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Abstract. Intervertebral disc (IVD) degeneration is a compli-
cated physiological change involving cellular senescence, 
inflammation and the degradation of the extracellular matrix. 
Long non‑coding RNAs (lncRNAs) have been identified as 
new players in IVD degeneration. The present study aimed 
to identify lncRNAs implicated in IVD degeneration via the 
regulation of cellular senescence. In the present study, nucleus 
pulposus (NP) cells isolated from moderately degenerated IVD 
tissues exhibited a senescent phenotype with increased senes-
cence rates, detected by senescence‑associated β‑galactosidase 
(SA‑β‑gal) staining, and reduced growth and migratory abili-
ties. Microarray and target prediction analyses identified 353 
differentially expressed lncRNAs, and 251 cis‑ and 2,170 
trans‑acting targets in degenerated NP cells. Bioinformatic 
analyses revealed that these predicted targets were enriched in 
the regulation of response to DNA damage stimulus, positive 
regulation of cell cycle processes and interferon‑β production. 
In addition, a network of the top 10 upregulated and top 10 
downregulated lncRNA targets was constructed, and two 
trans‑acting targets, C‑C motif chemokine ligand 5 (CCL5) and 
polyribonucleotide nucleotidyltransferase 1 (PNPT1) involved 
in aging or senescence, and their corresponding lncRNAs, 

lnc‑ST8SIA5‑1:2 and lnc‑HRK‑2:1, were identified. Reverse 
transcription‑quantitative PCR validation demonstrated that 
the two targets and two candidate lncRNAs were significantly 
upregulated in degenerated NP cells. Overexpression of 
lnc‑HRK‑2:1, with validated higher expression levels, in normal 
NP cells induced a senescent phenotype, with enhanced rates 
of senescence detected by SA‑β‑gal staining in cells, decreased 
growth and migratory abilities and improved expression levels 
of CCL5 and PNPT1. Collectively, these results suggested that 
upregulation of lnc‑HRK‑2:1 prompted NP cell senescence in 
IVD degeneration, which may be associated with increased 
expression levels of CCL5 and PNPT1.

Introduction

Intervertebral disc (IVD) degeneration is a common 
aging‑related physiological change and is mostly a non‑morbid 
condition (1). However, lower back pain caused by IVD degen-
eration brings long‑term economic burdens for societies and 
families (2). The normal physiological functions of IVDs are 
dependent on the central highly‑hydrated nucleus pulposus 
(NP) containing considerable amounts of proteoglycans and 
aggrecans, as well as the outer annulus fibrosus (2). Once IVD 
occurs with aging‑related or pathological damage‑induced 
degeneration, a series of alterations to the IVD microenviron-
ment can be observed, such as imbalances in extracellular 
matrix (ECM) metabolism, reduced hydration, increased 
inflammatory cytokine expression levels, as well as accumu-
lating cellular senescence (3,4). These alterations are closely 
associated, and interactions among them can aggravate the 
rate of degeneration (4). 

Cell senescence is an irreversible cell‑cycle arrest that 
occurs in response to various external stimuli (5). Previous 
studies have demonstrated that the expression of senes-
cence‑associated β‑galactosidase (SA‑β‑gal), a marker of 
senescence in IVD cells, is positively associated with IVD 
pathological grading (6,7). NP cells isolated from degenerated 
IVDs exhibit slower proliferation and increased cellular senes-
cence compared with those from non‑degenerated IVD (8,9). 
In addition, these senescent IVD cells with a low rate of 
proliferation are metabolically viable and exhibit altered 
expression of various catabolic cytokines and degradative 
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enzymes, which further aggravates the imbalances in ECM 
metabolism, as well as reduces the hydration status in IVD (1). 
These observations emphasize the significant role of cellular 
senescence in the development of IVD degeneration. To date, 
pathways such as p53‑p21‑retinoblastoma protein (RB) and 
p16INK4a‑RB have been reported to contribute to degen-
eration of the IVD (1,10); however, the underlying molecular 
mechanisms remain unclear. 

Long non‑coding RNAs (lncRNAs), first identified in 1991 
from cDNA, are RNA transcripts >200 nucleotides long that 
lack evident open reading frames (11). LncRNAs are widely 
expressed in tissues and cells, and their expression patterns 
exhibit some specificity  (12). Studies have reported that 
lncRNAs regulate gene expression via their interactions with 
other RNAs or proteins, in spite of lacking protein‑coding 
capacity; consequently, lncRNAs serve various roles in 
cellular, physiological or pathological processes including 
cellular senescence (13,14). Although a number of lncRNAs 
such as lncPolE and FAM83H‑AS1 have been verified as 
players in IVD degeneration (15,16), the lncRNAs involved 
in IVD degeneration via the regulation of cell senescence are 
largely unknown. 

Microarray technology is a highly‑effective and convenient 
method to identify differentially expressed (DE) genes or 
lncRNAs, providing abundant potential choices for mechanisms 
and candidate target studies (17). Thus, the present study aimed 
to evaluate cellular senescence of NP cells in patients with 
moderate IVD degeneration, identify and analyze DE lncRNAs, 
and confirm the role of cellular senescence‑associated lncRNA 
in IVD degeneration, as well as to identify novel mechanisms 
and potential therapeutic targets involved in IVD degeneration. 

Materials and methods

Sample collection. A total of 6 NP specimens were obtained from 
three healthy controls whose IVD was mechanically damaged 
in car accidents, and three patients with grade III IVD degenera-
tion between March 2017 and June 2018. In the control patients 
who had undergone mechanical trauma, only those diagnosed 
with NP herniation and the IVD degeneration confirmed to be 
grade I before surgery were considered; the herniated NP tissue 
was resected within 3 days after the accident. The degenerative 
grade was evaluated by magnetic resonance imaging according 
to the Pfirrmann grading system (18). Patients with degenera-
tive spinal stenosis, idiopathic scoliosis, tumors, infections or 
previous lumbar disc surgery were excluded from the study. 
Ages of the participants (males, 4; females, 2) ranged between 
28 and 33 years, and the mean age was 29.3 years. All NP tissue 
samples were carefully collected under sterile conditions. The 
present study was approved by the Ethics Review Board of 
Liuzhou Traditional Chinese Medicine Hospital, and the study 
was performed in accordance with the Declaration of Helsinki. 

Cells and cell culture. NP cell isolation was performed as previ-
ously described (19). Briefly, NP tissues were washed with PBS 
three times and cut into small pieces (1‑2 mm3). F‑12 complete 
medium (Gibco; Thermo Fisher Scientific, Inc.), supplemented 
with 10% fetal bovine serum (FBS; HyClone; Cytiva) and 1% 
penicillin/streptomycin (Invitrogen; Thermo Fisher Scientific, 
Inc.), was used to culture the tissue pieces at 37˚C with 5% CO2. 

The sample fragments were removed when NP cells migrated 
out of the tissues. The remaining NP cells were cultured and 
amplified in F‑12 complete medium. NP cells obtained from 
specimens from healthy participants were used as a control 
group, whereas those from patients served as the degeneration 
group.

Reverse‑transcription quantitative PCR (RT‑qPCR). Total RNA 
was isolated from NP cells using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.), and 1 µg RNA and random 
primers were used for cDNA synthesis according to the protocol 
of the PrimeScript RT reagent kit (TaKaRa Biotechnology Co., 
Ltd.). SYBR® Premix Ex Taq™ (TaKaRa Biotechnology Co, 
Ltd.) was used to determine the selected lncRNA and mRNA 
expression levels using 7500 Fast Real‑Time PCR system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions. The reaction was incubated 
at 95˚C for 5 min, followed by 42 cycles of 95˚C for 10 sec 
and 60˚C for 60 sec. The specific primers used were procured 
from Sangon Biotech Co., Ltd., and their sequences are listed 
in Table I. GAPDH was used as a normalization control for 
lncRNAs and mRNAs. Data were analyzed using the 2‑ΔΔCq 
method (20).

SA‑β‑gal staining assay. The number of senescent NP cells was 
determined using a SA‑β‑gal staining kit (Beyotime Institute 
of Biotechnology) according to the manufacturer's instructions. 
Briefly, 3x105 cells/well were seeded into 6‑well plates. When 
confluency reached ~80%, the cells were fixed with 1 ml fixative 
solution for 15 min at room temperature, washed three times with 
PBS and stained with 1 ml specific working solution overnight 
at 37˚C. The next day, five random visual fields (magnification, 
x400) were captured by light microscopy and the the rate of 
SA‑β‑gal‑positive cells was calculated as the following equation: 
SA‑β‑gal‑positive cells rate=SA‑β‑gal‑positive cell number/
total cell number x100%. 

Viability assay. A total of 4x103 NP cells/well were seeded into 
96‑well plates. Following culture for 1, 3, 5 and 7 days, 15 µl 
MTT solution (Sigma‑Aldrich; Merck KGaA) was added to 
each well, and the cells were incubated for a further 4 h at 37˚C. 
Then, 100 µl dimethyl sulfoxide (Sigma‑Aldrich; Merck KGaA) 
was added to dissolve the formazan crystals. Absorbance of 
the samples was detected at 492 nm using a microplate reader 
(Bio‑Rad Laboratories, Inc.).

Migration assay. Transwell chamber inserts in 24‑well plates 
(pore size, 8 µm; Corning Life Sciences) were used for NP 
cell migratory ability evaluation. Briefly, 4x104 cells in 100 µl 
serum‑free DMEM (Gibco; Thermo Fisher Scientific, Inc.) were 
carefully added to the upper chamber, and 600 µl complete 
DMEM (10% FBS; Gibco; Thermo Fisher Scientific, Inc.) 
was added to the lower chamber in order to induce migration. 
Following incubation for 20 h at 37˚C, the cells in the upper 
chamber were gently removed, and those that had migrated to the 
lower chamber were fixed with 100% methanol (Sigma‑Aldrich; 
Merck KGaA) for 10 min and stained with 0.1% crystal violet 
(Sigma‑Aldrich; Merck KGaA) for another 10 min at room 
temperature. Finally, stained cells in three random visual fields 
(magnification, x200) were captured under a light microscope 
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and counted with ImageJ software (version 1.8.0; National 
Institutes of Health).

Microarray analysis. Total RNA was extracted using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and sent to 
Shanghai Biotechnology Corporation to complete the micro-
array analysis. The RNeasy micro kit (Qiagen GmbH) and 
RNase‑Free DNase set (Qiagen GmbH) were used to purify the 
total RNA according to the manufacturer's instructions. The 
purified RNA was labeled and amplified by Low Input Quick 
Amp Labeling kit (Agilent Technologies, Inc.) according to the 
manufacturer's instructions. Subsequently, 1.65 µg Cy3‑labeled 
cRNA of each sample was loaded onto a custom microarray 
for hybridization, and microarray scanning was performed on 
an Agilent Microarray Scanner (Agilent Technologies, Inc.). 
The resulting data were extracted with Feature Extraction 
software 10.7 (Agilent Technologies, Inc.), and the raw data 
were processed using the R statistical software package 
(version 3.4.1) (21). DE lncRNAs were filtered following the 
criteria absolute fold‑change [FC (abs)] ≥2 and P<0.05.

Prediction of lncRNA targets. It has been suggested that 
lncRNAs regulate gene expression in the cis‑ and trans‑regu-
latory manner (22,23). In the present study, genes transcribed 
within 10 kb upstream or downstream of the DE lncRNAs 
were considered as cis‑targets. LncRNAs and their poten-
tial cis‑targets were paired and visualized using the UCSC 
genome browser (genome.ucsc.edu/) (24). For trans‑regulation 
prediction, two criteria were used for screening: i) Sequence 
complementarity of DE lncRNAs and potential mRNA targets, 
and ii) the complementary energy between the two sequences 
was ≤‑30. BLAST software (National Center for Biotechnology 
Information) was used for the first screening, while RNAplex 
software (bioinf.uni‑leipzig.de/Software/RNAplex/) was used 
to decide on the trans‑acting targets by the calculation of 
complementary energy.

Bioinformatics analyses. Gene Ontology (GO) enrichment 
analysis (geneontology.org) (25) and Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathway analysis (genome.jp/
kegg/) (26) were performed to assess the potential roles of the 
lncRNA targets. Gene number ≥2 and P<0.05 were used as 
thresholds to screen relevant GO terms and KEGG pathways. 

Cell transfection. NP cells from the control group were 
seeded in 6‑well plates (2x105  cells/well). When conflu-
ence reached ~80%, the cells were transfected with 4  µg 
pCDH‑CMV‑MCS‑EF1‑GFP‑T2A‑Puro plasmid (Hanbio 
Biotechnology Co., Ltd.) encoding the full length of 
lnc‑HRK‑2:1 or equivalent empty vector using Lipofectamine® 
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's instructions. Transfection was performed 
for 48 h at 37˚C, and the resulting cells were harvested for 
RT‑qPCR validation. NP cells transfected with the plasmid 
or empty vector were termed lnc‑HRK‑2:1 or negative control 
(NC) groups, respectively. 

Statistical analysis. Statistical analysis was performed using 
SPSS 17.0 software (SPSS Inc.). Data are presented as the 
mean ± standard deviation. Unpaired Student's t‑test was used 
to analyze the differences between groups. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Phenotypic differences of control and degenerated NP cells. 
As presented in Fig. 1A, control NP cells were long in shape 
with small nuclei. The majority of degenerative NP cells 
were morphologically similar to the control cells, whereas 
a minority were short shuttle‑like, polygonal or rounded in 
shape. SA‑β‑gal staining results indicated that the number 
of SA‑β‑gal‑positive cells was significantly higher in the 
degenerated group compared with that in the control group 
(Fig. 1B and C). In addition, the abilities of the cells to grow 
and migrate were significantly decreased in degenerated NP 
cells compared with those of the control cells (Fig. 1D‑F). 
These results indicated that degenerative NP cells exhibited 
increased cellular senescence and reduced growth and 
migratory abilities.

Identification of DE lncRNAs in degenerated NP cells. 
LncRNA microarray analysis screened and identified 353 
DE lncRNAs that satisfied the FC≥2 and P<0.05 thresholds 
between the control and degenerated NP cells (Table SI). 
Heatmaps (Fig.  2A) provided a clear outline of lncRNA 
expression in each sample, and the general expression trends 
of lncRNAs from three independent assays in each group were 
relatively consistent. Among the 353 DE lncRNAs, 228 were 
downregulated and 125 were upregulated, presented as blue 
and red dots, respectively, in Fig. 2C. The most upregulated 
lncRNA was NR_026812, and its FC was close to the FC (abs) 
of ENST00000438810, which was the most downregulated 
lncRNA. The top 10 upregulated and top 10 downregulated 
lncRNAs are listed in Tables II and III.

Prediction of DE lncRNA targets. For improved understanding 
of the unknown lncRNAs, the present study predicted the 
potential cis‑ and trans‑targets of the DE lncRNAs, which may 
mediate the expression of nearby genes located on the same 

Table I. Primer sequences for lncRNAs and genes.

Target	 Sequences (5'→3')

lnc‑ST8SIA5‑1:2	 F: GGAAACCTTTTGCCCTGGAG
	R : TGAGAGGAAAGCAAGGGAGG
lnc‑HRK‑2:1	 F: AGGACACGGGAAGCTTTTCT
	R : CCAACAACGTCAGAACCCAG
CCL5	 F: CCAGCAGTCGTCTTTGTCAC
	R : CTCTGGGTTGGCACACACTT
PNPT1	 F: GCGAGCACTATGGAGTAGCG
	R : GCAGTGTCACCTGACTGTACTA
GAPDH	 F: GGAGCGAGATCCCTCCAAAAT
	R : GGCTGTTGTCATACTTCTCATGG

Lnc, long non‑coding RNA; CCL5, C‑C Motif Chemokine Ligand 5; 
PNPT1, polyribonucleotide nucleotidyltransferase 1; F, forward; R, 
reverse.

https://www.spandidos-publications.com/10.3892/mmr.2020.11603
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Figure 1. Phenotypic differences between the control and degenerated NP cells. (A) Cell morphology of control and degenerated NP cells. Scale bar, 50 µm. 
(B and C) SA‑β‑gal staining analysis of senescent NP cells in the control and degenerated groups. Scale bar, 50 µm. (D) MTT assay was used to evaluate cell 
viability. (E and F) Transwell assays were performed to detect cell migratory ability. Scale bar, 100 µm. *P<0.05, **P<0.01 vs. control. NP, nucleus pulposus; 
OD, optical density; SA‑β‑gal, senescence‑associated β‑galactosidase.

Figure 2. Identification of DE lncRNAs in degenerated NP cells. (A) Heat map of 353 DE lncRNAs in NP cells in the control (g2) and degenerated (g1) 
groups. (B) Scatter plot of lncRNAs with FC (abs) ≥2. (C) Volcano plot of the 353 DE lncRNAs. The vertical lines represent FC (abs)=2 and the horizontal 
line represents P=0.05. Dots indicate up‑(red) and down‑(blue) regulated lncRNAs. DE, differentially expressed; NP, nucleus pulposus; FC, fold‑change; 
abs, absolute; lncRNA, long non‑coding RNA.
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chromosome and genes located on other chromosomes, respec-
tively. As a result, a total of 251 cis‑ and 2,170 trans‑regulatory 
targets were identified (Tables SII and SIII), and targets of the 
top 20 DE lncRNAs were included in a lncRNA target network 
(Fig. 3). Among the 20 lncRNAs, 12 had cis‑ or trans‑targets. 
Of note, targets of lnc‑ST8SIA5‑1:2 and lnc‑HRK‑2:1, sharing 
almost one‑third of the trans‑regulatory targets, were abundant 
compared with the limited targets of the other 10 lncRNAs.

Bioinformatics analyses of predicted lncRNA targets. 
Bioinformatics analyses of the cis‑ and trans‑regulatory 
targets were subsequently performed. GO term analysis 
demonstrated that the majority of the cis‑ and trans‑acting 
targets were enriched in ‘cellular processes’ and ‘binding’ 
terms (Figs. S1 and S2). The top 30 GO enrichment results 
provided more details. Cis‑acting targets were involved in the 
‘regulation of response to DNA damage stimulus', ‘positive 
regulation of cell cycle processes’ and ‘positive regulation of 
cell cycle arrest, whereas trans‑acting targets were associated 
with ‘interferon‑β production’ and ‘cellular aldehyde meta-
bolic process’ (Fig. 4), which may underlie the involvement 

of the DE lncRNAs in cellular senescence. KEGG pathway 
analysis demonstrated that the cis‑regulatory targets were 
implicated in ‘apoptosis’ and ‘proteasome’ pathways, and 
the trans‑regulatory targets were enriched in ‘lysosome’ and 
‘glycosylphosphatidylinositol (GPI)‑anchor biosynthesis’ 
(Figs. S3 and S4).

RT‑qPCR validation of senescence‑associated lncRNAs and 
targets. To screen cellular senescence‑associated targets 
of lncRNAs with high FC, key words such as ‘aging’ and 
‘senescence’ were retrieved in GO and KEGG enrichment 
analyses, and 15 targets (Table IV) were identified among 
the trans‑targets in GO enrichment. Next, the 15 targets 
were searched in the network of the top 20 lncRNA targets 
(Fig. 3) to screen the coincident and cis‑acting targets C‑C 
motif chemokine ligand 5 (CCL5) and polyribonucleotide 
nucleotidyltransferase 1 (PNPT1), and its two lncRNAs, 
lnc‑ST8SIA5‑1:2 and lnc‑HRK‑2:1 were screened out. Then, 
the expression levels of the two lncRNAs and their two targets 
were detected. RT‑qPCR results demonstrated that the two 
lncRNAs were significantly upregulated in degenerative NP 

Table III. Top 10 downregulated lncRNAs in degenerated nucleus pulposus cells.

No.	 LncRNA	 P‑value	 FC	 FC (abs)	 Database

  1	 ENST00000438810	 0.0139 	 0.039 	 25.883 	 ENSEMBL_GENCODE
  2	 NR_026576	 0.0131 	 0.049 	 20.496 	 RefSeq
  3	 lnc‑GABRE‑2:1	 0.0333 	 0.057 	 17.458 	 lncipedia
  4	 lnc‑TMEM229B‑2:1	 0.0043 	 0.059 	 16.935 	 lncipedia
  5	 lnc‑RP11‑383H13.1.1‑4:1	 0.0391 	 0.061 	 16.502 	 lncipedia
  6	 ENST00000518064	 0.0109 	 0.069 	 14.465 	 ENSEMBL_GENCODE
  7	 lnc‑TUBB2A‑5:1	 0.0279 	 0.072 	 13.947 	 lncipedia
  8	 lnc‑HOXD3‑1:6	 0.0282 	 0.077 	 12.997 	 lncipedia
  9	 lnc‑MT1G‑2:3	 0.0045 	 0.082 	 12.210 	 lncipedia
10	 NR_125920	 0.0202 	 0.095 	 10.500 	 RefSeq

FC, fold‑change; abs, absolute; lncRNA, long non‑coding RNA.

Table II. Top 10 upregulated lncRNAs in degenerated nucleus pulposus cells.

No.	 LncRNA	 P‑value	 FC	 Database

  1	 NR_026812	 0.0257 	 25.531 	 RefSeq
  2	 ENST00000438158	 0.0010 	 21.957 	 ENSEMBL_GENCODE
  3	 NR_122111	 0.0031 	 15.407 	 RefSeq
  4	 ENST00000454588	 0.0069 	 12.723 	 ENSEMBL_GENCODE
  5	 lnc‑HRK‑2:1	 0.0009 	 10.085 	 lncipedia
  6	 lnc‑MFAP5‑3:2	 0.0353 	 9.782 	 lncipedia
  7	 NR_031707	 0.0467 	 9.433 	 RefSeq
  8	 NR_105061	 0.0031 	 9.382 	 RefSeq
  9	 lnc‑ST8SIA5‑1:2	 0.0073 	 7.804 	 lncipedia
10	 lnc‑HFE2‑2:1	 0.0486 	 7.482 	 lncipedia

FC, fold‑change; lnc, lncRNA, long non‑coding RNA.
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cells compared with the control cells, consistent with micro-
array analysis results (Fig. 5A). In addition, the expression 
levels of the two targets were enhanced in the degeneration 
group compared with those in the control group (Fig. 5A). 

Overexpression of lnc‑HRK‑2:1 induces a senescent pheno‑
type of control NP cells. Lnc‑HRK‑2:1 was selected for further 
study due to its high expression levels in degenerative NP 
cells. Lnc‑HRK‑2:1 was overexpressed in control NP cells, 
which was validated by RT‑qPCR (Fig. 5B). SA‑β‑gal staining 
results demonstrated that the numbers of senescent cells 
were significantly increased in control NP cells following the 
overexpression of lnc‑HRK‑2:1 (Fig. 5C and D). In addition, 
suppressed growth and migratory abilities were also observed 
in the lnc‑HRK‑2:1‑overexpressing NC cells compared with 
those in the NC group (Fig. 5E‑G). These altered phenotypes 
suggested a senescence‑inducing effect of lnc‑HRK‑2:1 on 
phenotypic transition in control NP cells. The expression levels 
of the two target genes were also detected, and the results 
revealed significant upregulation of CCL5 and PNPT1 expres-
sion levels in control NP cells following overexpression of 
lnc‑HRK‑2:1 compared with those in the NC group (Fig. 5H).

Discussion

Generally, aging is regarded as a dependent variable to investi-
gate the effects of senescence‑ or aging‑mediated mechanisms 
for IVD degeneration (1,9,27). However, the onset of IVD degen-
eration is not solely dependent on aging factors. Interactions 
between external stimuli and aging or external stimuli‑induced 
cellular senescence are similar to genuine pathological circum-
stances (5). The present study aimed to screen lncRNAs involved 
in cellular senescence in IVD degenerative samples to provide a 
realistic pathological development mechanism. 

To exclude the factor of aging, young patients of a similar 
age were selected as sources of NP tissues in the present study. 
For the control group, NP tissues were collected from patients 
who had suffered car accidents, who commonly experience 
IVD protrusion (28,29). In a vehicle accident, the pressure on 
the lumbar joints can be abruptly increased, resulting in joint 
compression, fiber ring rupture and NP herniation, and may 
cause spinal compression and further motor deficit if herniated 
NP tissues are not resected in a timely manner (29). In the 
present study, only the IVD degeneration of patients confirmed 
to be grade I was used as control samples.

Figure 3. Network of cis‑ and trans‑targets of the top 20 DE lncRNAs. DE lncRNAs are marked with red (upregulated) and green (downregulated) diamonds; 
blue triangles (cis‑) and circles (trans‑) denote the regulatory targets. Among the 20 lncRNAs, 12 had cis‑ or trans‑targets. Trans‑targets marked with red 
rectangles (CCL5 and PNPT1) are senescence‑associated genes. DE, differentially expressed; lncRNA, long non‑coding RNA; CCL5, C‑C motif chemokine 
ligand 5; PNPT1, polyribonucleotide nucleotidyltransferase 1.



Molecular Medicine REPORTS  22:  5251-5261,  2020 5257

NP cells isolated from the two groups investigated in the 
present study were morphologically similar, and only a limited 
number of the degenerated NP cells were rounded. Generally, 
IVD cells undergo morphological changes from initially 
being spindle‑shaped and turning rounded during aging and 
degeneration  (30). Similar morphological alterations were 
also confirmed in NP cells in a rat aging model (9). Thus, 
the limited number of rounded NP cells from the degenera-
tion group in the present study suggested that slight cellular 
senescence was occurring in patient NP tissues, which may be 
attributed to the lower ages and moderate level of IVD degen-
eration of these patients. Cell phenotyping results revealed that 
degenerated NP cells exhibited increased cellular senescence 
and decreased growth and migratory abilities. These pheno-
typic changes were consistent with previous studies involving 
models of aging and clinical cases (9,31). 

LncRNAs are a class of molecules that serve roles in 
regulating gene expression and have been demonstrated to 

be involved in diverse physiological and pathogenic effects in 
the endocrine, reproductive, metabolic, immune, nervous and 
cardiovascular systems (32). The present study identified 353 
DE lncRNAs between NP cells cultured from moderate and 
low grade IVD degeneration. The total number of DE lncRNAs 
identified in the present study was not as substantial as the 
1,806 DE lncRNAs from NP tissues identified previously (33). 
The considerable difference the in number of identified DE 
lncRNAs may have occurred due to sample differences. First, 
the number of DE lncRNAs in NP tissues sourced from cases 
with high grade IVD degeneration is undoubtedly higher 
compared with that of tissues from patients with moderate 
IVD degeneration. Second, lncRNAs in NP tissues not only 
include lncRNAs from NP cells, but also those from certain 
inflammatory or immune cells gathered at IVD degenerative 
sites, as well as vesicles secreted from various cell types, 
which would hinder the study of lncRNA mechanisms as it 
is difficult to distinguish specific sources of lncRNAs. The 

Figure 4. Top 30 GO enriched (A) cis‑ and (B) trans‑targets. GO terms were divided into three classifications, ‘biological process’, ‘cellular component’ and 
‘molecular function’, which are graphically distinguished by circles, triangles and squares, respectively. The sizes of the shapes represent the counts of cis‑ or 
tans‑targets, and the colors indicate the P‑values. GO, Gene Ontology.

Table IV. Aging‑ and senescence‑associated target genes.

GO ID	 Term	 Type	C ount	 Genes

0007569	 Cell aging	 BP	 8	 ERCC1 LIMS1 SMC5 PRELP ZKSCAN3 TERF2
				A    TM PNPT1
0090398	 Cellular senescence	 BP	 4	 TERF2 SMC5 ZKSCAN3 PNPT1
0007568	 Aging	 BP	 15	 CCL5 ERCC1 SMC5 MOG PRELP ZKSCAN3
				    TERF2 P2RY2 PNPT1 NQO1 IL15 CASP2
				    LIMS1 STAT3 ATM

BP, biological process; GOID, Gene Ontology identifier.
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selection of NP cells rather than tissues as well as cases with 
moderate‑rather than high‑grade IVD degeneration may 
help to eliminate interference by other factors and enable the 
identification of lncRNAs involved in NP cellular phenotype 
alterations in early IVD degeneration. 

LncRNA functions can be broadly classified into those 
that act on cis‑targets, affecting the expression of neighboring 
genes, and those remote from transcription sites that operate 
on trans‑targets (23,32). In the present study, prediction tools 
identified 251 cis‑ and 2,170 trans‑acting targets, and bioin-
formatics analyses provided an improved understanding of 
these targets. For example, proteasome subunit α 3 (PSMA3), 
proteasome 26S subunit‑2C non‑ATPase 6 (PSMD6), inhibitor 
of DNA binding 2‑2C HLH protein (ID2) and G2 and S‑phase 
expressed 1 (GTSE1) were enriched in ‘positive regulation of 
cell cycle arrest’, whereas NSE4 homolog A‑2C SMC5‑SMC6 
complex component (NSMCE4A), TP53 induced glycolysis 
regulatory phosphatase (TIGAR), acidic residue methyltrans-
ferase 1 (ARMT1), scaffolding protein involved in DNA repair 

(SPIDR), family with sequence similarity 175 member A 
(FAM175A) and tumor protein‑2C translationally‑controlled 
1 (TPT1) were enriched in ‘regulation of response to DNA 
damage stimulus’. Cell cycle arrest as well as DNA damage 
are two important alterations identified as mechanisms 
involved when IVDs undergo aging and degeneration (34,35). 
The majority of the targets identified in the present study 
were involved in either cell cycle arrest or DNA damage 
responses in other cells; however, the role of these targets in 
IVD degeneration is still unknown. Thus, these targets and 
their associated lncRNAs may provide potential choices for 
studies involving new targets and molecular mechanisms in 
IVD degeneration.

Next, cellular senescence‑associated targets of lncRNAs 
with high FC (CCL5 and PNPT1, and their lncRNAs 
lnc‑ST8SIA5‑1:2 and lnc‑HRK‑2:1) were screened. RT‑qPCR 
validation indicated that the two lncRNAs and two targets 
were all significantly upregulated in degenerative NP cells, 
which suggested that certain relationships existed between the 

Figure 5. Overexpression of lnc‑HRK‑2:1 induces a senescent phenotype in control NP cells. (A) RT‑qPCR analysis of the expression levels of two candidate 
lncRNAs, lnc‑ST8SIA5‑1:2 and lnc‑HRK‑2:1, and their targets CCL5 and PNPT1 in degenerated NP cells. (B) RT‑qPCR analysis of the level of lnc‑HRK‑2:1 
after overexpression of lnc‑HRK‑2:1 in control NP cells. (C and D) SA‑β‑gal staining analysis of senescent cells in lnc‑HRK‑2:1‑overexpressing NP cells. 
Scale bar, 50 µm. (E) MTT assays were used to evaluate the role of lnc‑HRK‑2:1 on cell viability. (F and G) Transwell assays were performed to detect the 
role of lnc‑HRK‑2:1 in cell migratory ability. Scale bar, 100 µm. (H) RT‑qPCR analysis of the expression levels of CCL5 and PNPT1 in control NP cells 
overexpressing lnc‑HRK‑2:1. *P<0.05, **P<0.01 and ***P<0.001 vs. control. NP, nucleus pulposus; OD, optical density; NC, negative control; RT‑qPCR, reverse 
transcription‑quantitative PCR; lnc‑, long non‑coding RNA; CCL5, C‑C motif chemokine ligand 5; PNPT1, polyribonucleotide nucleotidyltransferase 1; 
SA‑β‑gal, senescence‑associated β‑galactosidase.
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two lncRNAs and increased cellular senescence in degener-
ated IVD NP cells. In addition, overexpression of lnc‑HRK‑2:1 
in the control NP cells induced a senescent phenotype with 
an elevated percentage of senescent cells, and reduced growth 
and migratory abilities, and the expression levels of CCL5 and 
PNPT1 were also significantly enhanced, which indicated that 
lnc‑HRK‑2:1‑mediated the senescence of NP cells is a key 
mechanism for the development of IVD degeneration.

CCL5, also termed ‘regulated upon activation, normal T 
cell expressed and secreted’, is a member of the pro‑inflam-
matory chemokine family and serves a crucial role in immune 
cell chemotaxis (36). Although there is no previous evidence 
of association between CCL5 and cellular senescence in the 
process of IVD degeneration, elevated expression levels of 
CCL5 were detected in patients with degenerated IVD, disco-
gram‑positive painful IVD tissue, as well as normal NP cells 
treated with interleukin‑1β compared with their corresponding 
controls (37‑39). In addition, high levels of CCL5 secretion 
were also observed in aged theca‑interstitial cells, senescent 
melanoma cells and a human fibroblast cell line (AG04382) 
from an aged donor (40,41). Human polynucleotide phosphor-
ylase (hPNPaseold‑35), the protein encoded by the PNPT1 gene, 
is an evolutionarily conserved 3',5'‑exoribonuclease involved 
in regulating various physiological processes including the 
maintenance of mitochondrial homeostasis, aging‑related 
inflammation and mitochondrial RNA import (42‑44). Previous 
studies have demonstrated that overexpression of PNPT1 in 
cancer and normal cells results in distinctive growth inhibi-
tion with a characteristic senescent‑like phenotype (45,46). 
These results suggested that enhanced CCL5 and PNPT1 
expression levels in NP cells from IVD degenerated samples 
as well as lnc‑HRK‑2:1 overexpressing cells in the present 
study maybe implicated in cellular senescence‑associated IVD 
degeneration.

As demonstrated by the present microarray results, 
lnc‑HRK‑2:1 is located on chromosome 12 with a transcript 
size of 2,020 bp; reports regarding lnc‑HRK‑2:1 are lacking. 
The present study, for the first time, uncovered some of the 
roles of lnc‑HRK‑2:1 in IVD degeneration. CCL5 and PNPT1 
were the predicted trans‑targets of lnc‑HRK‑2:1, and overex-
pression of lnc‑HRK‑2:1 resulted in distinctive upregulation 
of the two targets, which may be due to direct trans‑actions 
or indirect regulators. The first identified typical mechanism 
of trans‑regulation was that involving the lncRNA HOTAIR 
acting as a scaffold that coordinates the recruitment of 
chromatin‑modifying complexes to the HOXD locus, thus 
regulating gene expression (23), which provides an ideal basis 
for the future study of potential lnc‑HRK‑2:1 trans‑acting 
mechanisms.

Imbalances in ECM metabolism serve an important 
role in IVD degeneration (47). To identify lncRNAs poten-
tially involved in ECM metabolism, ECM‑related GO and 
KEGG enrichment analyses were performed, and a total 
of 12 targets were observed in the GO term ‘extracellular 
matrix organization’. Among these, ADAM metallopep-
tidase with thrombospondin type 1 motif 5 (ADAMTS5) 
and microfibrillar‑associated protein 5 (MFAP5) were of 
interest. ADAMTS5 is one of the major proteolytic enzymes 
involved in ECM degradation and serves a vital role in this 
process (48,49). MFAP5 is an ECM glycoprotein that has been 

demonstrated to be involved in ECM remodeling (50). Thus, 
it was inferred that lncRNAs corresponding to ADAMTS5 
and MFAP5, NONHSAT081552 and lnc‑MFAP5‑3:2, may 
also serve certain roles in ECM metabolism during IVD 
degeneration.

There were certain limitations in the present study. First, 
the sample size (three samples per group) of NP tissues used 
for microarray analysis was small; an increased sample size 
may be beneficial for the identification of additional valuable 
lncRNAs. Second, the expression levels of lncHRK‑2:1 have 
been confirmed at the cellular level, whereas the location 
and expression levels of lncHRK‑2:1 in clinical IVD tissue is 
unclear, and further studies may clarify this.

In summary, the present study demonstrated that increased 
lnc‑HRK‑2:1 expression levels promoted the senescence of 
NP cells in the development of IVD degeneration, which 
may be attributed to the upregulation of CCL5 and PNPT1. 
In addition, hundreds of DE lncRNAs were identified, and 
thousands of potential DE lncRNA targets were predicted in 
the present study. The corresponding bioinformatic analyses 
conducted in the present study may also provide diverse 
perspectives to elucidate the mechanisms underlying IVD 
degeneration. 
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