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Long non-coding RNA FAF1 promotes intervertebral disc
degeneration by targeting the Erk signaling pathway
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Abstract. Intervertebral disc degeneration (IDD) has become
the most common cause of low-back pain, and it imposes a
heavy burden on patients with IDD and society. The effects of
long non-coding RNAs on the proliferation and development
of IDD have attracted increasing attention. The present study
aimed to investigate the role and molecular mechanism of
Fas-associated protein factor-1 (FAF1) in IDD. The expression
of FAF1 was detected by reverse transcription-quantitative
polymerase chain reaction. CCK-8 and immunofluorescence
staining were used to determine cell proliferation. Flow
cytometry was performed to measure the cell cycle and apop-
tosis. Western blotting was used to test p-Erk expression. The
results of the present study demonstrated that the expression of
FAF1 was upregulated in patients with disc bulging, herniation
and IDD, and the expression of FAF1 was positively correlated
with the grade of disc degeneration according to the patients'
Pfirrmann score. The overexpression of FAF1 in nucleus
pulposus (NP) cells promoted cell proliferation by increasing
the percentage of cells in the S-phase of the cell cycle. The
expression of phosphorylated extracellular signal-regulated
kinase (Erk), a possible target of FAF1, was consistent with the
expression of FAF1. In addition, it was elucidated that inacti-
vation of the Erk signaling pathway by PD98059 reversed the
effect of FAF1 on NP cell proliferation. Taken together, these
results demonstrated that FAF1 was vital in the proliferation
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of NP cells by modulating the Erk signaling pathway, which
suggests that FAF1 may be a novel marker in the early diag-
nosis of IDD and a therapeutic target for patients.

Introduction

Intervertebral disc degeneration (IDD) has become the most
common cause of low-back pain, which seriously affects
the lives of patients and leads to ~10% of patients becoming
chronically disabled (1,2). Patients with IDD exhibit character-
istics, including the proliferation of intervertebral disc tissues,
which consist of the central gelatinous nucleus pulposus
(NP) and the outer lamellar annulus fibrosus (3). The degen-
eration of intervertebral discs is caused by multiple factors,
including aging, physical loading, genetic predisposition and
lifestyle (4,5). Accumulating pathological conditions result in
the abnormal degradation of proteoglycan and type II collagen
generated by NP, leading to the remodeling of disc structures
and vertebrae (3). Increasing studies have demonstrated that a
large number of cellular events are involved in the degenera-
tion of intervertebral discs, ranging from gene expression to
protein synthesis. Among these events, the complex progres-
sion of gene expression has been found to be vital in IDD (6).
Long non-coding RNAs (IncRNAs), as an important factor in
gene expression in IDD, have attracted substantial attention in
previous years (7-9).

It is known that IncRNAs comprise a variety of tran-
scriptional byproducts of the mammalian genome without
protein-coding function (2). They have been identified to
be important regulators in differential biological functions,
including genome imprinting, gene expression, epigenetic
regulation and chromatin modification (10-12). In addition,
increasing evidence has shown that the dysregulation of
IncRNAs exerts significant function in several human diseases,
including ovarian cancer, hepatocellular carcinoma, colorectal
cancer and fatty liver disease (13-16). Fas-associated protein
factor-1 (FAF1) is an IncRNA and is a member of the Fas
death-inducing signaling complex, as its name suggests (17). A
previous study indicated that FAF1 is upregulated in IDD (18).
However, to the best of our knowledge, the role and molecular
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mechanism underlying the effect of FAFI in IDD has not to
be investigated.

The present study aimed to investigate the role of FAF1
in IDD. Initially, the expression of FAF1 and its correlation
with Pfirrmann scores were detected in patients with IDD.
Subsequently, the role of FAF1 on cell growth, proliferation
and apoptosis was examined in patients with IDD. The find-
ings suggested that the overexpression of FAF1 may act as a
suppressor in the development of IDD by targeting the extra-
cellular signal-regulated (Erk) signaling pathway.

Materials and methods

Patients and tissue samples. The human central NP speci-
mens were collected from patients with IDD (n=10; average
age 43.79+6.33, range 35-61 years), bulging (n=10; average
age 46.47+5.41, range 30-62 years), hernia (n=10; average age
44.82+3.95, range 37-66 years), and spinal cord injury (n=10;
average age 41.63+2.72, range 31-59 years) between May
2013 and June 2016 from the Department of Orthopedics and
Traumatic Surgery, Nantong Municipal Hospital of Traditional
Chinese Medicine (Nantong, China). Each group comprised
5 males and 5 females. The degree of disc degeneration was
determined by two spinal surgeons from a magnetic resonance
imaging (MRI) scan according to the modified Pfirrmann
grading classification (19). The samples graded as 1 were
classified as a normal control, whereas samples graded as 3,
4 and 5 were included in bulging, hernia and IDD groups,
respectively. The specimens were first isolated from the
annulus fibrosus and then divided into two, which were frozen
in liquid nitrogen at -80°C or fixed in 4% paraformaldehyde,
respectively. All samples were obtained following the provi-
sion of informed consent. The study was approved by Nantong
Municipal Hospital of Traditional Chinese Medicine.

RNA Extraction and IncRNA expression assay. The NP tissues
were isolated from 10 IDD and 10 spinal cord injury samples,
and total RNA was extracted separately using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) according to the manufacturer's protocol. Following
removal of the contaminating genomic DNA, the quality
and quantity of the RNA were detected using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies;
Thermo Fisher Scientific, Inc., Wilmington, DE, USA) and
an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.,
Santa Clara, CA, USA). Subsequently, gel electrophoresis
was performed to measure RNA integrity. The total RNAs
obtained were divided equally into IDD and normal control
groups. Reverse transcription was then performed using a
Reverse Transcription kit (Thermo Fisher Scientific, Inc.).
The quantitative polymerase chain reaction (QPCR) analysis
was performed using an Applied Biosystems 7900 Real-time
PCR system (Applied Biosystems; Thermo Fisher Scientific,
Inc.) using 5 g RNA (miRNA cDNA Synthesis kit; Takara
Biotechnology Co., Ltd., Dalian, China), with a reaction
volume of 20 pl. Reaction reagents (20 ul) were: 10 ul SYBR
Premix Ex Taq II, 0.8 ul PCR Forward Primer, 0.8 ul PCR
Reverse Primer, 0.4 1l ROX Reference Dye, 2.0 ul cDNA
template and 6.0 yI ddH,0O. PCR was performed as follows:
10 sec at 95°C, 95 sec at 5°C, and 34 sec at 60°C for 45 cycles.
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Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used for normalization and the relative expression of FAF1was
calculated using the 2°22°4 method (20). The PCR primers
were as follows: FAF1: Forward, AGAGCAAAGAGGGAAG,
reverse, AAGAACTCGCCACTG; GAPDH: Forward, GGG
AAACTGTGGCGTG AT; Reverse, GAGTGGGTGTCGCTG
TTGA.

Culture of NP cells. The NP tissues were cut into sections using
ophthalmic scissors, and digested with PBS containing 0.025%
type II collagenase (Invitrogen; Thermo Fisher Scientific,
Inc.) for 4 h at 37°C. Following filtration at 200 ym pore,
the well-digested NP tissues were centrifuged at 500 x g for
10 min at room temperature and the supernatant was aspirated.
The NP cells were seeded (5x10° cells/well) into a culture flask
in DMEM (Gibco; Thermo Fisher Scientific, Inc.) with 10%
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific,
Inc.) and 1% streptomycin/penicillin, and then placed into an
incubator with 5% CO,, saturated humidity at 37°C for 3 days.

Plasmids and cell transfection. The full-length sequence
of FAF1 was PCR-amplified using PrimeSTAR HS DNA
Polymerase (Takara Biotechnology Co., Ltd.) and cloned into
the PcDNA3.1 vector (Invitrogen; Thermo Fisher Scientific,
Inc.). PCR was performed as follows: 15 sec at 95°C, 95 sec
at 5°C, and 60 sec at 60°C for 30 cycles. Short hairpin (sh)
RNA-FAF1 (5'-GGCAGCGGTCCCCGAGGAGGCGGC
AG-3") and shRNA-control (5'-AAGTCCCTGGTCTCT
GGAGACTGTTCTG-3'") were synthesized by GenePharma
Co., Ltd. (Shanghai, China). The day prior to transfection,
6x10* cells were inoculated into 6-well dishes with 2 ml
medium in every well. Transfection was performed when
the cell density reached 50-60%. The diluted transfections
were mixed carefully with Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) and cultured for 20 min at
room temperature. The mixture of plasmid oligonucleotide
and transfection reagents was added to each well containing
the cells and culture medium. The cells were incubated under
conditions of 37°C and 5% CO,, and then collected following
48-72 h of transfection.

Cell proliferation assay. A Cell Counting Kit-8 (CCK-8;
Dojindo Molecular Technologies, Inc., Kumamoto, Japan)
was used to determine the proliferation of the transfected
NP cells. Firstly, the cells were seeded onto 96-well plates
(5x10° cells/well) and 10 ul CCK-8 was added to each well at
the indicated time (1, 2, 3 and 4 days) in accordance with the
manufacturer's protocol. The cells were incubated at 37°C for
2 h. According to the absorbance of each well at 450 nm for
each group, the cell viability was assessed using a Benchmark
microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA,
USA).

Immunofluorescence staining. Following rinsing with
phosphate-buffered saline three times, the cultured NP cells
were fixed with 4% formaldehyde for 10 min, and blocked
with 1% BSA (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) for 45 min. The cells were incubated for 1 h at
room temperature with primary antibody against Ki67 (rabbit
polyclonal antibody; ab15580; 1:200; Abcam, Cambridge,
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Figure 1. Differential expression of FAF1 in patients with IDD. (A) Relative expression levels of FAF1 in NP tissues from patients in the control group, bulging
group and herniated group. (B) Relative expression of FAF1 in NP tissue from patients with IDD and normal controls. (C) Correlation between the expression
of FAF1 and patients' Pfirrmann scores. Data are expressed as the mean =+ standard deviation. "P<0.05, vs. control group; “P<0.05, vs. bulging group (n=10).
FAF1, Fas-associated protein factor-1; IDD, intervertebral disc degeneration; NP, nucleus pulposus.

UK). The cells were then rinsed with PBS and incubated
with fluorescein isothiocyanate (FITC)-conjugated goat
anti-rabbit IgG antibody (goat polyclonal antibody; ab6662;
1:100; Abcam) for 1 h at room temperature. Subsequently,
the cells were analyzed using a fluorescence microscope
(Olympus, Tokyo, Japan).

Analysis of cell cycle and apoptosis. The effects of FAF1 on
cell cycle and apoptosis were measured using flow cytometry.
First, the cells were cultured for 48 h, trypsinized and fixed
with 70% ethanol at -20°C for 12 h according to the manu-
facturer's protocol. Following washing with PBS, the cells
were treated with 20 pg/ml RNaseA (Sigma-Aldrich; Merck
KGaA) for 2 h at 37°C, then incubated with 50 pg/ml prop-
idium iodide (Sigma-Aldrich; Merck KGaA) for 30 min. An
Annexin-V FITC Apoptosis kit (Tiangen Biotech Co., Ltd.,
Beijing, China) was used to assess cell apoptosis according
to the manufacturer's protocol. Cell cycle and apoptosis were
analyzed using FACSDiva 6.1.1 (BD Biosciences, Franklin
Lakes, NJ, USA) and ModFit LT 3.0 (Verity Software House,
Inc., Topsham, ME, USA) software.

Western blot analysis. Total protein was extracted from
the transfected NP cells using radioimmunoprecipitation
assay lysis buffer (Sigma-Aldrich; Merck KGaA) at 4°C for
30 min. Then, the proteins were extracted by RIPA buffer
(Sigma-Aldrich; Merck KGaA) and separated on a 10%
sodium dodecyl sulphate-polyacrylamide electrophoresis gel
by electrophoresis for 120 min and transferred onto 0.45-mM
PVDF membranes (EMD Millipore, Billerica, MA, USA).
The concentration of protein was quantified by a BCA kit
(Beyotime Institute of Biotechnology, Nantong, China).
Following blocking in sealing fluid for 60 min, the membranes
were incubated with anti-phosphorylated (p)-Erk (rabbit poly-
clonal antibody; 4370; 1:1,000; Cell Signaling Technology, Inc.,
Danvers, MA, USA) antibodies overnight at 4°C. Following
rinsing with TBST three times, the membranes were incu-
bated with a secondary antibody (7074; 1:1,000; anti-rabbit
polyclonal antibody; Cell Signaling Technology, Inc.) for 1 h
at room temperature. Enhanced chemiluminescence reagent
(Nanjing KeyGen Biotech, Inc., Nanjing, China) was used to
develop the immunoreactivity, and the protein bands were
analyzed using Quantity One software version 4.62 (Bio-Rad
Laboratories, Inc.). GAPDH (mouse monoclonal antibody;

97166; 1:2,000; Cell Signaling Technology, Inc.) was used for
normalization.

Statistical analysis. All the data were analyzed using SPSS
software version 18.0 (SPSS, Inc., Chicago, IL, USA) and
expressed as the mean + standard deviation. Differences
between two groups were evaluated using Student's t-test,
and differences among three or more groups were evaluated
using one-way analysis of variance. The correlation between
the expression of FAF1 and Pfirrmann grades was determined
using Spearman's correlation analysis. P<0.05 was considered
to indicate a statistically significant difference.

Results

Expression of FAFI is downregulated in patients with IDD.
RT-qPCR analysis was performed to detect the differential
expression of FAF1 in patients with spinal cord injury,
bulging, herniated intervertebral disc and IDD. Compared
with the control group, the expression of FAF1 was upregu-
lated in the patients with bulging and herniation, and the level
of FAF1 in those with hernia was higher, compared with that
in patients with bulging (Fig. 1A). In addition, it was found
that the expression of FAF1 in patients with IDD was signifi-
cantly increased, compared with that in patients with spinal
cord injury (Fig. 1B). The correlations between the expression
of FAF1 and the severity of IDD were also examined. The
results showed that there were significant positive correlations
between the expression of FAF1 and patients' Pfirrmann scores
(Fig. 1C).

Overexpression of FAFI promotes NP cell proliferation. To
investigate the role of FAF1 in NP cells, the FAF1 expression
vector and FAF1-specific ShRNA were transfected into NP
cells (Fig. 2A). The effect of FAF1 on NP cell proliferation was
measured using a CCK-8 assay. The overexpression of FAF1
in NP cells significantly promoted cell growth, compared with
that in the control group (P<0.05); the shRNA-FAFI1 group
exhibited decreased cell growth, compared with that in the
shRNA-ctrl group (Fig. 2B). The results of the immunofiuo-
rescence staining showed similar results; Ki67 fluorescence
intensity was upregulated in the FAF1-overexpressing group
and downregulated in the shRNA-FAF1 group, compared with
intensity in the corresponding control groups (Fig. 2C and D).
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Figure 2. FAF1 exerts an essential function in NP cell proliferation. The NP cells were transfected with FAF1 expression vector, shRNA and control for 48 h.
(A) Expression levels of FAF1 were detected using reverse transcription-quantitative polymerase chain reaction analysis following transfection. (B) A CCK-8
assay was performed to examine the proliferation of NP cells at the indicated time points. Immunofluorescence staining showed the expression of Ki67 in NP
cells following transfection in the (C) FAF-overexpression and (D) FAF-knockdown groups (scale bar=100 ym). Data are expressed as the mean + standard
deviation. "P<0.05, vs. control group (n=5). 10. FAF1, Fas-associated protein factor-1; NP, nucleus pulposus; shRNA, short hairpin RNA; ctrl, control.
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Figure 3. Effects of FAF1 on cell cycle and apoptosis. The NP cells were transfected with the FAF1 expression vector, siRNA and control for 48 h. (A) Flow
cytometry determined the percentage of cells in each phase of the cell cycle in NP cells. (B) Apoptotic rates were analyzed using flow cytometry. Data are
expressed as the mean + standard deviation. “P<0.05, vs. control group (n=5). FAF1, Fas-associated protein factor-1; NP, nucleus pulposus; sShRNA, short

hairpin RNA; ctrl, control.

FAF1 increases the percentage of cells in the S-phase of the
cell cycle. To elucidate the pro-growth mechanism of FAF1
in NP cells, the present study assessed the cell cycle and cell
apoptosis. According to the results of the flow cytometric
assay, the overexpression of FAF1 in NP cells increased the
percentage of cells in the S-phase, compared with that in
the control group. By contrast, the downregulation of FAF1
in NP cells reduced the percentage of cells in the S-phase
(Fig. 3A). However, no significant differences in apoptotic
rate were found between the FAF1-overexpressing group or
shRNA-FAFI1 group and their corresponding control groups
(Fig. 3B).

FAF1 promotes NP cell proliferation directly via targeting the
Erk signaling pathway. The results of the western blot analysis
showed that the expression of p-Erk increased with the pres-
ence of the FAF1 expression vector. By contrast, the level of
p-Erk in the shRNA-FAF1 group was decreased, compared
with that in the control group (Fig. 4A). To investigate whether

FAF1 promoted NP cell proliferation by modulating Erk
signaling pathway activation, PD98059 was used to inhibit the
activation of the Erk signaling pathway. The results showed
that the expression of p-Erk decreased sharply following
treatment with PD98059 (Fig. 4B). The results showed that
PD98059 eliminated the FAFI-induced cell proliferation in
NP cells (Fig. 4C). Similarly, the Ki67 immunofluorescence
staining and flow cytometry indicated that PD98059 reduced
the percentage of Ki67-labelled nuclei and S-phase cells in the
FAF1-overexpressing NP cells (Fig. 4D and E).

Discussion

Patients with IDD suffer from pain physically and psycho-
logically. The investigation of novel diagnostic and therapeutic
strategies is required to assist in improving patient quality of
life (6,21-23). Accumulating evidence has demonstrated that
IncRNAs are important in the development and progression
of IDD (24,25). At present, the diagnosis of IDD is based on
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Figure 4. FAF1 regulates NP cell proliferation via controlling the Erk signaling pathway. The NP cells were transfected with the FAF1 expression vector, shRNA
and control for 48 h. For inactivation of the Erk signaling pathway, NP cells were treated with the inhibitor, PD98059 (10 #M). (A and B) Expression levels of
p-Erk were measured using western blot analysis. (C) NP cell growth was detected using a Cell Counting Kit-8 assay. (D) NP cell proliferation was evaluated
using Ki67 immunofluorescence staining. (E) Cell cycle assays. Data are expressed as the mean + standard deviation. ‘P<0.03, vs. PcDNA3.1-FAF1+DMSO
group (n=5). FAF1, Fas-associated protein factor-1; NP, nucleus pulposus; Erk, extracellular signal-regulated kinase; p-Erk, phosphorylated Erk; shRNA, short

hairpin RNA.

advanced imaging techniques, including MRI (26). However,
the information provided by MRI reveals only intermediate or
late stages of IDD, whereas the degradation of proteoglycans,
particularly aggrecan, and extracellular matrix changes are
early signs of IDD. Therefore, the investigation of more precise
diagnostic methods for the initial stage of IDD is required.
It has been reported that certain small molecules, including
IncRNAs, are associated with IDD, and that the dysregulation
of these molecules is key in the progression of gene transcrip-
tion (27).

In the present study, the expression of FAF1 was analyzed
in 40 tissue samples from patients with IDD, bulging, hernia-
tion and spinal cord injury. The results demonstrated that the
expression level of FAF1 was upregulated, with the degree of
aggravated degeneration and the expression of FAFI in IDD
being significantly higher, compared with those of the control
group, suggesting that FAF1 may be closely associated with
the development of IDD. In addition, patients' Pfirrmann scores
showed that the expression of FAF1 was positively correlated
with the grade of disc degeneration, which suggested that
FAF1 may act as a promoter in the development of IDD. To
confirm the role of FAF1, FAF was overexpressed or knocked
down in primary NP cells. The CCK-8 assay and immuno-
fluorescence staining demonstrated that the overexpression of
FAF1 promoted NP cell proliferation and that the knockdown
of FAF1 suppressed NP cell proliferation. Consistently, a
previous study reported that FAF1 was upregulated in degen-
erative discs (2). The present study also found that FAF1
regulated NP cell proliferation via controlling cell cycle.

These results indicated that FAF1 may be a novel inducer in
the progression of IDD by promoting cell proliferation.

To elucidate the molecular mechanism underlying the
effect of FAF1, p-Erk was confirmed as a target gene of
FAF]I, and it was found that the expression of FAF1 was posi-
tively associated with p-Erk. Erk is one of the members of the
mitogen-activated protein kinase pathway, which is impor-
tant in cell survival, cell growth and programmed cell death
signaling events (28). p-Erk is reported to be closely associated
with cell survival and cell growth in several human diseases,
including ovarian cancer (29) and hepatotoxicity (30). The
present study showed that p-Erk was upregulated with the
overexpression of FAF1, but downregulated when FAF1 was
knocked down, compared with that in the control group,
suggesting that FAF1 may be connected with Erk signaling
pathway activation. In addition, PD98059, an inhibitor of
the Erk signaling pathway, eliminated FAF1-induced cell
proliferation in NP cells. These results indicated that FAF1
may promote cell proliferation by modulating Erk pathway
activation, which is consistent with the results of previous
studies (29,30).

In conclusion, the present study found that the expression
of FAF1 was upregulated in IDD and that the expression
level of FAF1 was positively correlated with the grade of disc
degeneration. These results elucidated an important molecular
mechanism, in which FAFI1 exerted a positive effect on cell
proliferation in IDD by upregulating p-Erk. Taken together,
FAF1 may be a novel marker in the early diagnosis of IDD and
a therapeutic target for patients.
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