37°C for 4 h. After filtration through a 200
mesh filter and centrifugation, the cells were
collected. The NPCs were resuspended in
DMEM/F12 medium (ThermoFisher, USA)
containing 20% fetal bovine serum (FBS;
Biosera, USA) and cultured in a 37°C, 5% CO2
incubator. After the cells were attached, the
cells were observed under an inverted micro-
scope. The cells were cultured to 70% to 80%
confluence, trypsinized, and passaged at 1:2.
The passage 2 of NPCs were seeded in 6-well
plates to make cell slides, and the NPCs were
identified by immunocytochemical staining of
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collagen Il [13] and Safranin O staining [14] as
described previously.

Cell transfection

The TUG1 sequence was synthesized from
Sangon Biotech (Shanghai, China) and cloned
into the pcDNA3.1 plasmid (Thermo Fisher
Scientific, USA) to construct the TUG1 overex-
pression vector (TUG1 group). The pcDNA3.1
empty vector was used as a control (NC gro-
up). The pcDNA-HMGB1 and the corresponding
pcDNA-Ctrl were also synthesized and con-
structed by Sangon Biotech. All siRNAs (si-
TUG1 and si-NC, si-HMGB1 and si-Ctrl), mi-
RNAs mimics (miR-26a mimic, miR-NC) and
miRNAs inhibitors (miR-26a inhibitor, inhibitor-
NC) were purchased from RiboBio (Guang-
zhou, China). Plasmids or oligonucleotides were
transfected into passage 3 degenerative inter-
vertebral disc NPCs using a Lipofectamine
2000 Transfection kit (Life Technologies, USA)
according to the manufacturer’s instructions.
For rescue experiments, human degenerative
intervertebral disc NPCs were pretreated with
NF-kB specific inhibitor QNZ (6-amino-4-
quinazoline, 40 nmol/L) before transfection
with pcDNA-TUG1 or/and si-HMGBA1.

5-ethynyl-20-deoxyuridine (EdU) assay

To measure the proliferation of cells, the Cell
Light EAU DNA imaging kit (Ribobio, Guang-
zhou, China) was used for EdU incorporation
experiments. All procedures were performed in
strict accordance with the kit instructions. The
ratio of EdU-stained cells (with red fluores-
cence) to Hoechst-stained cells (with blue fluo-
rescence) was used to evaluate the cell prolif-
eration activity.

Flow cytometry

Human degenerated intervertebral disc NPCs
were transfected for 48 h and cells were har-
vested. After washing with PBS, the cells were
uniformly mixed with 500 pL of pre-cooled 1x
binding buffer. Cells were incubated with 5 uL
of Annexin V-FITC (Bioscience, USA) for 15 min
at room temperature in the dark, and then incu-
bated with 2.5 yL of Pl for 5 min at room
temperature in the dark. Apoptosis rate was
measured within 1 h using a FACS Calibur
flow cytometer (FACSCalibur, Becton-Dickinson,
Franklin Lakes, USA).
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Luciferase reporter assay

The partial sequences of TUG1 or 3-UTR of
HMGB1 mRNA containing the predicted miR-
26a binding site were amplified by PCR, and
then cloned into a luciferase vector (Promega,
USA) to construct luciferase reporter vectors,
which were named as TUG1-wild-type (TUG1-
WT) or HMGB1-wild-type (HMGB1-WT), respec-
tively. The counterparts with mutated miR-26a
binding sequences were replaced as indicated
and named as TUG1-mutated-type (TUG1-MUT)
or HMGB1-mutated-type (HMGB1-MUT). Then,
the TUGL-WT (or TUG1-MUT) or HMGBZ1-WT (or
HMGB1-MUT) plasmid vectors were co-trans-
fected with miR-26a mimic or miR-NC into
HEK293T cells. The luciferase activity was ana-
lyzed with the dual luciferase reporter assay
system (Promega, USA) 48 h post-transfection
according to the manufacturer’s instructions.

Immunofluorescence staining

NP cells were seeded onto a cover slip of a
24-well plate. After the corresponding treat-
ment, the slides with NP cells were washed
with pre-cooled PBS. NP cells were fixed for 10
min by adding 200 yL of 4% paraformalde-
hyde per well. After washing the cells, they
were incubated with 0.1% Triton X-100 for 10
min at room temperature, followed by 5%
goat serum for 30 min. 200 uL of anti-NF-kB
p65 primary antibody (Abcam) was added to
each well and incubated for 1 h at room tem-
perature. After washing with PBST, 200 uL of
1gG secondary antibody (Abcam) was added to
each well and incubated at room temperature
for 30 min in the dark. After washing, the nu-
clei were stained by adding 200 pL of 0.1%
DAPI to each well. After washing, the slides
were removed from the 24-well plates and a
small amount of anti-fluorescence quenching
was added. The images were observed and
acquired under a laser confocal microscope.

Statistical analysis

Statistical analyses were performed by Stu-
dent’s t-test or one-way ANOVA using software
SPSS 15.0 (SPSS Inc., Chicago, IL, USA). All
data were presented as the mean + standard
deviation (mean = SD). Pearson’s Correlation
Coefficient was applied to explore the correla-
tion between TUG1 and miR-26a, or TUG1 and
HMGBZ1, or miR-26a and HMGBL1 in the IDD tis-
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sues. A p-value less than 0.05 was considered
statistically significant.

Results

Up-regulation of LncRNA TUG1 expression in
degenerated intervertebral disc NP tissues

The expression of TUGL in the NP tissues of
the IDD group was significantly up-regulated
compared to the LVF group (P<0.05, Figure
1A). And the expression of miR-26a in the IDD
group was significantly down-regulated com-
pared to the LVF group (P<0.05, Figure 1B).
Correlation analysis found that miR-26a was
significantly negatively correlated with TUG1 in
IDD tissues (P<0.05, Figure 1C). Immunohis-
tochemical analysis (Figure 1D) and western
blot assay also revealed a significant up-re-
gulation of HMGBZ1 expression in IDD tissues,
which was positively correlated with TUG1
while negatively correlated with miR-26a (Fi-
gure 1E, 1F). Additionally, we also analyzed
the relationship between TUG1, miR-26a and
HMGB1 in NP tissues of LVF group. The results
showed that HMGB1 and miR-26a showed a
significant negative correlation in LVF group
(P<0.05), while TUG1 and miR-26a, as well as
TUG1 and HMGB1 were not significantly corre-
lated (P>0.05, Figure S1), which may be due to
our small sample size.

Morphology and identification of NPCs

The morphology of primary NPCs was observed
under an inverted microscope. The results
showed that the morphology of normal NPCs
(LVF group) was mostly fusiform and polygonal,
while the degenerative NPCs (IDD group) were
mostly spindle-shaped, fusiform and irregular
(Figure 2A). The NPCs in the IDD group were
sparse and disorderly arranged, and some cells
were necrotic. Moreover, the number of NPCs
was reduced, which may be related to cell
senescence and apoptosis [15]. The second
generation of NPCs were scrambled and identi-
fied by collagen Il immunocytochemical stain-
ing and Safranin O staining. Collagen Il immu-
nocytochemical staining showed a strong posi-
tive reaction in the cytoplasm of cells, while the
nucleus was not stained, suggesting that the
cultured cells were intervertebral disc NPCs.
Additionally, the degree of coloration of the LVF
group was higher than that of the IDD group
(Figure 2B). Safranin O staining showed that
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Figure 1. LncRNA TUG1 was significantly up-regulated in degenerated intervertebral disc NP tissues. The expression
of TUG1 (A) and miR-26a (B) were assessed by qRT-PCR in human disc NP tissues of LVF group (n=10) and IDD
group (n=10). (C) The correlation between TUG1 and miR-26a expression in human disc NP tissues of IDD group
by gRT-PCR. GAPDH and U6 were used as internal reference. (D) Immunohistochemistry was used to analyze the
localization of HMGB1 in NP tissues. (E) Western blot assay was used to analyze the expression of HMGB1 protein in
NP tissues. Bar =100 uym. The original images are available in Figure S2. (F) The relationship between HMGB1 and
TUG1 or miR-26a in NP tissues of IDD group. Data are presented as mean + standard deviation. *P<0.05, *"P<0.01.

the NPCs of normal intervertebral disc stained cytoplasm was stained unevenly with vacuoles
deeper and the cytoplasm showed uniform (Figure 2C). These results confirmed that the
pink coloration. And the nuclei of degenerated NPCs of the IDD group do exhibit degenerative
NPCs were swollen and stained lightly, and the properties.
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collagen I

O

Safranin O staining

Figure 2. Morphological and phenotypic identification of NPCs. (A) Morpho-
logical changes of NPCs in the LVF group and the IDD group were observed
under a phase contrast microscope. The NPCs were identified by collagen
Il immunohistochemical staining (B) and Safranin O staining (C). Scale bar

=100 pm.

TUG1 inhibited the proliferation of human
degenerative disc nucleus cells and promoted
apoptosis and ECM degradation

qRT-PCR showed that the expression of TUG1
in the NPCs of the IDD group was significantly
higher than that of the LVF group (P<0.05,
Figure 3A). In view of the abnormal expression
of TUG1 in degenerated intervertebral disc NP
tissues and cells, we investigated the role of
TUG1 in IDD by transfecting human degenera-
tive disc NPCs with pcDNA-TUG1 or si-TUG1.
gRT-PCR showed that transfection of TUG1
pcDNA3.1 significantly increased the expres-
sion of TUG1 in the cells compared with the
pcDNA group, while transfection of TUGL siRNA
significantly reduced the expression of TUG1 in
the cells compared with the si-NC group
(P<0.05, Figure 3B).
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The effect of TUGL1l overex-
pression or knockdown on
proliferation of human de-
generative intervertebral disc
NPCs was analyzed using
EdU assay (Figure 3C). The
results showed that overex-
pression of TUG1 significantly
inhibited the proliferation of
human degenerated interver-
tebral disc NPCs, while si-
TUG1 significantly promoted
cell proliferation (Figure 3C).
Additionally, we evaluated the
apoptosis of degenerated in-
tervertebral disc NPCs after
transfection by flow cytome-
try. The apoptotic rate of the
pcDNA-TUG1 group was sig-
nificantly lower than that of
the pcDNA group, while it was
higher in the si-TUG1 group
than that of the si-NC group
(Figure 3D). Simultaneously,
the expression of apoptosis-
related proteins was deter-
mined by western blot. Com-
pared with the pcDNA group,
overexpression of TUG1 sig-
nificantly down-regulated the
expression of Bcl-2 while up-
regulated the expression of
Bax and cleaved caspase-3.
Conversely, TUG1 knockdown
significantly up-regulated Bcl-
2 expression while down-regulated Bax and
cleaved caspase-3 expression (Figure 3E).

Next, we analyzed the effect of TUG1 on ECM
degradation in human degenerative interverte-
bral disc NPCs. We found that overexpression
of TUG1 reduced the expression of collagen I
and aggrecan in human degenerative NPCs,
while significantly increased the expression
of MMP-3 and MMP-13 (Figure 3F), suggest-
ing that TUG1 promoted ECM degradation of
human degenerative disc NPCs. Conversely,
TUG1 knockdown improved ECM degradation
by up-regulating the expression of collagen I
and aggrecan, whereas down-regulating the
expression of MMP-3 and MMP-13. These
results suggested that TUG1 may participate in
the promotion of IDD by inhibiting the prolifera-
tion while promoting apoptosis and ECM degra-
dation of human degenerative disc NPCs.

Am J Transl Res 2020;12(9):5449-5464



Intervertebral disc degeneration and TUG1/miR-26a/HMGB1 axis

A 4 *k B 4- *% 1.5+
— — Hk
§ 3 § 3 5 ' '
2 g 2 1.0-
e 2 2
5 27 & 21 5
@ Q Y]
& 5 B 057
D 11 = =]
- = [=
u-
\S 9] N
g.\"\ \:‘\36
L)
C 20+
—_ *k
& —
! @ 157
a ]
S
a c
.2 104
-
o
&2
= 54
- [
0] o
=2
K
<
(S A
§ 9"0\‘ #‘00
=% cp“
°
601 k%
5 —
O e
z &
-E E 40_
=
2
w
S 20-
- °
b} o
=2
s
] 6’\
&
D 15+ * %
- —
=
L 104
o
R
w
(=]
| 51
o
o
<
0-
> A
oW <°
Q 9“
QG
si-NC si-TUG1
& 3- *k
e B
®
&
v
‘@
Q
a 11
o
0. 26% (=%
<
13' ™ 4 0-
10 10 A
5’\"\6 -‘\)6

&
Annexin V

5455 Am J Transl Res 2020;12(9):5449-5464



Intervertebral disc degeneration and TUG1/miR-26a/HMGB1 axis

E
3 - siN i-TUGH
& . == pcDNA PCDNA-TUGA siNC = sl
F F oo P - -
& . .
S & ;s 1.0 — 0.8 —
H T c
G 0.8 5
Bel-2 e iy a 2 0.64
Q ok [ 3 %
B 0.6 l I s o
X xo044 H
Bax — = — g 0.4 ok T : T
3 | s |
° ° 0.24
clea\.'ed_l £ u_z.j . g j - .
) 0.0+ .‘ T 0.0- .
a2 + LS 2 * S
GAPDH e s S w— o ®? & Py @ o
o &
&
G\ca“e \eae
N
F &
& & oo mm pcDNA = pcDNA-TUGH
< < & mm si-NC I si-TUG1
collagenll —— = — — 0.81 1.01 o
w* H
.E 0.6 |_'I|' ;' ,E 0.8 T
wn Y e w
aggrecan | s — I a A 7
LR S - T fos o
o 47 -]
MMP-3 e e e £ £ 0.4
) ]
2o 3 521
MMP-13 | s e e s o 2.
0.0- 0.0
GAPDH o'a“ ?" AP c."’“ ?'5 A
0o\\“‘a &0 W o\\ag oW -

Figure 3. Effect of TUG1 on proliferation, apoptosis and ECM degradation of human degenerated intervertebral disc
NPCs. A. The expression of TUG1 was assessed by qRT-PCR in NPCs of LVF group and IDD group. "P<0.05, “"P<0.01.
After isolated from human degenerative disc nucleus pulposus, the NPCs were transfected with pcDNA, pcDNA-
TUG1, si-NC or si-TUG1. B. After transfection for 48 h, TUG1 expression was detected by qRT-PCR. C. Cell viability of
human degenerated intervertebral disc NPCs transfected for 48 h was detected by EdU assay. Bar =100 um. D. Cell
apoptosis of human degenerated intervertebral disc NPCs transfected for 48 h was analyzed by flow cytometry us-
ing Annexin V/PI staining assay kit. E. Apoptosis-related proteins Bcl-2, Bax and cleaved caspase-3 expression were
detected by western blot assay in human degenerated intervertebral disc NPCs transfected for 48 h. The original
images are available in Figure S3. F. ECM degradation-related proteins collagen Il, aggrecan, MMP-3 and MMP-13
expression were detected by western blot assay in human degenerated intervertebral disc NPCs transfected for 48

h. The original images are available in Figure S4. *P<0.05, *"P<0.01.

TUG1 targeted miR-26a to promote IDD

Compared with normal intervertebral disc NPCs
(control group), the expression of miR-26a in
human degenerative intervertebral disc NPCs
(IDD group) was significantly down-regulated
(Figure 4A). Moreover, overexpression of TUG1
down-regulated the expression of miR-26a in
human degenerative disc NPCs, while TUG1
knockdown up-regulated miR-26a expression
(Figure 4B).

To analyze the potential molecular mechanisms
of TUG1 in human degenerative NPCs, bioinfor-
matics analysis was performed using star-
Base v2.0 (http://starbase.sysu.edu.cn/) and
Miranda (http://www.microrna.org). The results
revealed that miR-26a contained a sequence

5456

complementary to TUG1 (Figure 4C). To confirm
the interaction between TUG1 and miR-26a,
we performed a luciferase reporter assay. The
results showed that miR-26a significantly
reduced the luciferase activity of TUGL1-WT
without affecting the luciferase activity of
TUG1-MUT (Figure 4D). To investigate whether
TUG1 exerts its biological effects by target-
ing miR-26a, we co-transfected miR-26a mimic
into human degenerated intervertebral disc
NPCs were co-transfected with miR-26a mimic
and pcDNA-TUG1. As expected, miR-26a ex-
pression was increased after miR-26a mimic
transfection (Figure 4E). Meanwhile, overex-
pression of TUG1 attenuated the expression of
miR-26a that induced by mimics. These results
indicated that miR-26a was a direct target gene
of TUGL.
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Figure 4. TUG1 negatively regulated the expression of miR-26a in degenerated intervertebral disc nucleus cells. A.
The expression of miR-26a was assessed by qRT-PCR in NPCs of control group and IDD group. B. The expression of
miR-26a was examined in human degenerative disc NPCs transfected with pcDNA-TUG1 or si-TUG1. C. Sequence
alignment of miR-26a and the putative binding sites within the wild-type TUG1, and mutation in the TUG1. D. The
luciferase activity was detected in HEK293T cells transfected with TUG1-WT or TUG1-MUT reporter vector together
with miR-26a mimics or miR-NC. E. The expression of miR-26a was examined in human degenerated intervertebral
disc NPCs transfected with miR-NC, miR-26a mimic, pcDNA-NC+miR-26a or pcDNA-TUG1+miR-26a mimic. F. Prolif-
eration of treated human degenerated intervertebral disc NPCs was detected by EdU assay. Scale bar =100 ym. G.
Apoptosis of treated human degenerated intervertebral disc NPCs was detected by flow cytometry. H. The expres-
sion of collagenll, aggrecan, MMP-3 and MMP-13 were determined in treated human degenerated intervertebral
disc NPCs by western blot assay. The original images are available in Figure S5. "P<0.05, **P<0.01.

The EdU assay showed that miR-26a overex-
pression abolished the inhibition of TUG1 over-
expression on proliferation of human degen-
erative disc NPCs (Figure 4F). Similarly, miR-
26a mimic transfection reversed the promo-
tion of apoptosis by TUG1 (Figure 4G). Fur-
thermore, TUGZ1-induced matrix degradation
was inhibited due to overexpression of miR-26a
(Figure 4H). These data indicated that TUG1
could exert its function of promoting IDD
through inhibiting miR-26a.

TUG1 regulated miR-26a/HMGB1 axis in hu-
man degenerated intervertebral disc NPCs

We found through the online software
TargetScan that miR-26a has some comple-
mentary bases to the 3’-UTR of HMGB1 (Figure
5A), suggesting that HMGB1 may be a target
gene for miR-26a. We further constructed
HMGB1-WT and HMGB1-MUT luciferase vec-
tors and co-transfected with miR-26a mimic or
miR-NC into HEK 293T cells to verify the inter-
action between miR-26a and HMGB1. The
results showed that miR-26a significantly
reduced the luciferase activity of the lucifera-
se reporter vectors containing HMGB1-WT, but
did not substantially affect the luciferase
activity of the reporter gene of HMGB1-MUT
(Figure 5B). Next, we overexpress or inhibit
miR-26a in human degenerative NPCs. The
results revealed that miR-26a mimic sig-
nificantly down-regulated the expression of
HMGB1 mRNA and protein in human degenera-
tive NPCs, whereas miR-26a inhibitor up-regu-
lated the expression of HMGB1 (Figure 5C and
5D).

To investigate whether TUG1 was involved in
the regulation of the miR-26a/HMGB1 axis, we
transfected the HMGB1-WT vector with miR-
26a mimic, miR-26a mimic+pcDNA and miR-
26a mimic+pcDNA-TUG1 into HEK 293T cells,
then the dual luciferase reporter assay was
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performed. Co-transfection of miR-26a with
HMGB1-WT significantly reduced luciferase
activity, whereas overexpression of TUG1 sig-
nificantly reversed the effect of miR-26a over-
expression on luciferase activity (Figure 5E).
These results suggested that HMGB1 was the
target of miR-26a.

Furthermore, in human degenerative NPCs, an
increase in TUGB1 expression induced by TUG1
overexpression could be reversed by the intro-
duction of miR-26a mimic (Figure 5F). More-
over, overexpression of miR-26a inhibited the
upregulation of HMGB1 expression induced by
pcDNA-TUG1, and miR-26a inhibitor reversed
the inhibitory effect of si-TUG1 on HMGB1
expression (Figure 5G). These results confir-
med that TUG1 could participate in degenera-
tive disc degeneration by modulating HMGB1
by antagonizing miR-26a.

TUG1 activited the NF-kB pathway by affecting
HMGB1 expression

HMGBL1 participates in IDD by activating NF-
kB to promote the release of inflammatory fac-
tors [16]. Based on this, we further analyzed
the relationship between TUG1 and NF-«kB
pathway. We found that overexpression of
TUG1 significantly upregulated the expression
of p65 in the nucleus (Figure 6A). Immunoflu-
orescence staining also showed that overex-
pression of TUG1 induced nuclear transfer of
p65 (Figure 6B). Simultaneously, si-HMGB1
inhibited nuclear transfer of p65. Additionally,
transfection of pcDNA-TUG1 reversed the in-
hibitory effect of si-HMGB1 on NF-kB activa-
tion. More importantly, overexpression of TUG1
partially abolished the inhibition of NF-kB by
NF-kB specific inhibitor QNZ pretreatment.
These results suggested that TUG1 participat-
ed in IDD by activating the NF-kB signaling
pathway.
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Figure 5. TUG1 regulates miR-26a/HMGB1 axis in human degenerated intervertebral disc NPCs. (A) Sequence alignment of miR-26a and the putative binding sites
within HMGB1-WT and HMGB1-MUT. (B) The luciferase activity was detected in HEK293T cells transfected with HMGB1-WT or HMGB1-MUT reporter vector together
with miR-26a mimics or miR-NC. The expression of HMGB1 mRNA (C) and protein (D) was examined in human degenerated intervertebral disc NPCs transfected
with miR-26a mimic or miR-26a inhibitor. The original images are available in Figure S6. (E) The luciferase activity was detected in HEK293T cells co-transfected
HMGB1-WT with miR-26a mimic, miR-26a mimic+pcDNA or miR-26a mimic+pcDNA-TUG1. (F) The expression of HMGB1 protein in NPCs transfected with pcDNA,
pcDNA-TUG1, pcDNA-TUG1+miR-NC and pcDNA-TUG1+miR-26a mimic. The original images are available in Figure S7. (G) The expression of HMGB1 protein in NPCs
transfected with si-NC, si-TUG1, si-TUG1+inhibitor-NC, si-TUG1+miR-26a inhibitor. The original images are available in Figure S8. *P<0.05, *"P<0.01.
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Figure 6. TUG1 activited the NF-kB pathway by affecting HMGB1 expression. A. The expression of NF-kB p65 in
nuclear was analyzed by western blot. Histone were used as internal references. The original images are available in
Figure S9. B. Immunofluorescence staining for nuclear translocation of p65 in human intervertebral disc degenera-

tion NPCs. Scale bar =25 ym. *P<0.05, **P<0.01.

Discussion

Degeneration of the intervertebral disc is
accompanied by a decrease in the number of
cells and synthesis of extracellular matrix [17].
The role of INncRNA in IDD has received exten-
sive attention recently. We found that TUG1
was significantly up-regulated in human degen-
erative disc NP tissue. Additionally, TUG1 par-
ticipated in the promotion of IDD by inhibiting
the proliferation while promoting apoptosis and
ECM degradation of human degenerative disc
NPCs in vitro. More importantly, TUG1 promot-
ed IDD by targeting miR-26a/HMGB1 axis,
which may also involve activation of the NF-kB
signaling pathway.

Recently, some studies have reported that the
expression of many IncRNAs in IDD has chang-
ed a lot [4]. Chen et al. [7] reported that 8
IncRNAs were differentially expressed in hu-
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man normal NP and degenerative NP. Wan et
al. [18] also found that 116 IncRNAs were dif-
ferentially expressed in IDD, and overexpres-
sion of IncRNA RP11 296A18.3 induced up-
regulation of Fas-associated protein factor 1
(FAF1) and ultimately enhanced abnormal
apoptosis of intervertebral disc NPCs. Xi et al.
[8] confirmed that IncRNA HCG18 promoted
IDD development by inhibiting proliferation and
inducing apoptosis of NPCs. Exploring the
mechanism by which IncRNA regulates the
development of IDD may have important impli-
cations for the discovery of new therapeutic
targets. TUGL, a type of IncRNAs, has been
shown to be highly expressed in a variety of
malignancies and is closely related to the de-
velopment of tumors [19, 20]. Recent studies
have found that TUG1 is up-regulated in NP
samples from patients with lumbar disc hernia-
tion that is involved in the regulation of NPCs
apoptosis [6]. The present study also found
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that TUG1 expression was significantly up-regu-
lated in degenerated intervertebral disc NP tis-
sues and cells, suggesting that TUG1 may be
involved in the occurrence and development of
IDD.

Apoptosis of the NPCs of the intervertebral
disc plays an important role in the IDD process.
Mitochondrial apoptosis pathway is an impor-
tant pathway for apoptosis during IDD [21].
Mitochondria regulate endogenous and exoge-
nous apoptotic pathways through caspase-
dependent and non-caspase-dependent apop-
totic pathways. Bcl-2 and caspase are two evo-
lutionarily conserved protein families in eukary-
otes. Bcl-2 can prevent the release of Cyt-c
from mitochondria to the cytoplasm to inhibit
the apoptosis of NPCs, while caspase mediat-
es the initiation and execution of apoptosis.
Caspase-3 is the main performer of apoptosis,
and silencing caspase-3 in vitro can reduce
the apoptosis of NPCs induced by mechanical
overload to inhibit IDD [22]. We found that the
expression of this two key protein family mem-
bers on the mitochondrial apoptotic pathway
in NPCs after TUG1 overexpression or knock-
down has changed, suggesting that TUG1
could activate mitochondrial apoptosis path-
way in NPCs by down-regulating Bcl-2 and up-
regulating caspase-3. It is worth noting that
recent studies have also found evidence that
TUG1 is involved in the regulation of mitochon-
drial apoptosis. Li et al. [9] demonstrated that
TUG1 promoted apoptosis in glioma cells by
mediating caspase-3 and -9-mediated intrin-
sic pathways and inhibiting Bcl-2-mediated
anti-apoptotic pathways. Chen et al. [23] found
that TUG1 could directly target and adsorb
miR-9 to indirectly inhibit the expression of
Bcl-2 to promote apoptosis. These studies sug-
gested that TUG1 regulated the balance
between pro-apoptotic and apoptotic mole-
cules in the mitochondrial apoptotic pathway,
and the expression of TUG1 determined the
sensitivity of NPCs to apoptotic stimuli.

The NPCs in the IDD mainly produce two kinds
of extracellular matrix (ECM) components,
aggrecan and collagen Il, which play an impor-
tant role in maintaining the integrity of the IDD
[24]. IDD is often accompanied by degradation
of ECM, which is caused by the imbalance of
ECM synthesis and catabolism. Catabolism is
primarily controlled by proteolytic enzymes, in
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which MMPs play a key role. MMP-3 and -13
are considered to be the most important
MMPs in IDD. MMP-13 is the major rate-limiting
factor in the degradation of collagen Il, and
MMP-3 is an important aggrecan-degrading
enzyme that also degrades other extracellular
matrix components [25]. We found that overex-
pression of TUG1 increased the expression
of MMP-13 and MMP-3 while decreased the
expression of collagen Il and aggrecan in NPCs,
whereas TUG1 exerted the opposite effect
when silenced. These results suggested that
TUG1 could promote the degradation of ECM in
NPCs by regulating the expression of MMPs.
However, the mechanism of action of TUG1 in
ECM degradation remains to be explored.

IncRNA can act as a “sponge” to play a com-
petitive endogenous RNA (ceRNA) role by tar-
geting downstream miRNAs to participate in
the regulation of pathophysiological process-
es. As an important “sponge”, TUG1 competi-
tively binds to multiple miRNAs. TUG1 can be
used as a miR-335-5p ceRNA to promote the
migration and invasion of myeloma cells [26],
and can also promote the tumorigenesis of
myeloma by regulating the expression of miR-
144-3p [27]. Yu et al. [28] showed TUG1 could
sponge miR-204-5p to promote osteoblast dif-
ferentiation through upregulating Runx2 in
aortic valve calcification. As a miRNA, miR-26a
has a complex role in carcinogenesis, in the
sense that both oncogenic and tumor suppres-
sive effects were reported in cancers [29, 30].
Furthermore, miR-26a is one of the essential
molecules in skeletal muscle cell differentia-
tion and regeneration after skeletal muscle
injury [31]. Recently, Shen et al. [32] reported
that miR-26a was up-regulated in osteoarthri-
tis, a degenerative disease, and INcCRNA SNG5
could competitively absorb miR-26a as a ce-
RNA to promote chondrocyte proliferation and
migration. Li et al. [9] demonstrated that TUG1
could target miR-26a to regulate the direct
and functional downstream target PTEN of miR-
26a to exert tumor suppressive effects in
glioma development. However, the role of miR-
26a in IDD is unclear. The present study also
found a continuous miR-26a binding site on
the TUG1 sequence by bioinformatics predic-
tion. Moreover, luciferase reporter assay also
showed a targeted regulatory relationship
between TUG1 and miR-26a. Furthermore,
TUG1 silencing could significantly promote the
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expression of miR-26a in degenerated interver-
tebral disc NPCs, while overexpression of
TUG1 significantly inhibited the expression of
miR-26a, and attenuated miR-26a mimic-
induced miR-26a expression. Additionally, we
also found that overexpression of miR-26a
reversed the effect of TUG1 on apoptosis and
ECM degradation of human degenerative disc
NPCs. In the present study, we also confirmed
that miR-26a directly targeted HMGB1 mRNA
and inhibited the expression of HMGB1 protein.
Therefore, we speculated that TUG1 may play
its role in the development of intervertebral
disc degeneration by regulating the miR-26a/
HMGB1 axis.

HMGB1 is a member of the HMG family that is
involved in a variety of pathophysiological pro-
cesses including inflammation, tumors, autoim-
mune diseases, osteoarthritis and interverte-
bral disc degeneration [33, 34]. Gruber et al.
[35] found that HMGB1 was up-regulated 8-
fold in human degenerative disc tissue com-
pared to healthy intervertebral discs, and in
vitro studies had shown that HMGB1 was up-
regulated 24-fold in NPCs exposed to TNF-c.
HMGB1 promotes the release of inflammatory
cytokines and the expression of MMPs in
human IVD cells, which aggravates the progres-
sion of IDD [16]. Additionally, HMGB1 phos-
phorylates p65 in the NF-kB p65/p50 he-
terodimer to inducing nuclear translocation to
activating NF-kB, and then induces transcrip-
tion of downstream genes [36]. Chronic activa-
tion of the NF-kB pathway has been shown to
be the leading cause of some degenerative
diseases, including osteoarthritis [37] and
IDD [38]. Inhibition of NF-kB signaling pathway
activation can significantly delay degeneration
of the IVD [39, 40]. Wang et al. [41] confirmed
that NF-kB p65 protein was localized in the
nucleus of human degenerative lumbar disc tis-
sue, but was located in the cytoplasm in normal
lumbar disc tissue. Subsequently, they also
found that the NF-kB specific blocker BY11-
7082 significantly down-regulated the expres-
sion of ADAMTS and MMPs in the IVD tissues,
while up-regulated the expression of collagen Il
and aggrecan, suggesting that NF-kB played
an important role in the degradation of ECM.
Studies have also shown that inhibition of
NF-kB signaling pathway could inhibit apop-
tosis of human NPCs [42]. To elucidate
the molecular mechanism of TUG1/miR-26a/
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HMGB1 axis in IDD progression, we validated
the NF-kB signaling pathway. We found that
overexpression of TUG1 significantly promoted
nuclear translocation of NF-kB p65, whereas
HMGB1 silencing inhibited the induction of
NF-kB activation by overexpression of TUG1 in
human degenerative intervertebral disc NPCs.
More importantly, overexpression of TUG1
could eliminated the inhibitory effect of NF-kB
specific inhibitor QNZ pretreatment on NF-kB
pathway in human IDD NPCs. Therefore, we
hypothesized that TUG1 could promote apopto-
sis and ECM degradation in human IDD NPCs
by targeting miR-26a/HMGB1 axis, a process
involved in the activation of the NF-«kB signaling
pathway.

Conclusion

TUG1 could participate in the promotion of
apoptosis and ECM degradation of degenerat-
ed intervertebral disc NPCs by targeting miR-
26a/HMGB1 axis, which may be related to the
activation of NF-kB pathway. Our study further
elucidated the mechanism by which TUGZ1 pro-
motes the progression of IDD, which may pro-
vide new ideas for the treatment of degenera-
tive diseases.
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Figure S1. The relationship between TUG1 and miR-26a, TUG1 and HMGB1, or miR-26a and HMGB1 in NP tissues
of LVF group.
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Figure S2. Protein expression of HMGB1 protein in NP tissues.
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Figure S3. Apoptosis-related proteins Bcl-2, Bax and cleaved caspase-3 expression were detected by western blot
assay in human degenerated intervertebral disc NPCs transfected for 48 h.
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Figure S4. ECM degradation-related proteins collagen I, aggrecan, MMP-3 and MMP-13 expression were detected
by western blot assay in human degenerated intervertebral disc NPCs transfected for 48 h.
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Figure S5. The expression of collagenll, aggrecan, MMP-3 and MMP-13 were determined in treated human degener-
ated intervertebral disc NPCs by western blot assay.
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Figure S6. The expression of HMGB1 protein was examined in human degenerated intervertebral disc NPCs trans-
fected with miR-26a mimic or miR-26a inhibitor.
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Figure S7. The expression of HMGB1 protein in NPCs transfected with pcDNA, pcDNA-TUG1, pcDNA-TUG1+miR-NC
and pcDNA-TUG1+miR-26a mimic.
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Figure S8. The expression of HMGB1 protein in NPCs transfected with si-NC, si-TUGZ1, si-TUG1+inhibitor-NC, si-
TUG1+miR-26a inhibitor.
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Figure S9. The expression of NF-B p65 in nuclear was analyzed by western blot.



