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s u m m a r y

Objective: In the largest avascular low-nutrient intervertebral disc, resident cells would utilize autophagy, a
stress-response survival mechanism by self-digestion and recycling wastes. Our goal was to elucidate the
involvement of autophagy in disc homeostasis throughRNA interference of autophagy-related gene 5 (Atg5).
Design: In vitro, small interfering RNAs (siRNAs) targeting autophagy-essential Atg5 were transfected into
rat disc cells. Cell viability with levels of autophagy including Atg5 expression, apoptosis, and senescence
was assessed under serum starvation and/or pro-inflammatory interleukin-1 beta (IL-1b) stimulation. In
vivo, time-course autophagic flux was monitored following Alexa Fluor® 555-labeled Atg5-siRNA injection
into rat tail discs. Furthermore, 24-h temporary static compression-induced disruption of Atg5 siRNA-
injected discs was observed by radiography, histomorphology, and immunofluorescence.
Results: In disc cells, three different Atg5 siRNAs consistently suppressed autophagy with Atg5 protein
knockdown (mean 44.4% [95% confidence interval: �51.7, �37.1], 51.5% [�80.5, �22.5], 62.3%
[�96.6, �28.2]). Then, Atg5 knockdown reduced cell viability through apoptosis and senescence not in
serum-supplemented medium (93.6% [�0.8, 21.4]) but in serum-deprived medium (66.4% [�29.8, �8.6])
further with IL-1b (44.5% [�36.9, �23.5]). In disc tissues, immunofluorescence detected intradiscal sig-
nals for the labeled siRNA even at 56-d post-injection. Immunoblotting found 56-d autophagy sup-
pression with prolonged Atg5 knockdown (33.2% [�52.8, �5.3]). With compression, Atg5 siRNA-injected
discs presented radiographic height loss ([�43.9, �0.8]), histological damage ([�5.5, �0.2]), and
immunofluorescent apoptosis ([2.2, 22.2]) and senescence ([4.1, 19.9]) induction compared to control
siRNA-injected discs at 56 d.
Conclusions: This loss-of-function study suggests Atg5-dependent autophagy-mediated anti-apoptosis
and anti-senescence. Autophagy could be a molecular therapeutic target for degenerative disc disease.
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Introduction

Back pain is a global health, workforce, and socioeconomic
problem with a high lifetime prevalence of ~85%1 and US medical
expenditure of ~$100 billion/year2. Back pain has various causes, but
intervertebral disc degeneration is a major independent factor3. The
intervertebral disc is the largest avascular low-nutrient organ in the
body, comprising the central nucleus pulposus (NP), surrounding
annulus fibrosus (AF), and cartilaginous endplates4. During devel-
opment, the AF arises from the mesenchyme5, whereas the NP
originates from the notochord6. In humans, disc-NP notochordal
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http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:tsujiryu1105@yahoo.co.jp
mailto:takayuru-0215@umin.ac.jp
mailto:takayuru-0215@umin.ac.jp
mailto:yoshiki_tkk@hotmail.com
mailto:ykanda221@gmail.com
mailto:ykanda221@gmail.com
mailto:miya625819@gmail.com
mailto:o0717ooo@yahoo.co.jp
mailto:yuji_uz_7@yahoo.co.jp
mailto:mghff229@yahoo.co.jp
mailto:shouei76@hotmail.com
mailto:takada-t@hokuto-hp.or.jp
mailto:kurodar@med.kobe-u.ac.jp
mailto:kakutani@med.kobe-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.joca.2021.12.004&domain=pdf
https://doi.org/10.1016/j.joca.2021.12.004
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.joca.2021.12.004
https://doi.org/10.1016/j.joca.2021.12.004


R. Tsujimoto et al. / Osteoarthritis and Cartilage 30 (2022) 481e493482
cells exist only for the first 10 years7, replaced by non-notochordal
chondrocyte-like cells as the representation of a terminal differen-
tiation stage of notochordal cells8. The disc's primary nutritional
supply is diffusion through endplates. Endplate calcification reduces
nutrient supply9, resulting in cell decrease with apoptosis and
senescence and extracellular matrix degradation7,10. Human disc
degeneration begins in childhood with altered matrix composi-
tion7,10. Apoptosis, programmed cell death11, increases in the disc
with aging between 11 and 16 years old7. Senescence, irreversible
cell cycle arrest12, also increases with disc aging13. Therefore, there
are possible links between apoptosis/senescence and notochordal
cell disappearance/chondrocyte-like cell proliferation in the patho-
genesis of disc degeneration.

Autophagy in the intervertebral disc has received increasing
attention14. Autophagy, an intracellular clearance mechanism in
which cells degrade and recycle their proteins and organelles, is
involved in maintaining cell homeostasis under stressors including
starvation and inflammation15, and is negatively regulated by the
mammalian target of rapamycin (mTOR) signaling pathway16.
Autophagy includes autophagy-related (Atg) genes and proteins as
key modulators, useful for monitoring this process17. Under typical
physiological conditions, Atg protein expressions are relatively low
and basal autophagy maintains cell homeostasis by decomposing
waste products18. Meanwhile, under stress conditions, Atg proteins
are activated, resulting in the formation and maturation of auto-
phagosomes from phagophores, which capture damaged organ-
elles, misfolded proteins, and impaired mitochondria in induced
autophagy15. Autophagosomes fuse with lysosomes and are
degraded by lysosome-derived enzymes with sequestered cellular
components15. The autophagy-related gene 5 (Atg5), conjugated by
Atg12, is present on the outer side of phagophores and essential for
the elongation17. The light chain 3 (LC3), localized in the autopha-
gosome membrane, is converted from cytosolic LC3-I to phospha-
tidylethanolamine-conjugated LC3-II by autophagy induction.
Therefore, LC3-II is used as a marker of autophagosome formation
and maturation19. The p62/sequestosome 1 (p62/SQSTM1) is a
ubiquitin-binding protein, acting as a link between LC3 and ubiq-
uitinated substrates20. The p62/SQSTM1 and p62/SQSTM1-bound
polyubiquitinated proteins become incorporated into completed
autophagosomes and are degraded in autolysosomes, which
inversely correlate with autophagosome degradation20. This series
of processes is called autophagic flux [Fig. 1(A)]21.

Although autophagy plays cytoprotective roles in various physi-
ological processes andpathological events15, autophagy involvement
in intervertebral disc degeneration has not been fully clarified.
Pharmacological inhibition would be simple to elucidate the auto-
phagy function; however, its uncontaminated intracellular signaling
blockade is difficult, leading to possible confounding effects21. Thus,
RNA silencing is more suited to achieve specific autophagy suppres-
sion21. In this study, we targeted Atg5 as a key molecule in initiating
autophagy, relatively specifically contributing to phagophore elon-
gation17. Because of the disc's anatomical, biochemical, and nutri-
tional characteristics, we hypothesized that autophagy would serve
for the maintenance of disc homeostasis. To clarify the autophagy
involvement, we designed an in-vitro and in-vivo loss-of-function
study of autophagy using the RNA interference (RNAi) technique
against autophagy-essential Atg5 in rat disc cells and tissues.

Materials and methods

Ethics statement

All experimental procedures were performed in accordance
with the Institutional Animal Care and Use Committee (P140609
and P190709) at Kobe University Graduate School of Medicine.
Antibodies and reagents

The antibodies and reagents used are listed in Supplemental
Table 1.

Cells

Sixty-two 12-week-old male SpragueeDawley rats (mean
476.6 g [95% confidence interval (CI): 471.7, 481.5]) purchased from
CLEA Japan (Tokyo, Japan) were randomly applied to in-vitro and in-
vivo experiments without exclusions. Coccygeal (C) discs from 20
rats (475.4 g [464.2, 486.5]) were dissected into the NP and AF after
euthanasia. Rat disc NP tissues were digested in 1% penicillin/
streptomycin-supplemented Dulbecco's modified Eagle's medium
(DMEM) with 10% fetal bovine serum (FBS) and 0.114% collagenase
type 2 for 1 h at 37�C. Isolated disc NP cells were grown to ~80%
confluence as a monolayer in DMEM with 10% FBS under 2% O2 at
37�C9. To retain the phenotype, only first-passage cells were used
for evaluation22e25.

The density of randomly distributed seeding cells (n ¼ 20) was
5.0 � 103/well (96-well plate) for viability, 1.5 � 105/well (6-well
plate) for protein extraction, and 1.2 � 104/well (8-well chamber)
for staining. In respective experiments, 4 cell samples from 4
different animals (each n ¼ 4) were tested based on not a priori
sample-size calculation but literature22e25.

After 24-h RNAi treatment in 10% FBS-supplemented DMEM,
cells were applied to Western blotting (WB) for disc NP phenotype,
Atg5 knockdown, and autophagy. Additionally, to simulate clini-
cally relevant disease conditions of serum deprivation and/or
inflammation, cells were cultured for 24 h in DMEM with 10% FBS,
with serum-free 0% FBS, or with 0% FBS and 10-ng/ml interleukin-1
beta (IL-1b), a pro-inflammatory cytokine linked to the pathogen-
esis and severity of disc degeneration26. Then, cell viability was
assessed using the Cell Counting Kit-8 (CCK-8). Cell count was
performed. Immunoblotting for matrix anabolism, apoptosis, and
senescence, apoptotic terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining, senescence-associated beta-
galactosidase (SA-b-gal) staining, and immunofluorescence for
autophagy, apoptosis, and senescence were conducted [Fig. 1(B)].

Animals and surgical procedures

Forty-two rats (477.1 g [471.3, 482.9]) were used. To confirm in-
vivo transfection in rat tails (n ¼ 18), control and Alexa Fluor® 555-
labeled Atg5 small interfering RNA (siRNA)eInvivofectamine™ 3.0
reagent complexes were injected into C8eC9 and C11eC12 discs
and C9eC10 and C12eC13 discs, respectively. Under general anes-
thesia, 2-ml solution was injected using a 33-gauge needle at the
disc center through a 5-mm longitudinal skin incision27,28. At
2e56 d, C8eC9 control siRNA-injected and C9eC10 Atg5 siRNA-
injected disc and C11eC12 control siRNA-injected and C12eC13
Atg5 siRNA-injected disc tissues were acquired and analyzed by
immunofluorescence for Alexa Fluor® 555-labeled Atg5-siRNA
transfection and WB for Atg5 knockdown and autophagy, respec-
tively [Fig. 1(C)].

A rat tail temporary static compression model was used to
reproduce mechanical stress-induced disc degenerative
changes29e33. Under general anesthesia, an Ilizarov-type apparatus
with springs was attached between C8 and C10 vertebrae of rat tails
(n ¼ 24). Control and Atg5 siRNAeInvivofectamine™ 3.0 reagent
complexes were injected into C8eC9 and C11eC12 discs and
C9eC10 and C12eC13 discs, respectively. Then, 1.3-MPa axial force,
corresponding to a disc loading force produced by lifting a mod-
erate weight in the human lumbar spine34, was applied to C8eC9
and C9eC10 discs for 24 h and subsequently released. At 0e56 d,



Fig. 1 Osteoarthritis and Cartilage

Schematic illustration of disc cellular autophagy and in-vitro and in-vivo experimental regimens. (A) Schematic illustration of autophagic
flux. Under stress conditions, mTOR is suppressed, which initiates autophagy through the activation of autophagy-related genes. The Atg5 is an
autophagy-essential factor for phagophore elongation and autophagosome formation, which is driven by LC3-II. The p62/SQSTM1 and p62/
SQSTM1-bound polyubiquitinated proteins become incorporated into the completed autophagosome. It fuses with the lysosome to form the
autolysosome, where the enclosed contents are degraded and recycled. To suppress autophagy, post-transcriptional gene silencing using
siRNAs against Atg5 was used. (B) Schematic illustration of the in-vitro study design and sample number. First passage, ~80%-confluent,
monolayer disc NP cells from 12-week-old male rats (n ¼ 20) were reverse transfected with siRNAs targeting Atg5 or non-specific control in
DMEM with 10% FBS under 2% O2 for 24 h and analyzed by WB for the phenotype, Atg5 knockdown, and autophagy (n ¼ 4); by cell count and
CCK-8 for cell viability after 24-h serum deprivation in DMEM with 0% or 10% FBS (n ¼ 4); by cell count, CCK-8 for cell viability, WB for matrix
anabolism, apoptosis, and senescence, staining for apoptosis and senescence, and immunofluorescence for autophagy, apoptosis, and
senescence after 24-h serum withdrawal and pro-inflammatory stimulation in DMEM with 0% FBS and 10-ng/ml IL-1b (each n ¼ 4). (C)
Schematic illustration of the in-vivo siRNA transfection study design and sample number. In rat tails (n ¼ 18), control siRNA was injected using a
33-gauge needle into C8eC9 and C11eC12 discs, while Alexa Fluor® 555-labeled Atg5 siRNA was injected into C9eC10 and C12eC13 discs. At
2e56 d, tissues of C8eC9 control siRNA-injected and C9eC10 Atg5 siRNA-injected discs and C11eC12 control siRNA-injected and C12eC13
Atg5 siRNA-injected discs were acquired and analyzed by immunofluorescence for Alexa Fluor® 555-labeled Atg5-siRNA transfection and WB for
Atg5 knockdown and autophagy, respectively (n ¼ 6/time point). (D) Schematic illustration of the in-vivo temporary static compression study
design and sample number. In rat tails (n ¼ 24), an Ilizarov-type apparatus with springs was affixed between C8 and C10. Control siRNA was
injected into C8eC9 and C11eC12 discs, whereas Atg5 siRNA was injected into C9eC10 and C12eC13 discs. Then, 1.3-MPa axial force was
applied to C8eC9 and C9eC10 discs for 24 h and subsequently released. At 0e56 d, tissues of C8eC9 control siRNA-injected loaded, C9eC10
Atg5 siRNA-injected loaded, C11eC12 control siRNA-injected unloaded, and C12eC13 Atg5 siRNA-injected unloaded discs were acquired
following radiography for the height and analyzed by histomorphological safranin-O staining and immunofluorescence for autophagy, apoptosis,
and senescence (n ¼ 6/time point).
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C8eC9 control siRNA-injected loaded, C9eC10 Atg5 siRNA-injected
loaded, C11eC12 control siRNA-injected unloaded, and C12eC13
Atg5 siRNA-injected unloaded disc tissues were acquired after
radiographic imaging for the height and analyzed by histo-
morphological safranin-O staining and immunofluorescence for
autophagy, apoptosis, and senescence [Fig. 1(D)].

Sample size (n ¼ 6/time point) was based on literature27e33 but
not a priori sample-size calculation. Rats were fed separately in a
specific pathogen-free housing cage with freely available food and
water. The room had a controlled 12-h light/dark cycle, tempera-
ture (23 ± 2�C), and humidity (55 ± 5%). Humane endpoints, e.g.,
�20% weight loss and behavioral changes, were determined.

RNAi

The RNAi was performed using small interfering RNAs (siRNAs)
to knockdown Atg5 with the reverse transfection method, allowing
high transfection efficiency35. In vitro, three different Atg5 siRNAs
[Supplemental Table 2] were used to exclude off-target effects. A
non-targeting siRNA was used as a negative control. Cells in 10%
FBS-supplemented DMEM were added to each siRNA with Lip-
ofectamine™ RNAiMAX transfection reagent diluted in Opti-Mini-
mal Essential Medium I and then cultured for 24 h. Applied
amounts of siRNAs were 60 (6-well plate), 4.8 (8-well chamber),
and 2 (96-well plate) pmol/well.

In vivo, Atg5 or control siRNA with Invivofectamine™ 3.0 re-
agent (final 1.5-pmol/l concentration) was prepared. The Alexa
Fluor® 555-labeled Atg5 siRNA was used to assess successful tissue
transfection.

Cell viability assay

In vitro, cell viability was assessed by CCK-8 dehydrogenase ac-
tivity, the absorbance of which (450 nm) was measured using the
Model 680 microplate reader. In addition, images were photo-
graphed with the BZ-X700 microscope. The number of adherent
cells was counted in duplicated four random low-power fields
(� 100) (LPFs) using the ImageJ software (https://imagej.nih.gov/ij/).

Protein extraction, sodium dodecyl sulfate (SDS)epolyacrylamide
gel electrophoresis (PAGE), and WB

Cells were scraped off on ice in 3-(N-morpholino)propane-
sulfonic acid buffer containing protease and phosphatase in-
hibitors. Harvested tissues were homogenized using the MS-100R
bead-beating disrupter for 30 s twice at 4�C in the T-PER™ tissue
protein extraction reagent with protease and phosphatase in-
hibitors. Soluble proteins were collected after 20,000-�g centrifu-
gation for 15 min at 4�C. Samples were stored at �80�C. Protein
concentration was determined by the bicinchoninic acid assay.

Equal 30-mg amounts of proteinweremixed with the SDSePAGE
sample buffer, boiled for 5 min, and resolved on a 7.5e15.0% poly-
acrylamide gel. Separated proteins in the tris(hydroxymethyl)
aminomethaneeglycineeSDS buffer system were transblotted to a
polyvinylidene difluoride membrane and probed with primary
antibodies for 12 h at 4�C (1:200e1:1,000 dilution) followed by
secondary antibodies (1:400 dilution) for 1 h at room temperature.
Signals were visualized by enhanced chemiluminescence. Images
were obtained using the Chemilumino analyzer LAS-3000 mini.
Band intensity was quantified using ImageJ.

In vitro and in vivo, WB was designed to analyze intracellular
expression of disc NP notochord-related brachyury and CD2436,
matrix anabolism-related aggrecan and collagen type II alpha 1
(Col2a1)10, autophagy-related Atg5, LC3, and p62/SQSTM121,
apoptosis-related poly (ADP-ribose) polymerase (PARP) and
cleaved caspase-911, senescence-related p53, p21/CIP1, and p16/
INK4a12 in total cell or tissue protein extracts. Protein expression
was normalized to loading control tubulin and shown as the rela-
tive percentage of control.

Paraffin-embedded tissue preparation

In vivo, functional rat caudal spinal units (vertebral body-
ediscevertebral body) were obtained after euthanasia, 1-d fixed
en-bloc with 4% paraformaldehyde, 7-d decalcified in 10%
ethylenediaminetetraacetic acid, embedded in paraffin, and cut
mid-sagittal into 7-mm sections for histomorphology and
immunofluorescence.

TUNEL staining

In vitro, cells were fixedwith 4%paraformaldehyde for 10min and
applied to fluorescein-labeled TUNEL staining for apoptotic frag-
mented DNA detection with 4’,6-diamidino-2-phenylindole (DAPI)
for counterstaining37. In vivo, apoptotic TUNEL positivity in tissue
sections was examined. Under the BZ-X700 microscope and ImageJ,
the percentage of TUNEL-positive cells was calculated relative to the
total number of DAPI-positive cells in duplicated four random LPFs.

SA-b-gal staining

In vitro, senescent cells were identified by cytochemical SA-b-gal
staining at pH 6.038. The percentage of SA-b-gal-positive cells was
calculated in duplicated four random LPFs.

Immunofluorescence

In vitro and in vivo, multi-color immunofluorescence was per-
formed to understand disc cellular relationship between auto-
phagy, apoptosis, and senescence. After antigen-retrieval,
permeabilization, and blocking, fixed cells and disc tissue sections
were incubated with autophagic Atg517 and senescent p16/INK4a39

primary antibodies (both 1:100 dilution) and apoptotic fluorescein-
labeled TUNEL37 for 12 h at 4�C and subsequently with Alexa Fluor®

568 and 647 secondary antibodies (1:200 dilution) and DAPI for 1 h
at room temperature. The percentage of Atg5-positive cells, TUNEL-
positive cells, and p16/INK4a-positive cells was calculated relative
to DAPI-positive cells in duplicated four random LPFs.

In vivo, immunofluorescence for Alexa Fluor® 555-labeled Atg5
siRNA and DAPI was performed to disclose the efficacy and working
period of intradiscal transfection. The Alexa Fluor® 555 signals are
detectable only under the presence of Atg5 siRNAs incorporated in
cells.

Radiography

In vivo, lateral radiographs were taken using a VPX-30E system
and IXFR film (exposure time, 40 s; distance, 40 cm; current, 3 mA;
voltage, 35 kV). Disc height was measured using ImageJ twice at a
1-week interval by each of two investigators blinded to this study,
normalized to adjacent vertebral body heights as the disc height
index (DHI), shown as the percent of preoperative DHI (%
DHI ¼ [postoperative DHI/preoperative DHI] � 100), and further
normalized to the intact disc as the normalized %DHI (normalized %
DHI ¼ [experimental %DHI/intact %DHI] � 100)40.

Histomorphology

In vivo, safranin-O, fast green, and hematoxylin staining was
performed to demonstrate disc tissue morphological disruption.

https://imagej.nih.gov/ij/
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Histopathological grade, from 0 (non-degenerated) to 16 (severely
degenerated) for NP morphology, NP cellularity, NPeAF border, AF
morphology, and endplate41, was assessed in duplicate twice at a 1-
week interval by each of two blinded investigators, and the median
scores were used for evaluation.

Statistical analysis

Data are presented as themean [95% CI: lower limit, upper limit]
in the text and dot and box plots in the graphs. With the normality
assumption, one-way repeated measured analysis of variance
(ANOVA), two-way ANOVA, and three-way ANOVA with the
TukeyeKramer post-hoc test were used to assess effects of “treat-
ment”, “experimental condition”, and “time” on in-vitro cell
viability, cell count, WB, TUNEL staining, SA-b-gal staining, and
immunofluorescence, on in-vivo WB, and on in-vivo radiography,
histomorphology, and immunofluorescence, respectively. The
intra-class correlation coefficient was calculated to determine the
intra-observer and inter-observer reliability for radiography and
histology. Statistical analysis was performed using IBM SPSS Sta-
tistics 23.0 (IBM, Armonk, NY).

Results

In-vitro Atg5 knockdown suppresses autophagy and promotes
apoptosis and senescence in rat disc NP cells

First, notochordal marker expression was evaluated to validate
rat disc NP phenotype. In WB, protein extracts from tested samples
all showed positive expression of notochord-related brachyury and
CD24 [Fig. 2(A)]. Then, we assessed whether Atg5 RNAi using three
different siRNAs could effectively knockdown the corresponding
protein. Significant decrease in Atg5 expression was seen following
every Atg5-siRNA transfection (sequence 1, mean 44.4% knock-
down [95% CI: �51.7, �37.1]; sequence 2, 51.5% knockdown
[�80.5, �22.5]; sequence 3, 62.3% knockdown [�96.6, �28.2])
[Fig. 2(A)]. Furthermore, we assessed Atg5-RNAi effects on auto-
phagy. Immunoblotting demonstrated that Atg5-siRNA treatment
decreased LC3-II (sequence 1, 62.1% [�64.5, �11.3]; sequence 2,
64.0% [�62.6, �9.5]; sequence 3, 48.3% [�78.3, �25.2]) and
increased p62/SQSTM1 (sequence 1, 170.5% [33.7, 107.3]; sequence
2, 169.4% [32.6, 106.2]; sequence 3, 188.0% [51.2, 124.8]) [Fig. 2(A)],
both indicating successful Atg5 knockdown-mediated autophagy
suppression. In subsequent experiments, the sequence-3 Atg5
siRNA with the highest knockdown efficiency was used.

Second, to understand Atg5 RNAi-modified disc cellular physi-
ology, we assessed cell viability by CCK-8 and counted cell number.
These were not significantly different between the groups treated
by control and Atg5 siRNAs in 10% FBS-supplemented DMEM (CCK-
8, 100.0% vs 93.6% [�0.8, 21.4]; cell number, 132.3/LPF vs 127.3/LPF
[�16.5, 6.5]) but significantly decreased with Atg5 knockdown
under autophagy-requiring conditions in serum-free DMEM (CCK-
8, 77.4% vs 66.4% [�29.8, �8.6]; cell number, 84.8/LPF vs 71.8/LPF
[�24.5, �1.5]) and further with IL-1b supplementation (CCK-8,
56.7% vs 44.5% [�36.9, �23.5]; cell number, 49.5/LPF vs 33.0/LPF
[�28.0, �5.0]), indicating Atg5 knockdown-dependent and serum
withdrawal and inflammation-dependent decrease in cell number
and viability [Fig. 2(B)].

Third, we assessed Atg5-RNAi effects on disc cellular matrix
anabolism, apoptosis, and senescence. Pro-inflammatory IL-1b
stimulation resulted in downregulation of anabolic aggrecan
([�49.8, �16.6]) and Col2a1 ([�53.8, �27.6]) protein expression,
which was further enhanced by Atg5 RNAi (Col2a1, [�26.1, �0.3]).
Then, IL-1b stimulation induced significant downregulation of
apoptosis-related PARP ([�31.4, �7.5]) and significant upregulation
of apoptotic cleaved PARP ([17.3, 69.2]) and cleaved caspase-9
([12.5, 52.6]) and senescent p21/CIP1 ([19.7, 103.1]) and p16/INK4a
([11.5, 34.6]) expression. Furthermore, Atg5 knockdown addition-
ally increased IL-1b-induced markers of apoptosis and senescence
compared with Atg5 siRNA-treated IL-1b-unstimulated cells (PARP,
[�39.7, �15.7]; cleaved PARP, [12.3, 64.3]; cleaved caspase-9, [22.3,
62.4]; p53, [38.1, 156.8]; p21/CIP1, [24.2, 107.6]; p16/INK4a, [14.8,
37.9]) and control siRNA-treated IL-1b-stimulated cells (cleaved
PARP, [6.2, 58.1]; cleaved caspase-9, [0.5, 40.6]; p53, [10.1, 128.8];
p16/INK4a, [5.7, 28.8]) [Fig. 2(C)]. These data suggest accelerated
apoptosis and senescence by Atg5 knockdown under stressful
serum deprivation and inflammation.

In-vitro Atg5 knockdown increases the incidence of apoptosis and
senescence in rat disc NP cells

In-vitro Atg5-RNAi effects on disc cellular apoptosis and senes-
cence were further evaluated by TUNEL staining, SA-b-gal staining,
and multi-color immunofluorescence. The percentage of TUNEL-
positive cells increased following IL-1b stimulation ([95% CI: 15.8,
33.2]), amplified by Atg5 RNAi ([0.4, 22.9]) [Fig. 3(A)]. Also, SA-b-
gal-positive cell percentage increased with IL-1b supplementation
([13.3, 29.5]), exaggerated by Atg5 RNAi ([1.6,17.8]) [Fig. 3(B)]. Then,
Atg5 RNAi significantly decreased immunopositivity for Atg5 in IL-
1b-unstimulated ([�62.0, �40.7]) and IL-1b-stimulated
([�57.2,�35.9]) cells, which contrastingly increased the percentage
of TUNEL-positive ([1.1, 29.2]) and p16/INK4a-positive ([0.1, 15.8])
cells under IL-1b stimulation. However, immunopositivity for
apoptotic TUNEL and senescent p16/INK4a remained overlapped
partially (3.7e17.0%) [Fig. 3(C)]. These results support promoted
apoptosis and senescence by Atg5 knockdown.

In-vivo Atg5 knockdown facilitates prolonged suppression of
autophagy in rat disc NP tissues

Based on the in-vitro disc cytotoxic effects of Atg5 knockdown,
in-vivo intradiscal gene-silencing experiments using Atg5 RNAi
were designed. All rats underwent surgery well and gained body
weight throughout the experiment (mean 584.7 g, [95% CI: 577.6,
591.9] at 56 d). All springs maintained their compressive length and
fully recovered after release, indicating sustained axial loading.
There were no signs of infection, skin necrosis, or neurological
problems.

To corroborate local siRNA introduction into rat tail discs and
uptake by NP cells, Alexa Fluor® 555-labeled Atg5 siRNA was used.
Successful administration was confirmed by radiography upon
injecting a contrast agent [Fig. 4(A)]. Technically in this system, only
siRNAs incorporated into the cytoplasm are detectable. Immuno-
fluorescence showed the red signal for labeled Atg5 siRNA in the
disc NP-cell cytoplasm 2e56 d after injection, supporting successful
Atg5-siRNA transfection into disc NP cells and a long-term 56-
d maintenance [Fig. 4(B)]. Immunoblotting displayed sustained
Atg5 protein downregulation in Atg5 siRNA-injected discs (2 d,
45.0% knockdown [�66.3, �19.9]; 28 d, 36.9% knockdown
[�56.4, �10.0]; 56 d, 33.2% knockdown [�52.8, �5.3]) [Fig. 4(C)].
Furthermore, Atg5 RNAi-mediated prolonged autophagy suppres-
sionwas observed with decreased LC3-II (2 d, 61.4% [�59.0, �14.6];
28 d, 64.4% [�54.1, �9.8]; 56 d, 60.6% [�56.9, �12.5]) and increased
p62/SQSTM1 (2 d, 139.1% [16.9 65.0]; 28 d, 131.9% [11.5, 59.6]; 56 d,



Fig. 2 Osteoarthritis and Cartilage

In-vitro Atg5 knockdown suppresses autophagy and promotes apoptosis and senescence in rat disc NP cells. (A) WB for phenotypic
brachyury and CD24, autophagic Atg5, LC3, and p62/SQSTM1, and loading control tubulin of total protein extracts from rat disc NP cells after
Atg5 or control siRNA transfection in DMEM with 10% FBS for 24 h. Changes in relative protein expression of Atg5, LC3-II, and p62/SQSTM1
normalized to tubulin are shown. (B) Changes in CCK-8-based viability, counting number, and morphological appearance of rat disc NP cells
after Atg5 or control siRNA transfection in DMEM with 10% FBS for 24 h followed by in DMEM with 10% FBS, with 0% FBS, or with 0% FBS and
10-ng/ml IL-1b for 24 h. Cell count was performed in respective four random LPFs of duplicates. (C) WB for phenotypic brachyury and CD24,
anabolic aggrecan and Col2a1, apoptotic PARP, cleaved PARP, and cleaved caspase-9, senescent p53, p21/CIP1, and p16/INK4a, and loading
control tubulin of total protein extracts from rat disc NP cells after Atg5 or control siRNA transfection in DMEM with 10% FBS for 24 h followed by
in DMEM with 0% FBS and 10-ng/ml IL-1b for 24 h. Changes in relative protein expression of aggrecan, Col2a1, PARP, cleaved PARP, cleaved
caspase-9, p53, p21/CIP1, and p16/INK4a normalized to tubulin are shown. In (A), (B), and (C), data are presented with dot and box plots (n ¼ 4).
One-way repeated measures ANOVA with the TukeyeKramer post-hoc test was used. Immunoblots and cellular images shown are represen-
tative of experiments with similar results.
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Fig. 3 Osteoarthritis and Cartilage

In-vitro Atg5 knockdown increases the incidence of apoptosis and senescence in rat disc NP cells. (A) Immunofluorescence for apoptotic
TUNEL (green), nuclear DAPI (blue), and merged signals of rat disc NP cells after Atg5 or control siRNA transfection in DMEM with 10% FBS for
24 h followed by in DMEM with 0% FBS and 10-ng/ml IL-1b for 24 h. Changes in the percentage of TUNEL-positive cells relative to DAPI-positive
cells are shown. (B) SA-b-gal staining of rat disc NP cells after Atg5 or control siRNA transfection in DMEM with 10% FBS for 24 h followed by in
DMEM with 0% FBS and 10-ng/ml IL-1b for 24 h. Changes in the percentage of SA-b-gal-positive cells relative to total cells are shown. (C)
Immunofluorescence for autophagic Atg5 (red), apoptotic TUNEL (green), senescent p16/INK4a (purple), nuclear DAPI (blue), and merged signals
of rat disc NP cells after Atg5 or control siRNA transfection in DMEM with 10% FBS for 24 h followed by in DMEM with 0% FBS and 10-ng/ml IL-
1b for 24 h. Changes in the percentage of Atg5-positive, TUNEL-positive, p16/INK4a-positive, and TUNEL and p16/INK4a-co-positive cells
relative to DAPI-positive cells are shown. In (A), (B), and (C), cell count was performed in respective four random LPFs of duplicates. Data are
presented with dot and box plots (n ¼ 4). One-way repeated measures ANOVA with the TukeyeKramer post-hoc test was used. Immunoflu-
orescent and cytochemical images shown are representative of experiments with similar results.
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124.2% [4.8, 52.9]) [Fig. 4(C)]. These findings indicate extended
intradiscal autophagy suppression after Atg5 knockdown.

In-vivo Atg5 knockdown advances radiographic and
histomorphological disc disruption under temporary static
compression in rats

In-vivo Atg5-RNAi effects on disc tissue disruption were evalu-
ated under temporary static compression. Radiographic %DHI
analysis exhibited the intra-observer reliability of 0.949e0.978 and
inter-observer reliability of 0.901, indicating an acceptable repro-
ducibility. In Atg5 siRNA-injected loaded discs, %DHI was signifi-
cantly lower compared with Atg5 siRNA-injected unloaded discs
(7 d, [95% CI: �23.1, �5.3]; 28 d, [�41.5, �15.5]; 56 d,
[�65.4, �20.6]) and control siRNA-injected loaded discs (7 d,
[�19.3, �1.4]; 28 d, [�36.3, �10.2]; 56 d, [�43.9, �0.8]), demon-
strating the progressive loss between 7 d ([�49.8, �26.0]) and 28 d
([�33.6, �9.7]) vs 56 d [Fig. 5(A)]. These findings suggest an
involvement of Atg5-dependent autophagy in maintaining disc
height against mechanical loading.
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Fig. 4 Osteoarthritis and Cartilage

In-vivo Atg5 knockdown facilitates prolonged suppression of autophagy in rat disc NP tissues. (A) Confirmation with radiography of
successful intradiscal 33-gauge needle insertion and 2-ml contrast injection. (B) Immunofluorescence for Alexa Fluor® 555-labeled autophagic
Atg5 siRNA (red), nuclear DAPI (blue), and merged signals of rat tail discs at 2, 28, and 56 d after Alexa Fluor® 555-labeled Atg5 or control siRNA
injection. White rectangles indicate the disc NP area shown as the enlarged merged images. (C) WB for autophagic Atg5, LC3, and p62/SQSTM1
and loading control tubulin of total protein extracts from rat tail disc NP tissues at 2, 28, and 56 d after Atg5 or control siRNA injection. Changes in
relative protein expression of Atg5, LC3-II, and p62/SQSTM1 normalized to tubulin are shown. In (C), data are presented with dot and box plots
(n ¼ 6). Two-way ANOVA with the TukeyeKramer post-hoc test was used. Immunofluorescent images and immunoblots shown are repre-
sentative of experiments with similar results.
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Histological grading illustrated the intra-observer reliability of
0.943e0.968 and inter-observer reliability of 0.916, suggesting an
appropriate reproducibility. Safranin-O staining presented signifi-
cantly higher degenerative scores in Atg5 siRNA-injected loaded
discs than Atg5 siRNA-injected unloaded discs (28 d, [�7.7, �2.6];
56 d, [�10.3, �5.0]) and control siRNA-injected loaded discs (56 d,
[�5.5,�0.2]). While Atg5 siRNA-injected unloaded discs showed no
significant histopathological changes to control siRNA-injected
unloaded discs, NP-cell clustering, matrix condensation, and AF
disorganization were remarkable in Atg5 siRNA-injected loaded
discs at 56 d [Fig. 5(B), Supplemental Table 3], suggesting a
contribution of Atg5-dependent autophagy to disc tissue mainte-
nance under mechanical stress.

In-vivo Atg5 knockdown enhances immunofluorescent apoptosis
and senescence under temporary static compression in rats

We finally performed multi-color immunofluorescence for
autophagic Atg5, apoptotic TUNEL, and senescent p16/INK4a in this
model. Immunopositivity for Atg5 was significantly lower in Atg5
siRNA-injected discs than control siRNA-injected ones under
unloaded (7 d, [95% CI: �56.6, �28.4]; 28 d, [�46.3, �33.1]; 56 d,
[�58.2, �16.8]) and loaded conditions (7 d, [�55.6, �30.3]; 28 d,
[�61.1, �33.5]; 56 d, [�56.7, �18.9]) In Atg5 siRNA-injected loaded
discs, the percentage of TUNEL-positive (7 d, [27.8, 45.8]; 28 d,
[34.4, 54.9]; 56 d, [27.0, 45.9]) and p16/INK4a-positive (7 d, [23.9,
39.1]; 28 d, [35.3, 50.6]; 56 d, [27.6, 43.5]) cells was both signifi-
cantly higher than Atg5 siRNA-injected unloaded discs and control
siRNA-injected loaded discs at 56 d (TUNEL, [2.2, 22.2]; p16/INK4a,
[4.1,19.9]). In Atg5 siRNA-injected unloaded discs, the percentage of
TUNEL-positive and p16/INK4a-positive cells was not significantly
different from control siRNA-injected unloaded discs. Similar to the
in-vitro finding, in-vivo co-immunopositivity for apoptotic TUNEL
and senescent p16/INK4awas relatively limited (7 d,1.6e9.8%; 28 d,
2.2e15.0%; 56 d, 3.7e17.0%) [Fig. 6]. Collectively, the observed
findings support anti-apoptosis and anti-senescence as a consistent
role of Atg5-dependent autophagy in intervertebral disc
homeostasis.

Discussion

This is the first study showing progressive disc degenerative
changes induced by in-vitro and in-vivo Atg5 RNAi-mediated
autophagy suppression. In vitro, successful autophagy suppression
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Fig. 5 Osteoarthritis and Cartilage

In-vivo Atg5 knockdown advances radiographic and histomorphological disc disruption under temporary static compression in rats.

(A) Lateral radiographs of rat tail C11eC12 control siRNA-injected unloaded (white arrow), C12eC13 Atg5 siRNA-injected unloaded (light-gray
arrow), C8eC9 control siRNA-injected loaded (intermediate-gray arrow), and C9eC10 Atg5 siRNA-injected loaded (dark-gray arrow) discs at 0, 7,
28, and 56 d under temporary static compression at 1.3 MPa for 24 h. Changes in the height of control siRNA-injected unloaded, Atg5 siRNA-
injected unloaded, control siRNA-injected loaded, and Atg5 siRNA-injected loaded discs are shown. (B) Safranin-O staining of rat tail C11eC12
control siRNA-injected unloaded, C12eC13 Atg5 siRNA-injected unloaded, C8eC9 control siRNA-injected loaded, and C9eC10 Atg5 siRNA-
injected loaded discs at 0, 7, 28, and 56 d under temporary static compression at 1.3 MPa for 24 h. Changes in the histopathological grade of
control siRNA-injected unloaded, Atg5 siRNA-injected unloaded, control siRNA-injected loaded, and Atg5 siRNA-injected loaded discs are
shown. In (A) and (B), data are presented with dot and box plots (n ¼ 6). Three-way ANOVA with the TukeyeKramer post-hoc test was used.
Radiographs and histomorphological images shown are representative of experiments with similar results.
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was confirmed by introducing siRNA targeting Atg5, an essential
autophagy factor, into rat disc NP cells. This is consistent with hu-
man disc NP-cell findings, undergoing Atg5 downregulation25. The
observed knockdown efficiency of Atg5 siRNAs is comparable with
literature (46e98%)35. Following Atg5 RNAi, apoptosis and senes-
cence rates increased in cells under serum deprivation, further
promoting after pro-inflammatory IL-1b stimulation. These anti-
apoptotic and anti-senescent findings of Atg5-dependent auto-
phagy in rat disc NP cells are consistent with human articular
chondrocytes exhibiting enhanced apoptosis and senescence by
Atg5 RNAi42. Since autophagy is negatively regulated by mTOR
signaling16, we previously reported autophagy induction by
silencing mTOR complex 1 (mTORC1)22 and administrating tem-
sirolimus, an mTORC1 inhibitor23, in human disc NP cells. Selective
mTORC1 inhibition activated autophagy with anti-apoptosis and
anti-senescence. However, Akt, located upstream of mTORC1 to
promote cell survival by suppressing apoptosis16, was also activated
through the negative feedback loop16. Therefore, mTORC1 inhibi-
tion-mediated cytoprotection cannot completely exclude Akt
activation effects. This study shows that specific autophagy
suppression through Atg5 knockdown increases apoptosis and
senescence in rat disc NP cells, suggesting an anti-apoptotic and
anti-senescent contribution of Atg5-dependent autophagy to the
homeostasis maintenance.

In vivo, Atg5 siRNA was found within the disc NP through 56-
d post-injection. The observed knockdown efficiency of Atg5 siRNA
locally administered in rat disc NP tissues is comparable with that in
other tissues, e.g., brain, eye, and skin (10e75%)43. Furthermore, 56-
d intradiscal autophagy suppression was confirmed, suggesting a
long-term stability and capability of siRNA to block intradiscal
protein expressionwithout beingmetabolized. In other organs, local
siRNA administration effects are maintained as short as 1e16-d43.
Meanwhile, the reported siRNA-retaining period in rat disc NP cells
and tissues was 2e3 weeks44 and�24 weeks28. This notable feature
could be due to the anatomical (avascular, encapsulated) and bio-
logical (highly differentiated, slow proliferated) characteristics of
the disc27,28. Thus, we regard siRNAs as a potent tool for local gene
therapy in disc disease. Since high effectiveness and long-term ef-
ficacy are advantages of gene therapy45, single administrationmight
provide sufficient therapeutic effects in future clinical practice.
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Fig. 6 Osteoarthritis and Cartilage

In-vivo Atg5 knockdown enhances immunofluorescent apoptosis and senescence under temporary static compression in rats.

Immunofluorescence for autophagic Atg5 (red), apoptotic TUNEL (green), senescent p16/INK4a (purple), nuclear DAPI (blue), and merged signals
of rat tail C11eC12 control siRNA-injected unloaded, C12eC13 Atg5 siRNA-injected unloaded, C8eC9 control siRNA-injected loaded, and C9
eC10 Atg5 siRNA-injected loaded discs at 0, 7, 28, and 56 d under temporary static compression at 1.3 MPa for 24 h. Changes in the percentage
of Atg5-positive, TUNEL-positive, p16/INK4a-positive, and TUNEL and p16/INK4a-co-positive cells relative to DAPI-positive cells of control
siRNA-injected unloaded, Atg5 siRNA-injected unloaded, control siRNA-injected loaded, and Atg5 siRNA-injected loaded discs are shown. Cell
count was performed in respective four random LPFs of duplicates. Data are presented with dot and box plots (n ¼ 6). Three-way ANOVA with
the TukeyeKramer post-hoc test was used. Immunofluorescent images shown are representative of experiments with similar results.
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The observed mechanically induced radiographic, histo-
morphological, and immunofluorescent disc disruptionwas further
accelerated by Atg5 knockdown in this animal model29e32. The
lowest disc height, highest degeneration grade, and most promi-
nent apoptosis and senescence induction were observed in Atg5
siRNA-injected loaded discs. Excessive disc NP-cell apoptosis and
senescence can lead to disc degeneration through various signaling
pathways in response to such stressors as aging, inflammation,
nutrient deprivation, and mechanical overloading46,47. While pro-
gressive disc degeneration was reported by the administration of
autophagy inhibitors25,48, several reports conversely showed pro-
moted disc degeneration possibly by oxidative stress-induced49

and high lactate concentration-induced50 autophagy. Thus, roles of
autophagy in disc degeneration are still controversial. The present
autophagy-inhibition study through Atg5 RNAi, consistently pre-
senting the in-vitro and in-vivo progression of disc degenerative
changes with enhanced apoptosis and senescence, suggests the
involvement and importance of Atg5-dependent autophagy in disc
cell and tissue homeostasis, consequently the primary role of which
is to protect against apoptosis and senescence.

This study has several limitations. The disc disruption mecha-
nism in the used rat tail model is not exactly the same as that in
human aging. Rats retain disc-NP notochordal cells throughout
their lives unlike adult humans, which could differently respond to
mechanical loading5. The applied 24-h 1.3-MPa temporary static
compression is not physiological, although demonstrating subse-
quent disc degenerative changes with downregulated aggrecan and
Col2a1 gene expression32. Then, this study did not evaluate auto-
phagy induction and/or Atg gene overexpression. Further investi-
gation of autophagy activation is warranted to clarify the
therapeutic potential for disc degeneration.

In conclusion, the in-vitro and in-vivo rat intervertebral disc
RNAi-mediated loss-of-function study of Atg5 suggests that auto-
phagy maintains homeostasis through cytoprotective effects
against apoptosis and senescence. Autophagy could be a new mo-
lecular therapeutic target for degenerative disc disease.
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