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Previous studies have established the pathogenic role of advanced glycation end products (AGEs) accumulation in intervertebral
disc degeneration (IDD). Emerging evidence indicates that ER-phagy serves as a crucial cellular adaptive mechanism during
stress conditions. This study is aimed at investigating the role of FAM134B-mediated ER-phagy in human nucleus pulposus
(NP) cells upon AGEs treatment and exploring its regulatory mechanisms. We observed that AGEs treatment resulted in
significantly increased apoptosis, senescence, and ROS accumulation in human NP cells; meanwhile, the enhanced apoptosis
and senescence by AGEs treatment could be partially alleviated with the classic ROS scavenger NAC administration.
Furthermore, we confirmed that FAM134B-mediated ER-phagy was activated under AGEs stimulation via ROS pathway.
Importantly, it was also found that FAM134B overexpression could efficiently relieve intracellular ROS accumulation, apoptosis,
and senescence upon AGEs treatment; conversely, FAM134B knockdown markedly resulted in opposite effects. In conclusion,
our data demonstrate that FAM134B-mediated ER-phagy plays a vital role in AGEs-induced apoptosis and senescence through
modulating cellular ROS accumulation, and targeting FAM134B-mediated ER-phagy could be a promising therapeutic strategy
for IDD treatment.

1. Introduction

Intervertebral disc degeneration (IDD) and secondary spine
pathological changes such as spinal instability, spinal steno-
sis, and disc herniation are considered as the leading causes
of low back pain, resulting in a substantial burden on the
global health care system [1]. Multiple factors have been ver-
ified to be associated with the pathogenesis of IDD, including
genetic factors, mechanical overloading, nutrition loss, and
inflammatory mediators [2–5]. Our previous studies have
shown that advanced glycation end products (AGEs) could
accumulate in the intervertebral disc with aging and drive

the apoptosis of nucleus pulposus (NP) cells and impede its
metabolism balance via endoplasmic reticulum (ER) and
mitochondria pathway [6–8]. However, the underlying
mechanisms are still not fully elucidated.

NP cells are identified as the main cell type resident in the
NP tissue, responsible for the synthesis and secretion of the
extracellular matrix and maintaining its metabolic balance.
The maintenance of an adequate number of functionally
active NP cells is a prerequisite for the intervertebral disc to
execute its normal physiological activities. It is widely recog-
nized that the degenerated disc is characterized by a
decreased number of NP cells and reduced function of resid-
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ual NP cells [9]. The accumulation of AGEs in the NP during
aging process could significantly damage the normal physio-
logical functionalities of intracellular organelles like mito-
chondria and ER through reactive oxygen species (ROS)
generation and calcium mobilization pathway and conse-
quently lead to decreased function or death of NP cells [7,
8]. Although intracellular ROS dyshomeostasis under stress
conditions has been well implicated in the pathogenesis of
autophagy, senescence, and apoptosis of NP cells, the poten-
tial regulatory mechanisms are still not fully explained.

The ER is the central intracellular organelle that respon-
sible for protein synthesis, maturation, and quality control.
The protein-folding ability of ER is vulnerably susceptible
to genetic and environmental stress, leading to accumulation
of unfolded/misfolded proteins in the ER lumen, namely, ER
stress, and sustained ER stress can initiate cellular self-
destruction procedures [10, 11]. ER-phagy or reticulophagy
is a special type of selective autophagy, whereby parts of the
ER fragments are engulfed by autophagosomes through spe-
cific receptors and then delivered to lysosomal degradation,
which in turn attempts to restore cellular energy levels and
ER homeostasis [12]. Currently, multiple ER-phagy receptors
have been identified in mammals, including FAM134B
(RETREG1, reticulophagy regulator 1), RTN3L (reticulon 3
long isoform), SEC62 (SEC62 homolog), CCPG1 (cell-cycle
progression gene 1), ATL3 (atlastin 3), and TEX264 (testis-
expressed 264), the LIR (LC3-interacting region) domains
of which directly recruit phagophores to facilitate ER-phagy
[13–18]. FAM134B is the first identified ER-phagy receptor
that involves in ER fragments and ER-resident protein clear-
ance in mammalian cells; moreover, dysfunction of
FAM134B has been reported to be involved in many diseases,
including neuropathy, viral infection, osteoarthritis, and can-
cer [19–22]. Nevertheless, the role and mechanism of
FAM134B and related ER-phagy in the initiation and prog-
ress of IDD has not been explored yet.

The purpose of our study was attempted to elucidate the
relationship between FAM134B-mediated ER-phagy and
apoptosis and senescence under AGEs stimulation. Our stud-
ies revealed that AGEs treatment could increase apoptosis,
senescence, and FAM134B-mediated ER-phagy through
ROS pathway in human NP cells; genetical knockdown and
overexpression of FAM134B could increase and reduce cellu-
lar ROS generation, apoptosis, and senescence, respectively.
Therefore, our findings provide a novel mechanistic insight
into the pathogenesis of IDD.

2. Materials and Methods

2.1. Ethics Statement. Experimental ethics approval for the
study was obtained from the Ethics Committee of Tongji
Medical College, Huazhong University of Science and Tech-
nology (No. S341). Written informed consent was obtained
from every donor participated in this study.

2.2. Cell Culture and Treatment. The primary human NP
cells were isolated from relative undegenerated (Pfirrmann
I or II) NP tissues that donated by 3 adolescent idiopathic
scoliosis patients (2 males and 1 female, aged 16, 14, and 20

years old, respectively) undergoing spinal deformity correc-
tion surgery. The degenerated degree of the corresponding
segment was determined by preoperative magnetic reso-
nance imaging according to Pfirrmann classification [23].
Briefly, the freshly harvested human NP tissues were rinsed
three times with phosphate buffer saline (PBS, Gibco, Grand
Island, NY, USA), minced into 2-3mm3 fragments, and
enzymatically digested at 37°C for 8 h in Dulbecco’s modified
Eagle medium (DMEM/F12, Gibco) supplemented with
0.25mg/mL type II collagenase (Invitrogen, Carlsbad, CA,
USA). Then, the suspension was centrifuged, washed with
PBS, and resuspended in DMEM/F12 with 15% fetal bovine
serum (FBS; Gibco) and 1% penicillin/streptomycin
(Sigma-Aldrich, St. Louis, MO, USA) at 37°C in 5% CO2.
The NP cell type was confirmed using fluorescently labeled
antibody for NP cell markers as described previously [7]. Pas-
sage 2 and 3 NP cells were used in subsequent experiments.

In in vitro experiments, NP cells were treated with
200μg/mL AGEs (Abcam, Cambridge, UK) for 0, 6, 12, 24,
and 36 h or directly cocultured with AGEs in combination
with ROS inhibitor N-acetyl-L-cysteine (NAC, 10μM, Beyo-
time, Shanghai, China) for 36 h.

2.3. Western Blot Assay. After indicated intervention, cells
were harvested using the corresponding protein extraction
kit (Beyotime) to lyse and extract protein samples. Proteins
were separated through 8-12% sodium dodecyl sulfate-
(SDS-) polyacrylamide gel electrophoresis and transferred
onto polyvinylidene difluoride (PVDF) membranes (Merck
Millipore, Darmstadt, Germany). Next, after blocking with
5% nonfat milk at 25°C for 1 h, the membranes were incu-
bated first with specific primary antibodies (1 : 500-1000)
overnight at 4°C and then with the appropriate horseradish
peroxidase- (HRP-) labeled secondary antibodies (1 : 2000;
Proteintech). Then, membrane bands were visualized by the
enhanced chemiluminescence system (Bio-Rad) and quanti-
fied with the ImageJ software. Primary antibodies against
these molecules were used: p53 (10442-1-AP, Proteintech),
p16 (ab151303, Abcam), cleaved caspase 3 (AF7021, Affinity
Biosciences,), β-actin (66009-1-Ig, Proteintech), FAM134B
(21537-1-AP, Proteintech), LC3 (14600-1-AP, Proteintech),
and p62 (18420-1-AP, Proteintech).

2.4. Cell Proliferation Assay. Cell viability was illustrated
using 5-ethynyl-2′-deoxyuridine (EdU) incorporation
(C10310-3; Ribobio, Guangzhou, China) according to the
manufacturer’s instructions. Fluorescence images were cap-
tured using a fluorescence microscope (Olympus, BX53, Mel-
ville, NY, USA).

2.5. Cell Apoptosis Detection. Annexin V-FITC/PI Apoptosis
Detection Kit (KeyGEN, Nanjing, China) was used to evalu-
ate apoptosis as described previously [24]. Briefly, after wash-
ing with PBS, the cells were labeled with Annexin V–FITC
(annexin V) and propidium iodide (PI). After double stain-
ing, apoptotic cells were detected via a flow cytometer (BD
Biosciences, San Jose, CA, USA). Annexin V+/PI− (early
apoptotic) cells and annexin V+/PI+ (late apoptotic) cells
were counted.
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Figure 1: Continued.
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Figure 1: AGEs treatment promoted senescence and apoptosis in human NP cells. The human NP cells were exposed to 200 μg/mL AGEs for
different times (0, 6, 12, 24, and 36 h), and 0 h group served as the control. (a–d) Apoptosis and senescence-associated proteins p16, p53, and
cleaved caspase 3 were measured using western blot assay, and relative band density was quantified. (e, f) Cell viability was determined using
EdU staining combined with DAPI staining for the nuclei, and the positive cell ratio was quantitated, scale bar: 100μm. (g, h) Representative
dot plot images of flow cytometry analysis after labeled with Annexin V-FITC/PI double staining, both early and late apoptosis cells, were
quantified. (i, j) Cell senescence was assessed by SA-β-gal staining; representative SA-β-gal staining images and positive cell ratio were
illustrated, scale bar: 50 μm. Data are represented as mean ± SD. ∗∗P < 0:01, ∗P < 0:05.
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Figure 2: Continued.
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Figure 2: Continued.
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Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) assay was also performed to
assess apoptosis. Briefly, after the indicated treatment, cells
were washed with PBS and processed with 4% paraformalde-
hyde for 20min at 25°C, permeabilized with PBS-0.5% Triton
X-100 for 10min. Then, an in situ cell death detection kit
(12156792910; Roche Applied Science, Basel, Switzerland)

was used for staining following the manufacturer’s protocol.
Fluorescence images were acquired through a fluorescence
microscope (Olympus).

2.6. SA-β-gal Staining. SA-β-gal assay was performed to
detect cell senescence. A SA-β-gal staining kit (Beyotime)
was used to assess SA-β-gal activity according to the
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Figure 2: Intracellular ROS accumulation was involved in AGEs-induced senescence and apoptosis. The human NP cells were exposed to
200μg/mL AGEs for different times (0, 6, 12, 24, and 36 h) or directly cocultured with 200 μg/mL AGEs and ROS inhibitor 10 μM NAC
for 36 h. (a, b) The intracellular ROS levels were detected using the fluorescent probe DCFH-DA and measured by flow cytometry. (c, d)
After labeled with DCFH-DA fluorescent probe, representative fluorescent images were acquired under a fluorescence microscope, scale
bar: 100 μm. (g–j) Representative western blot bands of p16, p53, and cleaved caspase 3 and relative band density were quantified. (k, l)
Representative images of immunofluorescence staining for p16 and cleaved caspase-3 in each group, with the relative fluorescence
intensity quantified, scale bar: 50 μm. Data are represented as mean ± SD. ∗∗P < 0:01, ∗P < 0:05.
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Figure 3: Continued.
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Figure 3: AGEs treatment upregulated FAM134B-mediated ER-phagy in human NP cells. (a–d) The human NP cells were exposed to
200μg/mL AGEs for different times (0, 6, 12, 24, and 36 h); ER-phagy-associated protein levels of FAM134B, LC3, and p62 were detected
by western blot assay, and relative band density was quantified. (e, f) After treated with 200μg/mL AGEs for 36 h, relative protein
expression of FAM134B and LC3 were assessed using immunofluorescence staining; representative images and relative intensity
quantification were illustrated, scale bar: 50 μm. (g) ER and lysosome colocalization profile was detected by ER-tracker and Lyso-tracker
staining. (h, i) Transmission electron microscopy results for ER positive autophagosomes/autolysosomes (as indicated by black arrow),
scale bar: 1μm and 500 nm. Data are represented as mean ± SD. ∗∗P < 0:01, ∗P < 0:05.

9Oxidative Medicine and Cellular Longevity



FAM134B 55 kD

14 kD
16 kD

62 kD

42 kD

LC3 I
LC3 II

p62

𝛽‑Actin

AGEs ‑

‑ ‑ + +

++ ‑

NAC

(a)

AGEs ‑

‑ ‑ + +

++ ‑

NAC

0

2

4

6

8

10

FA
M

13
4B

/𝛽
‑a

ct
in

 ra
tio

 (f
ol

d 
of

 co
nt

ro
l)

⁎⁎
⁎⁎

(b)

AGEs ‑

‑ ‑ + +

++ ‑

NAC

LC
3I

I/I
 ra

tio
 (f

ol
d 

of
 co

nt
ro

l)

0

1

2

3

4

5
⁎⁎

⁎⁎

(c)

AGEs ‑

‑ ‑ + +

++ ‑

NAC

0.0

0.5

1.0

1.5

p6
2/
𝛽
‑a

ct
in

 ra
tio

 (f
ol

d 
of

 co
nt

ro
l) ⁎⁎

⁎⁎

(d)

FAM134B LC3 DAPI Merge

A
G

Es
Co

nt
ro

l
N

A
C

A
G

Es
+

N
A

C

(e)

Figure 4: Continued.

10 Oxidative Medicine and Cellular Longevity



manufacturer’s instructions. A microscope was used to
observe the cells, of which blue-colored cells were counted
as SA-β-Gal-positive cells. SA-β-Gal activity was represented
by the percentage of the number of blue cells and the total
number of cells.

2.7. ROS Measurement. A ROS detection kit (Beyotime) was
used to detect the intracellular ROS level according to
instructions. Briefly, after indicated treatment, cells were
incubated with 10μMDCFH-DA (2,7-dichlorodihydrofluor-
escein diacetate dye) in culture media for 30min. Then, cells
were washed with PBS, trypsinized, resuspended in PBS sup-
plemented with FBS, and analyzed for intracellular ROS pro-
duction by flow cytometry or directly observe fluorescence
signal using a fluorescence microscope (Olympus).

2.8. Lentivirus and siRNA Transfection. For lentivirus infec-
tion, the FAM134B overexpressing lentivirus was designed
and constructed by GeneChem (Shanghai, China) using
CV084 (Ubi-MCS-SV40-Neomycin) vector. The day before,
human NP cells were seeded in 6-well plates at a density of
2 × 105 cells/mL; Then, the cells were infected with lenti-
FAM134B or lentivector at a multiplicity of infection
(MOI) of 20; transfection efficacy was detected by western
blotting after cultured for 72 h. For siRNA-mediated knock-
down, control-siRNA and FAM134B-siRNA were purchased
from Qijing Biotechnology Co. (Wuhan, China); the corre-
sponding target sequence for RNA interference was 5′-
AGCTATCAAAGACCAGTTA. siRNAs were transfected
using lipofectamine 2000 (Invitrogen) following the manu-
facturer’s instructions. Cells knocked down for 48h were
followed by the indicated treatment.

2.9. Immunofluorescence. NP cells attached to slides were
fixed with 4% paraformaldehyde for 20min, washed three
times with PBS, permeabilized with 0.5% Triton X-100 for
15min, blocked with 2% bovine serum albumin (BSA) for
30min, and then incubated overnight at 4°C with primary
antibodies against p16 (1 : 100, Proteintech), cleaved caspase
3 (1 : 100, CST), FAM134B (1 : 100, Proteintech), and LC3
(1 : 100; Abconal, Wuhan, China). After washed three times
with TBST, cells were incubated with CoraLite488 or Cora-
Lite594 conjugated goat anti-rabbit/mouse IgG antibody
(1 : 100, Proteintech) for 1 h and labeled with diamidino-2-
phenylindole (DAPI; Beyotime) for 5min and then observed
images using a fluorescence microscope (Olympus).

2.10. ER-Tracker and Lyso-Tracker Staining. ER-tracker green
(40763ES20, Yisheng Biotech, Shanghai, China) and Lyso-
tracker red (40739ES50, Yisheng) dyes were used to identify
ER-phagy. Briefly, humanNP cells were mounted on glass cov-
erslips in a 6-well plate. After the treatment, cells were stained
with the recommended concentrations of ER-tracker, Lyso-
tracker, and Hoechst 33342 (Beyotime) for 30min at 37°C,
washed three times with PBS, and then observed the fluores-
cence using a fluorescence microscope (Olympus).

2.11. Transmission Electron Microscopy. TEM was used to
determine the status of ER positive autophagosome and
autolysosome formation. Briefly, after the indicated treat-
ment, NP cells were collected and fixed in a glutaraldehyde
and sodium cacodylate solution for 2 h and then fixed with
1% OsO4 for 1.5 h and then stained in 3% aqueous uranyl
acetate for 1 h. After washing, specimens were dehydrated
with graded ethanol series (50%, 70%, 80%, 90%, 95%,
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Figure 4: ROS inhibition partially attenuated AGEs-induced ER-phagy activation in human NP cells. The human NP cells were treated with
200μg/mL AGEs and 10 μM NAC for 36 h. (a–d) ER-phagy-associated protein levels of FAM134B, LC3, and p62 were detected by western
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Data are represented as mean ± SD. ∗∗P < 0:01, ∗P < 0:05.
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100%), followed by infiltrating and embedding in epoxy resin
(SPI-Chem, #90529-77-4). Ultrathin sections were obtained
and stained with saturated uranyl acetate–lead citrate and
observed using a transmission electron microscope (Jeol,
Tokyo, Japan).

2.12. Statistical Analysis. All data were presented as the
mean ± standard deviation of at least three independent
experiments. Statistical analyses were performed using the

GraphPad Prism 8.0 software (La Jolla, CA, USA). Differ-
ences between groups were evaluated with Student’s t-test
or one-way ANOVAwith post hoc analysis using the Tukey’s
test. P < 0:05 was considered statistically significant.

3. Results

3.1. AGEs Treatment Promoted Apoptosis and Senescence in
Human NP Cells. To explore the impact of AGEs on the
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Figure 5: FAM134B-mediated ER-phagy regulated AGEs-induced intracellular ROS accumulation, apoptosis, and senescence in human NP
cells. After lentivirus and siRNA transfection were separately conducted for 72 and 48 h, the human NP cells were cultured with 200 μg/mL
AGEs for 36 h. (a–d) FAM134B overexpression and knockdown efficacy were verified by western blot assay. (e–g) The intracellular ROS levels
were probed using the fluorescent dye DCFH-DA and measured by flow cytometry. (h) Relative protein expression levels of the apoptotic and
senescent associated proteins p53, p16, and cleaved caspase3 were evaluated using western blot assay. (i) Cell apoptosis was assessed by
TUNEL staining; representative TUNEL immunofluorescent images and apoptotic ratio were quantitated, scale bar: 100μm. (j)
Representative SA-β-gal staining images and positive cell ratio were illustrated, scale bar: 50 μm. Data are represented as mean ± SD. ∗∗P
< 0:01, ∗P < 0:05.
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apoptosis and senescence of human NP cells in vitro, a group
of NP cells was exposed to AGEs (200μg/mL) for different
times (0, 6, 12, 24, and 36h). Firstly, apoptosis and
senescence-associated proteins p16, p53, and cleaved caspase
3 were determined using western blot assay, as shown in
Figures 1(a)–1(d); compared to the control group, the protein
expression of p16, p53, and cleaved caspase 3 in the AGEs-
treated groups were significantly increased, especially in 24
and 36h AGEs-treated groups. In addition, EdU staining
was also used to assess the cell proliferation ability, as shown
in Figures 1(e) and 1(f); the cell viability of human NP cells
significantly decreased after AGEs treatment in a time-
dependent manner. Moreover, we further employed Annexin
V-PI double staining to determine the proapoptotic effects of
AGEs on human NP cells, as shown in Figures 1(g) and
1(h); compared to the control group, a clearly higher apoptotic
ratio in the AGEs-treated groups was observed. Senescent cells
are often concomitant with larger size and higher SA-β-gal
enzyme activity, as shown in Figures 1(i) and 1(j); the quanti-
fication of SA-β-gal positive cells in the AGEs-treated groups
were robustly higher compared to that in the control group.
Thus, our results showed that AGEs treatment could markedly
promote apoptosis and senescence in human NP cells.

3.2. ROS Pathway Was Involved in AGEs-Induced Apoptosis
and Senescence in Human NP Cells. Intracellular ROS
homeostasis could rapidly change under stress circumstances
and function as important messengers involved in cell sur-
vival and death. To investigate the relationship between
ROS generation and AGEs, we exposed NP cells to AGEs
(200μg/mL) for different times (0, 6, 12, 24, and 36 h) and
detected ROS levels using DCFH-DA Assay Kit. As the flow
cytometry results shown in Figures 2(a) and 2(b), compared
to the control group, AGEs treatment aroused significant
time-dependent elevation of intracellular ROS levels and
which were consistent with the observation that the AGEs
treatment groups showed increased fluorescence intensity
compared to the untreated group (Figures 2(c) and 2(d)).
NAC is a classical ROS scavenger that reduced intracellular
ROS accumulation, as expected, relative to the NAC deficient
AGEs-treated group, the NAC existent AGEs-treated group
showed clearly lower ROS levels (Figures 2(e) and 2(f)).

To further validate that ROS was involved in AGEs-
induced apoptotic and senescent effects, NAC and AGEs were
coadministered to human NP cells. As western blot results
illustrated in Figures 2(g)–2(j), compared to the correspond-
ing AGEs-treated alone group, protein expression levels of
p53, p16, and cleaved caspase 3 were markedly declined in
the AGEs plus NAC cotreated group. Similarly, as immuno-
fluorescence results are shown in Figures 2(k) and 2(l). AGEs
treatment significantly elevated p16 and cleaved caspase 3
fluorescence intensity relative to that in the control group,
while these effects were markedly attenuated in the presence
of NAC. Above all, these results suggested that high intracellu-
lar ROS level elicited by AGEs was closely associated with the
apoptosis and senescence initiation.

3.3. FAM134B-Mediatd ER-phagy Was Activated under
AGEs Treatment in Human NP Cells. FAM134B-mediatd

ER-phagy activation is an important regulatory mechanism
to solve stress and maintain cellular homeostasis. To investi-
gate the effects of AGEs on FAM134B-related ER-phagy, we
exposed NP cells to AGEs (200μg/mL) for different times
(0, 6, 12, 24, and 36 h). FAM134B-related ER-phagy proteins
FAM134B, LC3, and p62 were detected by western blot assay,
as the results illustrated in Figures 3(a)–3(d); the protein
expression profiles of FAM134B and LC3 were robustly
upregulated in the AGEs-treated groups compared to that
in the control group, along with downregulated autophagy
substrate p62 protein levels, indicating the activation of ER-
phagy. Meanwhile, as the FAM134B and LC3 fluorescence
costaining results shown in Figures 3(e) and 3(f), both the
fluorescence intensities of FAM134B and LC3 were signifi-
cantly enhanced and combined with a higher extent of colo-
calization upon AGEs treatment. ER and lysosome could be
specifically labelled by ER-tracker and Lyso-tracker, respec-
tively; thus, colocalization with the fluorescent signals of
ER-tracker green and Lyso-tracker red could be an effective
method to determine the occurrence of ER-phagy. As shown
in Figure 3(g), compared with the control group, the AGEs-
treated group displayed an obvious ER clustering staining
pattern, which was partially colocalized with the accumula-
tion of lysosome staining. In addition, we also further moni-
tored the formation of autophagosomes/autolysosomes
containing ER fragments under TEM to confirm ER-phagy
activation, as shown in Figures 3(h) and 3(i), we observed
apparently increased number of autophagosomes/autolyso-
somes containing ER fragment formation in the AGEs-
treated group compared to that in the control group, thereby
confirming the occurrence of ER-phagy in human NP cells
under AGEs exposition.

3.4. ROS Inhibition Partially Attenuated ER-phagy in Human
NP Cells Subjected to AGEs Treatment. Since both intracellu-
lar ROS accumulation and ER-phagy activation upon AGEs
treatment were observed, to further test their intrinsic rela-
tionship, the ER-phagy activation level under AGEs treat-
ment was determined in the presence of NAC or not. As
shown in Figures 4(a)–4(d), the ER-phagy-related protein
expression levels were detected using western blot; compared
to the corresponding AGEs-treated alone group, the protein
expression levels of FAM134B and LC3 were markedly
declined in the AGEs plus NAC co-treated group, whereas
p62 protein level was slightly increased. Meanwhile, the
enhanced fluorescence intensity of FAM134B and LC3 upon
AGEs treatment were also significantly attenuated in the
presence of NAC administration (Figure 4(c)). In addition,
as shown in Figure 4(d), the elevated colocalization of ER
and lysosome patterns under AGEs treatment were markedly
decreased with NAC cotreatment. Therefore, our findings
demonstrated that intracellular ROS accumulation plays a
vital role in the process of FAM134B-mediated ER-phagy
activation.

3.5. Modulation of FAM134B-Mediated ER-phagy Could
Regulate Intracellular ROS Level, Apoptosis, and Senescence
in AGEs-Treated Human NP Cells. It is classically recognized
that FAM134B-meditated ER-phagy acts as an important
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quality control mechanism in maintaining cellular homeo-
stasis. We next investigated the influence of FAM134B-
mediated ER-phagy activation or inhibition on intracellular
ROS levels, apoptosis, and senescence by genetically upregu-
lating and downregulating the FAM134B expression. As the
western blot results demonstrated in Figures 5(a)–5(d), we
efficiently achieved FAM134B overexpression and knock-
down by lentiviral transduction and RNA interference,
respectively. Subsequently, to determine whether ROS
changes in response to FAM134B-mediated ER-phagy, we
measured intracellular ROS levels using ROS-sensitive
DCFH-DA dye. As the flow cytometry results illustrated in
Figures 5(e)–5(g), the ROS level in the AGEs plus lenti-
FAM134B group was significantly lower compared with that
in the AGEs plus lentivector group, while FAM134B knock-
down significantly increased intracellular ROS levels upon
AGEs treatment than that noted in the blank knockdown
group. Moreover, we next analyzed the effects of
FAM134B-mediated ER-phagy on apoptosis and senescence
under AGEs treatment. As shown in Figure 5(h), compared
to the AGEs plus blank overexpression or knockdown group,
FAM134B overexpression markedly attenuated the expres-
sion of the apoptotic and senescent associated proteins p53,
p16, and cleaved caspase3, while FAM134B knockdown
showed the opposite effects. Consistently, as the TUNEL
and SA-β-gal staining results illustrated in Figures 5(i)–5(l),
FAM134B overexpression could alleviate AGEs-induced
apoptosis and senescence, while FAM134B suppression
could exacerbate the proapoptotic and prosenescent effects
of AGEs. Above all, our findings demonstrated that
FAM134B-mediated ER-phagy activation could relieve intra-
cellular ROS accumulation, apoptosis, and senescence in
human NP cells upon AGEs treatment.

4. Discussion

Previous studies have shown that AGEs accumulation in the
intervertebral disc along with aging plays a critical role in the
pathogenesis of IDD [6–8], and emerging evidence indicates
that ER-phagy could serve as a vital intracellular homeostatic
regulatory mechanism that directly determines cell function-
ality and fate under various stress circumstances [19, 25].
However, the role of ER-phagy in AGEs-mediated IDD and
its potential mechanisms require further exploration. In the
present study, we revealed that FAM134-mediated ER-
phagy was markedly activated upon AGEs treatment via
ROS pathway in human NP cells, and genetical upregulation
and inhibition of FAM134B-mediated ER-phagy could sig-
nificantly decrease and increase intracellular ROS level, apo-
ptosis, and senescence in NP cells subjected to AGEs stimuli,
respectively.

The maintenance of healthy, active, and functional NP is
an important prerequisite for the intervertebral disc to prop-
erly execute physiological function, which largely depends on
the existence of adequate numbers of functionally active NP
cells in the disc; thus, numerous studies investigating IDD
mainly focus on exploring the underlying causes of abnormal
quantity loss and functionality decline of NP cells. Age-
related accumulation of AGEs in the intervertebral disc

impedes its extracellular matrix synthesis and turnover and
ultimately impairs the biomechanical properties of the inter-
vertebral disc and drives the development of IDD [26]. Song
et al. found that AGEs accumulation in the disc could impede
the anabolic and catabolic balance of NP cells via NLRP3-
inflammasome pathway [6]. Furthermore, Song et al. and
Luo et al. revealed that AGEs treatment could damage mito-
chondria redox balance via suppressing Sirt3 function and
compromise ER function via disturbing calcium homeostasis
and ultimately promote apoptosis [7, 8]. Consistently, we
further explored the contribution of AGEs on NP cell apo-
ptosis and senescence in the present study, and the results
showed that AGEs treatment restrained cell proliferation,
promoted cell apoptosis, and senescence in human NP cells.

ROS represents a group of unstable and highly reactive
molecules such as superoxide anions, hydroxyl ions, and
hydrogen peroxide, which mainly derived from aerobic
metabolism. Physiological quantity of ROS is known to con-
trol cellular signal transduction and play roles in cell homeo-
stasis, while excessive ROS produced under stress conditions
appear to intervene with normal cell physiology and even
lead to cell death [27]. Excessive ROS accumulation has been
implicated in the pathogenesis of IVD degeneration [28, 29].
Furthermore, Xiang et al. and Kang et al. revealed that mod-
ulation of the cellular ROS level through antioxidant admin-
istration could efficiently mitigate oxidative stress-induced
NP cell death [30, 31]. NAC, a ROS scavenger, was used to
confirm the role of ROS in the proapoptotic and prosenes-
cent effects of AGEs in the present study; as expected, we
observed that the administration of NAC significantly atten-
uated AGEs-induced ROS burst, apoptosis, and senescence
of NP cells.

ER-phagy, referred to the selective degradation of the ER
by autophagy, is emerging as a critical regulator of cell
homeostasis and function. Notably, the highly selective pro-
cess is largely achieved through selective receptor that inter-
act with autophagosome-associated LC3 and subsequently
cargo ER fragments and ER-resident proteins for lysosomal
degradation [32]. To date, six reticulophagy receptors have
been identified in mammals: FAM134B, RTN3L, SEC62,
CCPG1, ATL3, and TEX264, among which FAM134B was
the first one to be identified. Although the intrinsic relation-
ship between ER-phagy and classical macroautophagy is still
not fully understood, several studies found that disruption of
the interaction of FAM134B with LC3 by mutation or dele-
tion of the LIR amino acid sequence failed to induce ER-
phagy [17]. Moreover, the two major autophagy regulators,
ATG5 and BECN1, are essential for ER fragmentation and
degradation induced by FAM134B overexpression, suggest-
ing that FAM134B-induced ER-phagy depends on the core
macroautophagy machinery [33, 34]. ER-phagy is considered
a stress-induced response mechanism to maintain cellular
homeostasis and to promote cell survival; ER-phagy defec-
tion has been validated to be associated with multiple human
pathologies, including infectious, neurodegenerative dis-
eases, aging, and cancer [35]. Indeed, in the present study,
there are significantly increased autophagosomes containing
layered membrane structures, and much more ER and lyso-
some colocalization clustering was observed upon AGEs
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treatment, suggesting the occurrence of ER-phagy in NP cells
under AGEs stimuli.

Furthermore, ER-phagy is emerging recognized as an
alternative ER quality and quantity control regulatory mech-
anism via delivering excess ER fragments and ER-resident
protein for lysosomal degradation, which is critical for cellu-
lar homeostasis and adaptation to variable environments.
Strikingly, ER-phagy is substantially enhanced when encoun-
tering stress conditions such as starvation and contributes to
resolve ER stress and reestablish ER homeostasis [16]. It is
confirmed that FAM134B-mediated ER-phagy could restrict
viral replication via eliminating ER-associated viral proteins,
while suppression or knockdown of FAM134B could facili-
tate viral replication [36]. Additionally, a higher survival rate
was observed in breast cancer patients with higher FAM134B
expression [37]. Notably, the relationship between
FAM134B-mediated ER-phagy and apoptosis is pretty com-
plicated; ER-phagy could either act as a protective mecha-
nism against apoptosis via restoring excessive ER stress [38,
39] or exhibit ER-phagy-dependent cell death via accelerat-
ing ER degradation and impairs ER homeostasis to trigger
ER stress [21, 40]; these evidence may indicate the possibility
that the adaptive capability of ER-phagy is limited; when
encountered severe conditions overwhelming the regulatory
capacity of ER-phagy, the protective ER-phagy may switch
to facilitate cell death. Accordingly, we detected whether
ER-phagy upregulation exerts a protective effect against
AGEs stimuli in NP cells, and the results showed that the
enhanced expression apoptotic and senescent associated pro-
teins p53, p16, and cleaved caspase 3, and intracellular ROS
levels were significantly decreased with FAM134B overex-
pression, indicating that FAM134B-mediated ER-phagy
plays a critical protective role in defending AGEs-induced
cell damage.

There are still several shortcomings in our study. Firstly,
despite the facts that our research has suggested a crucial role
of FAM134B-mediated ER-phagy activation in balancing
intracellular ROS level and promoting cell survival, while
the specific molecular mechanisms remain to be further stud-
ied. Moreover, we only focused on the typical ER-phagy
receptor FAM134B in this study, whether other types of
ER-phagy receptors are involved in this process was not
explored. In addition, the current study lacks in vivo experi-
mental and clinical validation.

Collectively, we demonstrated that FAM134B-mediated
ER-phagy activation plays a crucial role in protecting against
AGEs-induced intracellular ROS accumulation and cell
injury in human NP cells, and targeting FAM134B-
mediated ER-phagy may be a potentially effective therapeutic
strategy for IDD.

Abbreviations

AGEs: Advanced glycation end products
IDD: Intervertebral disc degeneration
NP: Nucleus pulposus
ROS: Reactive oxygen species
ER: Endoplasmic reticulum
FAM134B: RETREG1, reticulophagy regulator 1

RTN3: Reticulon 3 long isoform
SEC62: SEC62 homolog
CCPG1: Cell-cycle progression gene 1
ATL3: Atlastin 3
TEX264: Testis-expressed 264
EdU: 5-Ethynyl-2′-deoxyuridine
TUNEL: Terminal deoxynucleotidyl transferase-

mediated dUTP nick end labeling
NAC: N-Acetyl-L-cysteine
SA-β-gal: Senescence-associated β-galactosidase.

Data Availability

The data supporting the findings of this study are included in
the article.

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

Rongjin Luo and Shuai Li contributed equally to this work.

Acknowledgments

This study was supported by the National Key R&D Program
of China (2018YFB1105700), the National Natural Science
Foundation of China (81902261, 81772401), the Fundamen-
tal Research Funds for the Central Universities
(2019kfyXMBZ063), and the Application Foundation and
Advanced Program of Wuhan Science and Technology
Bureau (2019020701011457).

References

[1] G. B. D. Disease, I. Injury, and C. Prevalence, “Global, regional,
and national incidence, prevalence, and years lived with dis-
ability for 328 diseases and injuries for 195 countries, 1990-
2016: a systematic analysis for the Global Burden of Disease
Study 2016,” The Lancet, vol. 390, no. 10100, pp. 1211–1259,
2017.

[2] J. E. Mayer, J. C. Iatridis, D. Chan, S. A. Qureshi,
O. Gottesman, and A. C. Hecht, “Genetic polymorphisms
associated with intervertebral disc degeneration,” The Spine
Journal, vol. 13, no. 3, pp. 299–317, 2013.

[3] P. P. Vergroesen, I. Kingma, K. S. Emanuel et al., “Mechanics
and biology in intervertebral disc degeneration: a vicious cir-
cle,” Osteoarthritis and Cartilage, vol. 23, no. 7, pp. 1057–
1070, 2015.

[4] F. Wang, F. Cai, R. Shi, X. H. Wang, and X. T. Wu, “Aging and
age related stresses: a senescence mechanism of intervertebral
disc degeneration,” Osteoarthritis and Cartilage, vol. 24,
no. 3, pp. 398–408, 2016.

[5] N. Feldman, A. Rotter-Maskowitz, and E. Okun, “DAMPs as
mediators of sterile inflammation in aging-related patholo-
gies,” Ageing Research Reviews, vol. 24, Part A, pp. 29–39,
2015.

[6] Y. Song, Y. Wang, Y. Zhang et al., “Advanced glycation end
products regulate anabolic and catabolic activities via
NLRP3-inflammasome activation in human nucleus pulposus

17Oxidative Medicine and Cellular Longevity



cells,” Journal of Cellular and Molecular Medicine, vol. 21,
no. 7, pp. 1373–1387, 2017.

[7] Y. Song, S. Li, W. Geng et al., “Sirtuin 3-dependent mitochon-
drial redox homeostasis protects against AGEs- induced inter-
vertebral disc degeneration,” Redox Biology, vol. 19, pp. 339–
353, 2018.

[8] R. Luo, Y. Song, Z. Liao et al., “Impaired calcium homeostasis
via advanced glycation end products promotes apoptosis
through endoplasmic reticulum stress in human nucleus pul-
posus cells and exacerbates intervertebral disc degeneration
in rats,” The FEBS Journal, vol. 286, no. 21, pp. 4356–4373,
2019.

[9] C. K. Kepler, R. K. Ponnappan, C. A. Tannoury, M. V. Risbud,
and D. G. Anderson, “The molecular basis of intervertebral
disc degeneration,” The Spine Journal, vol. 13, no. 3, pp. 318–
330, 2013.

[10] S. A. Oakes and F. R. Papa, “The role of endoplasmic reticulum
stress in human pathology,” Annual Review of Pathology,
vol. 10, no. 1, pp. 173–194, 2015.

[11] J. Grootjans, A. Kaser, R. J. Kaufman, and R. S. Blumberg, “The
unfolded protein response in immunity and inflammation,”
Nature Reviews Immunology, vol. 16, no. 8, pp. 469–484, 2016.

[12] M. Molinari, “ER-phagy: eating the factory,” Molecular Cell,
vol. 78, no. 5, pp. 811–813, 2020.

[13] E. Delorme-Axford, H. Popelka, and D. J. Klionsky, “TEX264
is a major receptor for mammalian reticulophagy,” Autophagy,
vol. 15, no. 10, pp. 1677–1681, 2019.

[14] T. M. Nthiga, B. K. Shrestha, T. Lamark, and T. Johansen,
“CALCOCO1 is a soluble reticulophagy receptor,” Autophagy,
vol. 16, no. 9, pp. 1729–1731, 2020.

[15] M. D. Smith, M. E. Harley, A. J. Kemp et al., “CCPG1 is a non-
canonical autophagy cargo receptor essential for ER-phagy
and pancreatic ER proteostasis,” Developmental Cell, vol. 44,
no. 2, pp. 217–232.e11, 2018.

[16] F. Fumagalli, J. Noack, T. J. Bergmann et al., “Translocon com-
ponent Sec62 acts in endoplasmic reticulum turnover during
stress recovery,” Nature Cell Biology, vol. 18, no. 11,
pp. 1173–1184, 2016.

[17] A. Khaminets, T. Heinrich, M. Mari et al., “Regulation of
endoplasmic reticulum turnover by selective autophagy,”
Nature, vol. 522, no. 7556, pp. 354–358, 2015.

[18] Y. Cui, S. Parashar, M. Zahoor et al., “A COPII subunit acts
with an autophagy receptor to target endoplasmic reticulum
for degradation,” Science, vol. 365, no. 6448, pp. 53–60, 2019.

[19] J. Mo, J. Chen, and B. Zhang, “Critical roles of FAM134B in
ER-phagy and diseases,” Cell Death & Disease, vol. 11,
no. 11, p. 983, 2020.

[20] L. Cinque, C. De Leonibus, M. Iavazzo et al., “MiT/TFE factors
control ER-phagy via transcriptional regulation of FAM134B,”
The EMBO Journal, vol. 39, no. 17, article e105696, 2020.

[21] Y. Liao, B. Duan, Y. Zhang, X. Zhang, and B. Xia, “ER-phagy
results in ER stress, UPR, and cell death,” Journal of Biological
Chemistry, vol. 294, no. 52, pp. 20009–20023, 2019.

[22] A. I. Chiramel, J. D. Dougherty, V. Nair, S. J. Robertson, and
S. M. Best, “FAM134B, the selective autophagy receptor for
endoplasmic reticulum turnover, inhibits replication of Ebola
virus strains Makona and Mayinga,” The Journal of Infectious
Diseases, vol. 214, Supplement 3, pp. S319–S325, 2016.

[23] C. W. A. Pfirrmann, A. Metzdorf, M. Zanetti, J. Hodler, and
N. Boos, “Magnetic resonance classification of lumbar inter-

vertebral disc degeneration,” Spine, vol. 26, no. 17, pp. 1873–
1878, 2001.

[24] R. Luo, Z. Liao, Y. Song et al., “Berberine ameliorates oxidative
stress-induced apoptosis by modulating ER stress and autoph-
agy in human nucleus pulposus cells,” Life Sciences, vol. 228,
pp. 85–97, 2019.

[25] S. Zielke, S. Kardo, L. Zein et al., “ATF4 links ER stress with
reticulophagy in glioblastoma cells,” Autophagy, pp. 1–17,
2020.

[26] T. T. Tsai, N. Y. Ho, Y. T. Lin et al., “Advanced glycation end
products in degenerative nucleus pulposus with diabetes,”
Journal of Orthopaedic Research, vol. 32, no. 2, pp. 238–244,
2014.

[27] F. Timóteo-Ferreira, D. Abreu, S. Mendes et al., “Redox imbal-
ance in age-related ovarian dysfunction and perspectives for its
prevention,” Ageing Research Reviews, vol. 68, article 101345,
2021.

[28] G. Hou, H. Lu, M. Chen, H. Yao, and H. Zhao, “Oxidative
stress participates in age-related changes in rat lumbar inter-
vertebral discs,” Archives of Gerontology and Geriatrics,
vol. 59, no. 3, pp. 665–669, 2014.

[29] S. Lu, Y. Song, R. Luo et al., “Ferroportin-Dependent Iron
Homeostasis Protects against Oxidative Stress- Induced
Nucleus Pulposus Cell Ferroptosis and Ameliorates Inter-
vertebral Disc Degeneration In Vivo,” Oxidative Medicine
and Cellular Longevity, vol. 2021, Article ID 6670497, 18
pages, 2021.

[30] L. Kang, Q. Xiang, S. Zhan et al., “Restoration of autophagic
flux rescues oxidative damage and mitochondrial dysfunction
to protect against intervertebral disc degeneration,” Oxidative
Medicine and Cellular Longevity, vol. 2019, Article ID
7810320, 27 pages, 2019.

[31] Q. Xiang, Z. Cheng, J. Wang et al., “Allicin attenuated
advanced oxidation protein product-induced oxidative stress
and mitochondrial apoptosis in human nucleus pulposus
cells,” Oxidative Medicine and Cellular Longevity, vol. 2020,
Article ID 6685043, 17 pages, 2020.

[32] H. Chino and N. Mizushima, “ER-phagy: quality control and
turnover of endoplasmic reticulum,” Trends in Cell Biology,
vol. 30, no. 5, pp. 384–398, 2020.

[33] P. Grumati, I. Dikic, and A. Stolz, “ER-phagy at a glance,” Jour-
nal of Cell Science, vol. 131, no. 17, 2018.

[34] S. Song, J. Tan, Y. Miao, and Q. Zhang, “Crosstalk of ER stress-
mediated autophagy and ER-phagy: involvement of UPR and
the core autophagy machinery,” Journal of Cellular Physiology,
vol. 233, no. 5, pp. 3867–3874, 2018.

[35] I. Dikic and Z. Elazar, “Mechanism and medical implications
of mammalian autophagy,” Nature Reviews Molecular Cell
Biology, vol. 19, no. 6, pp. 349–364, 2018.

[36] N. J. Lennemann and C. B. Coyne, “Dengue and Zika
viruses subvert reticulophagy by NS2B3-mediated cleavage
of FAM134B,” Autophagy, vol. 13, no. 2, pp. 322–332,
2017.

[37] X. Dai, T. Hua, and T. Hong, “Integrated diagnostic network
construction reveals a 4-gene panel and 5 cancer hallmarks
driving breast cancer heterogeneity,” Scientific Reports, vol. 7,
no. 1, article 6827, 2017.

[38] Y. Liu, S. Wang, Z. Wang et al., “Dexmedetomidine alleviated
endoplasmic reticulum stress via inducing ER-phagy in the
spinal cord of neuropathic pain model,” Frontiers in Neurosci-
ence, vol. 14, p. 90, 2020.

18 Oxidative Medicine and Cellular Longevity



[39] Z. Zhang, W. Gao, L. Zhou et al., “Repurposing brigatinib for
the treatment of colorectal cancer based on inhibition of ER-
phagy,” Theranostics, vol. 9, no. 17, pp. 4878–4892, 2019.

[40] S. Jiang, Y. Lin, H. Yao et al., “The role of unfolded protein
response and ER-phagy in quantum dots-induced nephrotox-
icity: an in vitro and in vivo study,” Archives of Toxicology,
vol. 92, no. 4, pp. 1421–1434, 2018.

19Oxidative Medicine and Cellular Longevity


	FAM134B-Mediated ER-phagy Upregulation Attenuates AGEs-Induced Apoptosis and Senescence in Human Nucleus Pulposus Cells
	1. Introduction
	2. Materials and Methods
	2.1. Ethics Statement
	2.2. Cell Culture and Treatment
	2.3. Western Blot Assay
	2.4. Cell Proliferation Assay
	2.5. Cell Apoptosis Detection
	2.6. SA-β-gal Staining
	2.7. ROS Measurement
	2.8. Lentivirus and siRNA Transfection
	2.9. Immunofluorescence
	2.10. ER-Tracker and Lyso-Tracker Staining
	2.11. Transmission Electron Microscopy
	2.12. Statistical Analysis

	3. Results
	3.1. AGEs Treatment Promoted Apoptosis and Senescence in Human NP Cells
	3.2. ROS Pathway Was Involved in AGEs-Induced Apoptosis and Senescence in Human NP Cells
	3.3. FAM134B-Mediatd ER-phagy Was Activated under AGEs Treatment in Human NP Cells
	3.4. ROS Inhibition Partially Attenuated ER-phagy in Human NP Cells Subjected to AGEs Treatment
	3.5. Modulation of FAM134B-Mediated ER-phagy Could Regulate Intracellular ROS Level, Apoptosis, and Senescence in AGEs-Treated Human NP Cells

	4. Discussion
	Abbreviations
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

