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Abstract

Background: Intervertebral disc degeneration (IDD) is a leading contributor to low
back pain (LBP). Autophagy, strongly activated by hypoxia and nutrient starvation, is
a vital intracellular quality control process that removes damaged proteins and organ-
elles to recycle them for cellular biosynthesis and energy production. While well-
established as a major driver of many age-related diseases, autophagy dysregulation
or deficiency has yet been confirmed to cause IDD.

Methods: In vitro, rat nucleus pulposus (NP) cells treated with bafilomycin Al to
inhibit autophagy were assessed for glycosaminoglycan (GAG) content, proteoglycan
synthesis, and cell viability. In vivo, a transgenic strain (Col2al-Cre; Atg7"™) mice
were successfully generated to inhibit autophagy primarily in NP tissues. Col2a1-Cre;
Atg7"M mouse intervertebral discs (IVDs) were evaluated for biomarkers for apopto-
sis and cellular senescence, aggrecan content, and histological changes up to
12 months of age.

Results: Here, we demonstrated inhibition of autophagy by bafilomycin produced
IDD features in the rat NP cells, including increased apoptosis and cellular senes-

cence (p21¢'P%)

and decreased expression of disc matrix genes Col2al and Acan. H&E
histologic staining showed significant but modest degenerative changes in NP tissue
of Col2a1-Cre; Atg7™"" mice compared to controls at 6 and 12 months of age. Intrigu-
ingly, 12-month-old Col2a1-Cre; Atg7™ mice did not display increased loss of NP
proteoglycan. Moreover, markers of apoptosis (cleaved caspase-3, TUNEL), and cellu-
lar senescence (p53, p16™4? |L-1p, TNF-a) were not affected in 12-month-old
Col2a1-Cre; Atg7™f mice compared to controls. However, p21<P'and Mmp13 gene
expression were upregulated in NP tissue of 12-month-old Col2a1-Cre; Atg7™"™ mice
compared to controls, suggesting p21“"*-mediated cellular senescence resulted from
NP-targeted Atg7 knockout might contribute to the observed histological changes.

Conclusion: The absence of overt IDD features from disrupting Atg7-mediated
macroautophagy in NP tissue implicates other compensatory mechanisms, highlight-
ing additional research needed to elucidate the complex biology of autophagy in

regulating age-dependent IDD.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | INTRODUCTION
Intervertebral discs (IVD), situated between the vertebrae within the
spine, are composed of three tissue types: the cartilaginous end plate
(CEP), annulus fibrosus (AF), and nucleus pulposus (NP). Intervertebral
disc degeneration (IDD) is a major contributor to low back pain (LBP)
that represents a significant global public health burden.?™3 The IVD is
the largest avascular tissue in the body, which results in a unique bio-
chemical microenvironment that is hypoxic, acidic, hyperosmotic, and
low in nutrients.*> Resident disc cells are chronically deprived of
nutrients as evident by the low in vivo glucose concentrations
reported for NP (0.5-1 mM) and AF (1-5 mM) tissue.®”
Macroautophagy (herein referred to as autophagy) is an important
cellular quality control mechanism that has been shown to be essen-
tial for preventing metabolic and degenerative diseases, and many
other disorders across a variety of tissue types.21? Autophagy is an
intracellular degradation process that targets cytoplasmic material,
damaged organelles, misfolded proteins, and so forth to the lysosome
for degradation.™® Upregulated by cellular stress such as nutrient dep-
rivation or hypoxia, autophagy plays an important role in maintaining
cellular protein homeostasis, especially for terminally differentiated
non-dividing cells that accumulate greater molecular damage
than proliferative cells, as the latter can dilute the damage by
mitosis.1%1114"17 Deletion of autophagy in tissues containing post-
mitotic differentiated cells, such as the brain, heart, and skeletal muscle,
leads to accumulation of ubiquitin-positive inclusion bodies/aggregates
and subsequent degeneration or dysfunction of each tissue type.'® Hence,
the quality control mechanism for removing damaged or toxic proteins
and organelles by autophagy is particularly vital to non-dividing cells.
Substantial similarities exist between features of the IVD cellular
microenvironment and known cellular stresses that induce autophagy,
specifically nutrient deprivation and hypoxia—with nutrient depriva-
tion being the most potent physiological inducer of autophagy.!’ Fur-
thermore, IVD cells are mostly non-dividing after childhood.?° In most
of the tissues, autophagy plays a vital role in maintaining function and
viability of post-mitotic differentiated cells, and in case disc cells too,
a comprehensive review of the literature?! affirmed the presence of
autophagy molecular machinery components. However, it is not
known whether IVD autophagy is constitutively active due to their
chronic low nutrient and hypoxic environment. It is also not confirmed
whether IVD autophagy changes with age and if autophagy defect
promotes age-related IDD.?Y?? Moreover, whether autophagy has
beneficial or detrimental effects on IVD function is further muddled
with conflicting findings on how IVD cells modulate autophagy in
response to stresses such as mechanical loading or inflammation.?*
Several studies have reported therapeutic effects of autophagy modu-
lating agents such as metformin and curcumin in rodent model of

disc-injury induced IDD.2%2* The reported therapeutic efficacies of

these treatments have been correlatively attributed to enhanced
autophagy with few direct supporting evidence.2>~2” Although emerg-
ing studies have identified autophagy as an important regulator of
IVD cell health, several limitations exist as most of the studies are
done using siRNA targeted knockdown in vitro/in vivo.282?

In this study, we treated rat NP cell cultures with bafilomycin to
inhibit autophagy, which produced significant cell death and
decreased expression of key disc matrix genes Col2al and Acan 48 h
post-treatment. To establish whether autophagy is essential for IVD
health in vivo, we generated Col2a1-Cre; Atg7ﬂ/ ' mice, which success-
fully disrupted autophagy in NP tissues by Atg7 gene knockout, evi-
denced by accumulation of p62 and LC3-I protein in NP but no other
tissues. However, we found that NP-targeted autophagy disruption in
Col2a1-Cre; Atg7™f mice had no impact on disc aggrecan matrix
homeostasis or apoptosis. Modest histological structural changes
were observed in NP tissue of 6- and 12-month-old Col2al-Cre;
Atg7™"" mice compared to controls. The markers for senescence and

ICIPI

inflammation, with the exception of p2 gene expression, were

not significantly different between control and Col2a1-Cre; Atg7™"f
mice. Overall, our findings challenge the current notion in the field
that autophagy inhibition or dysregulation is a major contributor to
age-related IDD and implicate other compensatory mechanisms

needed to maintain disc proteostasis with age.

2 | MATERIALS AND METHODS

21 | Ethics statement

All animal experiments were approved by the Institutional Animal
Care and Use Committee of the University of Pittsburgh and con-
ducted in accordance with the principles of the Declaration of Hel-

sinki and with the laws and regulations of the US.

2.2 | Invitro cell culture model

NP tissue from 8-week-old male Fischer F344 rats (Charles Rivers,
Wilmington MA, USA) were used to generate cell cultures for all
in vitro experiments. Isolated NP tissue was washed 3 times in PBS,
spun down at 2000 RPM for 5 min, and digested in pronase (0.1%) for
1 h. After spinning down the tissue and washing with PBS 3 times, NP
cells were isolated by digestion with collagenase (0.01%) for 20 min.
NP cells were cultured in six-well plates in F-12/D-MEM
(11 320 033, Thermo Fisher) containing 10% FBS and 1% antibiotic/
antimycotic (A/A) (A5955, Millipore Sigma) under standard conditions
(37°C, 5% CO,, 5% O,). Once expanded, rat NP cells were used at

passage two for experimentation. To mimic low nutrients in vivo
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during autophagy inhibition experiments, NP cells were given DMEM
with no glucose, no glutamine, and no phenol red (A1443001, Thermo
Fisher) supplemented with 1% FBS, 1% antibiotic/antimycotic (A5955,
Millipore Sigma), and 1 mM glutaMAX (35 050 061, Thermo Fisher) for
the duration of the experiments—48 h.%° In control conditions, NP
cells were cultured in DMEM with 10% FBS and 1% P/S. The low
nutrient (LN) condition mentioned throughout was defined as DMEM
no glucose supplemented with 1 mM glutaMAX and 1% A/A.

To inhibit autophagy, rat NP cells from passage 2 of the culture
were seeded in 6- or 12-well plates, and treated with 10 nM bafilomy-
cin A1 (B1793, Millipore Sigma) for up to 48 h.

2.3 | Western blotting
NP and AF protein from spine discs of mice were separately extracted
using T-PER tissue protein extraction reagent (78510, Thermo Fisher)
with Halt proteinase inhibitor cocktail (87786, Thermo Fisher) over-
night on a shaker. Protein from different rat tissues also were
extracted using the same method. For in vitro experiments, NP cells
were collected using MPER reagent on ice with a cell scraper. All sam-
ples were measured for total protein concentration using a BCA Pro-
tein Assay Kit (23225, Thermo Fisher) to ensure equal loading.

Following electrophoresis using Mini-PROTEAN TGX 12%
polyacrylamide denaturing gels (4561043, Bio-Rad), separated proteins
were transferred to a polyvinylidene difluoride (PVDF) membrane
(88 518, Thermo Fisher). The blots were blocked using 5% non-fat dry
milk (1706404XTU, Bio-Rad) at room temperature, shaken for 1 h, and
then incubated overnight with primary antibodies. Primary antibodies to
LC3 (12741, cell signaling technology), ATG7 (8558, cell signaling technol-
ogy), ATG12-ATG5 (4180, cell signaling technology), SQSTM1/p62
(5114, Cell Signaling Technology), TNF-a (3707, cell signaling technology),
IL-1B (12 242, cell signaling technology), p53 (2524, cell signaling technol-
ogy), GAPDH (2118, cell signaling technology) and -actin (A2066, Milli-
pore Sigma), and secondary anti-rabbit HRP antibody (31460, Thermo
Fisher) were used. All antibodies were diluted using SignalBoost Immu-
noreaction Enhancer kit (407207, Millipore Sigma). HRP activity signals
were measured using chemiluminescent detection (34095, Thermo Fish-
er) and ChemiDoc MP system (Bio-Rad). Quantification for all Western
blots was performed with densitometry analysis using Image J (https://
imagej.nih.gov/ij/) and background subtraction. Uncropped images for
Western blots are shown in supplemental file.

To measure disc aggrecan fragmentation, previously established
protocol was used.®! Anti-aggrecan antibody (ab36861, Abcam) and
anti-rabbit horse radish peroxidase (HRP) secondary antibody were

used to detect the aggrecan proteolytic fragments by western blot.
24 | Generation of ATG7 conditional knockout
mice for in vivo experiment

Floxed Atg7 mice (Atg7™f) were crossed with collagen 2 alpha 1-Cre
(Col2a1-Cre) transgenic mice to generate NP-targeted Atg7 knockout

mice (Col2a1-Cre; Atg7ﬂ/ﬂ) (Figure 1A-D). In these mice, Col2a1-Cre;
Atg7™f Cre recombinase is expressed in NP cells causing the deletion
of the loxP flanked gene (Figure 1D). The characterization of Atg7™"
mice®2 and Col2a1-Cre mice®® have been described previously. We
bred these two mouse strains to knockout Atg7 primarily in NP tissue.
Genomic DNA samples isolated from an ear punch during weaning
were sent to Transnetyx (Cordova, TN, USA) for genotyping analysis
by gPCR. A total of six mice groups were used separated by genotype
and age: Col2al-Cre; Atg7ﬂ/f' and Atg7ﬂ/f', and 3, 6, and 12 months of

age; and their spines were collected and analyzed.

2.5 | Histology
A lumbar segment containing L3-L5 isolated from three Col2a1-Cre;
Atg7"" and three Atg7™f control mice were fixed and decalcified in
Decacifier | solution (3800440, Lecia) at 4°C overnight. All tissues
were dehydrated through a graded alcohol series and then embedded
in paraffin (Tissue Tek processor and Leica Embedder) and cut into
4-um thick sections in the coronal plane. The sections were stained
with hematoxylin and eosin (HT110280-2.5L, HHS128-4L, Millipore
Sigma) by standard procedures and then photographed under 40-
100x times magnification (E800 microscope, Nikon Eclipse).
Degenerative changes in IVD histological features were evaluated
by four blinded scorers using the histological grading system estab-
lished for mouse discs.>* Three mice per genotype from each of the
age groups were analyzed. Three lumbar coronal sections from each
mouse were scored for specific features in the NP, AF, EP, and inter-
faces between NP and AF and between NP and EP as specified by
Melgoza et al.>* NP, AF, EP tissue, and interfaces were scored individ-
ually, and a composite score was calculated by adding all the
individual scores for NP, AF, and EP tissue as well as the interface
scores. The features of NP and AF that were scored included NP cel-
lularity and morphology, NP fibrosis, NP matrix organization, AF cellu-
larity, AF bulging, AF lamellar organization, and AF clefts/fissures.>*
Each feature was scored individually from O to 3 whereby, O repre-
sented the young healthy state and 3 represented the maximum
degenerative state.*

2.6 | Immunohistochemistry

Detection of aggrecan was performed on deparaffinized coronal IVD tis-
sue sections of 4-um thickness. The sections were pretreated with chon-
droitinase ABC (0.25 U/mL; C3667 Millipore Sigma) at 37°C for 1-h to
unmask epitopes on aggrecan. Endogenous peroxidase activity was elimi-
nated by the treatment with 3% hydrogen peroxide, and then incubated
15 min with Avidin D solution and 15 min with biotin solution (SP-2001,
Vector laboratories). Permeabilization and blocking was done with 10%
goat serum, 1% BSA, and 0.25% triton x-100 in PBS for 30 min. Primary
antibody against aggrecan (1:200; AB1031, Millipore Sigma) was applied at
4°C overnight, then thoroughly washed with washing buffer (0.05%
Tween20 in PBS). Biotinylated goat anti-rabbit secondary antibody
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Effect of bafilomycin-mediated autophagy flux inhibition in NP cells in vitro. (A) Experimental design for the bafilomycin treatment

in rat NP cell culture. Rat NP cells were treated with Bafilomycin A1 in high nutrients (HN) and low nutrients (LN) media for indicated time and
analyzed for different measures. (B) Expression of two common autophagy markers LC3-1l and SQSTM1/p62 as determined by western blot
following baf Al treatment for 8-48 h in HN and LN media. (C) Cellular morphology of NP cells in LN media with baf (10 nM, 8-48 h) treatment
was visualized using light microscopy. Cellular metabolism of NP cells in LN media with 10 nM baf treatment (8-48 h) was quantified using
CCK-8 assay. (D) Representative images of live NP cells (stained green) and dead NP cells (stained red) following incubation in LN media +/— baf
(8-48 h) treatment. The ratio of live (green)/ dead (red) cells in LN media +/— 10 nM baf treatment was quantified using image J. Data shown are
mean = SEM of 3 technical replicates. Two-tailed Student's t test was used to quantify significance. *p < 0.05 baf A1, bafilomycin A1.

(1:200; BA-1000, Vector Laboratories) was applied for 30 min and the sec-
tions were washed again in washing buffer, followed by the avidin-biotin
amplification (PK-6100, Vector Laboratories) for 30 min. AEC substrate/
chromogen KIT (ACG500, ScyTek Laboratories) was used for 10 min.
Hematoxylin was used as a counterstain. All mounted slides with mount-
ing medium Cytoseal 60 (8310-4, Thermo Fisher Scientific) were visualized
on a Nikon Eclipse EB00 microscope. Mean aggrecan intensity was calcu-
lated on image J using an established protocol.

2.7 | Immunofluorescence

Mouse lumbar IVDs were isolated and fixed overnight at 4°C in 2%
paraformaldehyde and then immersed in 30% sucrose overnight
before being frozen in 2-methylbutane cooled in liquid nitrogen. Fro-
zen lumbar disc cryosections (5 mm) were rehydrated in PBS and
blocked with 5% normal donkey serum in 0.5% BSA for 45 min at
room temperature. Incubation with primary antibodies for anti-
aggrecan (AB1031, Millipore Sigma) and anti-keratin 19 (TROMA-III,

Developmental Studies Hybridoma Bank) were carried out overnight at
4°C. Sections were washed 5x in 0.5% BSA and incubated in second-
ary antibodies donkey anti-rabbit Cy3 (715-165-152, Jackson Immuno)
or donkey anti-rat Alexa 488 (A21208, Invitrogen) for 1 h, washed
5 times in 0.5% BSA followed by 1 min in Hoechst dye (B2883, Milli-
pore Sigma) at 1 mg/mL, and mounted with Gelvatol. In situ cell death
was analyzed by TMR red TUNEL (12156792910, Millipore Sigma)
staining carried out according to the manufacturer's instructions.
Images were collected with a Nikon A1l confocal microscope at 40x
magnification using large area scanning and analyzed using NIS-Ele-
ments software by a research technician blinded to the image identi-
ties (version 5.30).

28 | gRT-PCR

Total RNA from NP and AF tissue of mouse tail discs were isolated
using Biomasher li Closed System Disposable Micro Tissue Homoge-
manufacturer's instructions

nizer and TRIzol™ Reagent per
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(15 596 026, Thermo Fisher). Real-time quantitative PCR (RT-gPCR)
was performed using iTag™ Universal SYBR Green One-Step Kit
(1 725 151, Bio-Rad) and Bio-Rad CFX OPUS 96 Real-time PCR sys-
tem. Relative gene expression was determined after normalizing to
GAPDH, a housekeeping gene, by calculating the average ACt for
each group then calculating relative gene expression between groups

using the 2724t method. Primers used in this study are listed in
Table S2.
29 | DMMB assay

Proteoglycan content of NP cells was measured using 1,9-
dimethylmethylene blue buffer (DMMB) assay for total glycosamino-
glycan (GAG). GAG was released by papain digestion of cell extract at
60°C for 2 h. Concentration of GAG was measured according to the
DMMB procedure using Chondroitin-6-sulfate (C6737, Millipore
Sigma) as the standard and normalized to DNA as measured by the
Pico green assay (P11496, Thermo Fisher).

2.10 | Proteoglycan synthesis

355-sulfate incorporation was performed, as previously described®®
to measure PG synthesis. Briefly, 3>S-sulfate (ARS 0105-10 mCi/
mL, American Radiolabeled Chemical) was added to NP cell culture
media treated with or without bafilomycin in triplicate wells per
condition in a 24-well plate format. Cells were radiolabeled at the
beginning of bafilomycin treatment experiments for 48 h and
extracted by addition of homogenization buffer containing 200 mM
sodium chloride, 50 mM sodium acetate, 0.1% Triton X-100 (X-100,
Millipore Sigma), 10 mM EDTA, 50 uM DL-Dithiothreitol (D D9779,
Millipore Sigma), and 1x Protease Inhibitor (P8340, Millipore Sigma)
and shaking at 4°C for 1 h in a separate 1.5 mL micro centrifuge
tube. Proteoglycans in NP cell lysate were extracted with shaking in
4 M guanidine hydrochloride solution (G3272, Millipore Sigma) con-
taining 50 mM sodium acetate, 10 mM EDTA, and 1X protease
inhibitor at 4°C for 4 h. Extracted samples were mixed with Alcian
blue solution containing 0.2% Alcian blue (A9186, Millipore Sigma),
50 mM sodium acetate, and 85 mM magnesium chloride for 1 h at
room temperature then loaded onto nitrocellulose membranes
(HAWPO02500, Millipore Sigma). The membranes were washed with
a buffer containing 50 mM sodium acetate (52889, Millipore Sigma),
50 mM magnesium chloride, and 100 mM sodium sulfate (239 313,
Millipore Sigma) to eliminate unincorporated 3°S-sulfate. The mem-
branes were dissolved in scintillation fluid (LS-201, National
Diagnostics) and counted in a scintillation counter (Packard Tri-Carb
2100TR). Counts per minute (CPM) were converted to number of
Pico moles of sulfate, using the specific activity of 3°S-sulfate mea-
sured in the conditioned media, and then normalized to the amount
of DNA per sample as determined by the Pico green assay (P7589,

Thermo Fisher).

211 | CCK-8

Cells were plated in triplicate in 12-well tissue culture plate. P2 rat NP
cells cultured in media containing 1 mM glutaMAX and 1% FBS were
treated with 10 nM bafilomycin for varying time points (0-48 h) at
5% O,. Cell viability was measured by CCK-8 assay (CKO4, Dojindo

Molecular Technologies INC.) following the manufacturer's instructions.

212 | Red/green cytotoxicity/viability assay

Cells were plated in triplicate in 12-well tissue culture plate were
assessed by the live/dead cell viability/cytotoxicity assay kit (L3224,
Thermo Fisher), which allows for simultaneous staining of living cells
by intracellular esterase conversion of the substrate calcein acetoxy-
methyl ester and for dead cells by detecting membrane damage visu-
alized by ethidium bromide binding to nuclear DNA. Fluorescence
microscopy was performed using a fluorescein optical filter (485
+10 nm) for calcein AM and a rhodamine optical filter (530
+ 12.5 nm) for ethidium homodimer 1. Viability was assessed by live/
dead two-color fluorescence assay according to the manufacturer's
instructions. Image analysis to quantify live/dead fluorescence was
performed by using image J. Ratio of live to dead cells was calculated
by averaging the total number of live cells by total number of dead
cells from the three replicates of each condition, as specified by the
manufacturer's instructions.

2.13 | Light microscopy
Cell morphology and density were visualized and photographed under
100 times magnification (TS100 microscope, Nikon Eclipse).

2.14 | Statistical analysis

Data are presented as the mean + standard deviation (SD) or standard
error or mean (SEM). Statistical analyses (either Student t test or anal-
ysis of variance (ANOVA) as mentioned in the figure legends) were
performed with GraphPad Prism 8.0 (GraphPad Software, Inc.), and a
p-value of <0.05 defined statistically significant differences.

3 | RESULTS
3.1 | Effect of autophagy blockage on NP cells
in vitro

To investigate the role of autophagy in cell survival and function, rat
NP cell cultures were treated with the autophagy chemical inhibitor
bafilomycin A1 (Figure 1A). Bafilomycin A1 inhibits the proton pump

on the lysosomal membrane, which is responsible for acidifying the
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lysosome, leading to an increase in lysosomal pH that impairs
autophagosome-lysosome fusion needed to form autolysosomes to
degrade the cellular material within the autophagosome.3” Dose
dependent treatment of bafilomycin (0-100 nM) showed maximum
inhibition of autophagy with the minimum dose of 10 nM after 4-h of
treatment in rat NP cells grown in low-nutrient media (Figure S1).
Time-dependent treatment of bafilomycin caused an accumulation of
the key autophagy markers p62 and LC3II, confirming that autophagy
flux is active in NP cells under both nutrient poor and rich culture con-
dition (Figures 1B and S1). Of note, there was no difference in the
level of autophagy markers p62 and LC3Il in NP cells grown in nutri-
ent rich or nutrient poor condition, suggesting that in rat NP cells
autophagy is active and not dependent on nutrient level (Figure 1B).
Further, to determine whether autophagy inhibition affects NP
cell viability, CCK-8 assay was performed on NP cell cultures treated
with bafilomycin for 0-48 h. Bafilomycin caused significant NP cell
death at 48 h of treatment. These results were consistent with loss of
cell morphology and cell density observed at 48 but not 8 or 24 h
post-bafilomycin treatment (Figure 1C). The Red/Green Cell Viability/

Toxicity assay also revealed a significant decrease in the ratio of live

(A) p21CIP11 (B) p16INK4ﬂ
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FIGURE 2

to dead cells in the 48-h bafilomycin treatment with no effect at 8 or
24 h of treatment (Figure 1D). These results suggest that bafilomycin
A1l blocks autophagy flux in rat NP cells and induces cell death in
long-term (48-h) but not short-term (0-24-h) treatment. Interestingly,
at 8 h of bafilomycin treatment, CCK-8 signal was increased by almost
200% (Figure 1D) and cell viability by about 30% by Live/Dead viabil-
ity assay, implying possible robust cell viability induced by short-term
stress from autophagy inhibition.

As cellular senescence is involved in the pathophysiology of
IDD,*® markers of cellular senescence were assessed. As shown in
Figure 2AB, gene expression of p16™N49 was not affected while
p21°"P! was increased after 48 h of bafilomycin treatment. Overpro-
duction of MMPs and pro-inflammatory cytokines is also a unique fea-
ture of cellular senescence, so the two key genes implicated in IDD,
Mmp13 and the inducible Cox2, were also measured in response to
bafilomycin treatment. There was no effect of bafilomycin in mRNA
level of Mmp13 (Figure 2C) or Cox2 in NP cells (Figure 2D), suggesting
that NP cell autophagy inhibition has little impact on gene expression
involved in matrix catabolism or inflammation. However, gene expres-

sion level of aggrecan (Acan) and collagen type Il (Col2) was reduced
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3 0.0038 2
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Effects of blocking autophagy on cellular senescence and NP cell matrix homeostasis. (A-F) gPCR analysis of mRNA expressions of

p21, p16, MMP13, COX2, ACAN, COL-Il in rat NP cells treated with baf A1 for different time duration as indicated. (G) Total GAG content from NP
cells cultured in LN media +/— baf (8-48 h) treatment was quantified using DMMB assay. Data shown are mean + SD of 3 technical replicates.
The one-way ANOVA with multiple comparison was performed to determine the statistical significance, and p-values are shown in the graphs.

baf, bafilomycin Al.
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FIGURE 3 Assessment of autophagy in vivo. (A) Western blot analysis of LC3I/Il in the AF, NP tissues as well as kidney, muscle, and bone
from rats. Graph shows the ratio of LC3Il to LC3Il. GAPDH is used as loading control. (B) Comparison of LC3I/Il expression in AF and NP tissues
from young (Y1-Y4; n = 4) and old (O1-O4; n = 4) rats. Graph shows the ratio of LC3II to LC3I. The one-way ANOVA with multiple comparison
was performed to determine the statistical significance, and p-values are shown in the graphs.

by bafilomycin (Figure 2E,F). Intriguingly, total GAG, a surrogate
marker of aggrecan content, as measured by DMMB assay in NP cells
after treatment with bafilomycin was not significantly affected after
48 h (Figure 2G). It is possible that the drop in aggrecan transcription
caused by bafilomycin requires longer treatment (>48 h) to propagate
an observable decrease in the downstream GAG production. Overall,
our in vitro findings suggest that autophagy plays a role in maintaining
NP cell viability and transcription of matrix genes, but its role in mod-

ulating NP cellular senescence is less clear.

3.2 | Generation and validation of Col2a1-Cre;
Atg7"F mouse line

First, to confirm the occurrence of autophagy in disc tissue, we com-
pared the basal level of autophagy in the disc and other body tissues
from rats. As shown in Figure 3A, NP tissue exhibited the highest
level of LC3II:LC3I ratio, a surrogate marker for the number of autop-
hagosmes, compared to kidney, paraspinal muscle, or vertebral bone.
The LC3II:LC3I ratio of NP were two times higher than that of AF tis-
sue in both young and aged rats, indicating high basal autophagy
activity in NP cells in vivo (Figure 3B). However, there was no differ-
ence in LC3II:LC3I ratio level in AF or NP tissue in young (3 months)
compared to old rats (24 months; Figure 3B). It remains to be deter-
mined whether disc autophagy flux changes with age as we only mea-
sured the static levels of LC3 proteins in AF and NP tissue, which do

not necessarily reflect autophagy flux.

To investigate the physiological role of autophagy in NP cell sur-
vival and function in vivo, we generated NP-targeted Atg7 knockout
mice. ATG7 is an El-like ligase that facilitates two important and
essential conjugation steps in the macroautophagy pathway.*? Specif-
ically, ATG7 conjugates microtubule-associated protein 1 light chain
3 (LC3)-I and phosphatidylethanolamine (PE) to form LC3-Il; ATG7
also conjugates ATG12 and ATG5 to form ATG12/ATG5. Both LC3-1I
and ATG12/ATGS5 are important for forming the isolation membrane
and vesicle expansion in the autophagy pathway.>’ The mouse Atg7
gene is encoded by 17 exons that span 216-kb with exon 14 encodes
for the active site cysteine residue essential for activation for the sub-
strates.>2 The targeting vector is designed to conditionally disrupt this
exon 14 by the Cre-loxP technology. Mice homozygous for the floxed
Atg7™ allele (referred to as Atg7™™ mice) express intact Atg7 and are
born healthy and fertile without any noticeable pathological pheno-
types. To achieve NP-targeted expression of Cre recombinase, a
Col2a1-Cre gene fusion was used as the Col2al promoter is transcrip-
tionally active in NP tissue but not AF, EP, or most other tissues. The
generation of Col2al-Cre mice has been described elsewhere.*® We
crossed Atg7™f mice with B6;SJL-Tg (Col2al-cre) 1Bhr/J mice (Jackson
Laboratory) to generate progenies with NP-targeted deletion of Atg7
(henceforth referred to as Col2a1-Cre; Atg7™" mice; Figure 4A).

Col2a1-Cre; Atg7™" mice were born normally and survived neona-
tal starvation. There were no major observable differences in
Col2a1-Cre; Atg7™™ mice compared to control mice (Atg7™™) for both
sexes. For this study, we focused on studying only male mice. Male

mouse weights were measured at 3, 6, and 12 months (Figure S2).
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FIGURE 4 Generation and validation
of Col2a1-Cre; Atg7™ mice.

(A) Schematic representation of how
Col2a1-Cre; Atg7™ mice were bred,
starting with the breeding of

2 heterozygous Atg7™* mice to make
Atg7™" mice (1). Heterozygous
Col2a1-Cre; Atg7™* mice were bred by
mating Atg7"" mice with Col2a1-Cre mice
(2). Heterozygous Col2a1-Cre; Atg7™+
mice were bred again with Atg7™"" mice
to generate experimental Col2a1-Cre;
Atg7™"" mice (3). The Cre-lox system
works by Cre recombinase cutting loxP
sites surrounding the gene of interest in a
specific tissue that expresses the gene of
interest. In my model, Atg7 was
specifically knocked out of NP tissues by
Cre expressed under the control of Col2
promoter in the NP of IVD (4).

(B) Expression of ATG7 and LC3-I
protein in various tissues from male

Atg7 knockout

(B) Atg7/f

Atg7 KO

Atg7"" and Col2-Cre; Atg7™"" (Atg7 KO)
mice as determined by Western blotting.
B-actin was used as an internal loading

control.

ATG7 78 kDa
LC3A 16 kDa
LC3-Il 14 kDa
-actin .
B ---—-—.....—.__4zkoa
[ —

Male mice

Col2al-Cre; Atg7™" mice on average had significantly lower weight
(26.8 g) compared to Atg7" mice (32.5 g) at 3 months of age, but this
weight difference resolved at 6 months (29.8 g Col2a1-Cre; Atg7™
and 35.8 g Atg7™™). There were no significant body weight differences
between Col2a1-Cre; Atg7"" and control mice at 6 (p=0.12) or
12 months (p = 0.96; Figure S2).

To determine NP-targeted knock out of Atg7 in male Col2al-Cre;
Atg7™"" mice, we measured the ATG7 protein from several spinal tis-
sues (vertebral bone, paraspinal muscle, AF, and NP) from 2-month-
old mice using Western blot. ATG7 protein expression in NP tissue

7 "% mice com-

was dramatically reduced (4 times) in Col2al-Cre Atg
pared to Atg7 ™" controls (Figure 4B). In contrast, ATG7 protein
expression in AF, muscle, and vertebral bone remained relatively high
and unaffected in both Col2a1-Cre Atg7 ™" mice and Atg7 " control
mice. We chose Atg7 ™ mice as the control for our study of

Col2a1-Cre Atg7 ™" mice based on disc gene expression comparison

between their original parental strains of different genetic back-
grounds, C57BL/6 mice, B6;SJLF1 mice, and Atg7ﬂ/ﬂ mice, which
showed no significant differences in ACAN, COL1, COL2, COX2, or
MMP13 gene expression (Figure S3). Histology of whole disc and NP
from 2-month-old C57BL/6 mice, B6;SILF1, and Atg7™" mice also
showed no significant differences, although B6;SJLF1 mice tend to
have a shorter island of NP cells and some AF lamellar penetration
into the NP compartment, which might represent degenerative
changes (Figure S3). Given the similar IVD phenotypes among these
strains, we chose Atg7™ mice as controls in our experiments due to
their availability and ease of generation.

To further confirm disc Atg7 knockdown was permanent, ATG7
protein expression was measured in AF and NP tissue of 3-, 6-, and
12-month-old Col2al-Cre; Atg7™f and Atg7™" control mice using
Western blot. NP tissue ATG7 protein in Col2al-Cre; Atg7™f mice
was almost completely depleted compared to controls at 3, 6, and
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FIGURE 5 Successful inhibition of autophagy in NP tissue. Autophagy was inhibited primarily in NP tissue of Col2-Cre; Atg7™" mice.

(A) Expression of ATG7, p62, LC3-Il, and ATG12-ATG5 protein in AF and NP tissue from Atg7" control and Col2-Cre; Atg7™" experimental mice
at 3, 6, and 12 months (mo) of age was determined by Western blotting. p-actin was used as an internal loading control. (B) Densitometric
analysis of the proteins in AF and NP tissue were quantified by dividing the amount of each protein by g-actin and normalizing to control protein
amount for each age group. Data shown are mean * SD of 3 independent mice per tissue per age group. Two-tailed unpaired t test was used to
quantify significance and p-values are shown in the graphs. fl/fl, Atg7"" KO or Atg7 KO, Col2-Cre; Atg7™".

12 months of age (Figure 5A,B ATG7 panel). AF tissue of Col2al-Cre; 3.3 | Macroautophagy was inhibited in NP tissue
Atg7"f mice did not show significant differences in ATG7 protein of Col2a1-Cre; Atg7ﬂ/ﬂ mice

level at 3 and 6 months of age (Figure 5A,B ATG7 panel), however at

12 months of age, it had significantly less ATG7 protein compared to Atg7 depletion prevents autophagy as ATG7 is important to generate
controls (Figure 5A,B ATG7 panel), most likely due to some moderate both LC3-1l and ATG12-ATGS5, which are essential for forming the isola-
expression of COL2 in the inner AF tissue. tion membrane and for vesicle expansion in the first step of the
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autophagy pathway.®® Specificall, ATG7 conjugates microtubule-
associated protein 1 light chain 3 (LC3)-1 and phosphatidylethanolamine
(PE) to form LC3-Il, and ATG7 conjugates ATG12 and ATG5 to form
ATG12-5. Both LC3-1l and ATG12-5 are essential for forming the isola-
tion membrane and vesicle expansion in the first step of the autophagy
pathway.®’ To confirm that Atg7 knockdown in Col2a1-Cre; Atg7™f
mice successfully inhibited autophagy in NP tissue, protein expression
of key autophagy markers LC3-l, LC3-ll, p62, and ATG12-ATG5 were
measured in AF and NP tissues of 3-, 6-, and 12-month-old Col2a1-Cre;
Atg7"" and control mice using Western blot (Figure 5A,B). Significant
autophagy inhibition was observed in NP tissue of Col2al-Cre; Atg7™f
mice at 6 and 12 months of age, evidenced by increased accumulation
of p62 and LC3-l protein and substantial reduction of LC3-Il and
ATG12-5 protein (Figure 5AB). These findings indicate overall
decreased autophagy in NP tissue of Col2al-Cre; Atg7™" mice
(Figure 5A,B).

Interestingly, LC3-l protein was also increased in AF tissue of
Col2a1-Cre; Atg7™ mice compared to control, but pé2 protein was
unchanged (Figure 5A). Furthermore, ATG12-ATG5 protein was slightly
decreased in AF tissue of 3- and 6-month-old Col2a1-Cre; Atg7ﬂ/ ! mice
compared to controls (Figure 5A,B ATG12-ATG5 panel). Densitometry
analysis showed significantly less LC3-Il protein and ATG12-ATG5

protein in AF of 12-month-old Col2a1-Cre; Atg7™fCol2a1-Cre; Atg7™"
mice compared to controls (Figure 5A,B LC3 and ATG12-ATG5 panel).
These results demonstrate that autophagy inhibition was mostly tar-
geted to NP, although by 12 months of age there was also a modest
inhibition of autophagy in AF tissue. However, the absence of changes
in AF pé62 protein between Col2a1-Cre; Atg7""Col2a1-Cre; Atg7™" and
control mice implies that autophagic flux was not completely inhibited
in AF tissue (Figure 5A,B p62 panel). These results are consistent with
the observation that AF tissue from Col2al-Cre; Atg7ﬂ/ i mice at
12 months of age had significantly less ATG7 protein compared to con-
trol (Figure 4C), likely due to partial expression of Col2 in the inner AF
tissue.

3.4 | Autophagy ablation affects NP tissue
structure with age

To determine whether autophagy inhibition promotes IDD, H&E his-
tological analysis was performed to compare morphological IVD fea-
tures between homozygous knockout Col2a1-Cre; Atg7™ mice and
Atg7"® control mice at 3, 6, and 12 months of age (Figure 6A).

Changes in several key VD histological features were evaluated using
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FIGURE 6

Effect of autophagy inhibition on IVD maturation and IDD progression in aging mice. (A) H&E staining of lumbar disc was
performed to assess gross morphological changes between control and KO mice at 3, 6, and 12 months of age. Whole disc images were taken at
100x (scale bar 200 um), and NP images were taken at 400x (scale bar 50 um) whereas AF images were taken at 200x (scale bar 100 um).

(B) Individual histology scores for each tissue of the IVD and the interface between tissues were calculated by 4 blind reviewers. Composite score
was calculated by adding all individual scores together. Data shown are mean + SEM of 5 independent mice. Two-tailed unpaired t test was used
to quantify significance. *p < 0.05. Atg7 KO, Col2-Cre; Atg7™f!
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a recently established histological grading system.>* Blinded histology
grading was performed by four scorers on multiple H&E-stained disc
sections from each of the five individual mice in the Atg7™f control
and Col2a1-Cre; Atg7™® group. Compared to control Atg7™ mice,
Col2a1-Cre; Atg7™" mice exhibited no significant degenerative histo-
logical changes in their IVDs at 3 months of age (Figure 6A), which
was reflected in the quantified composite histological score
(Figure 6B). However, scores for NP tissue and combined composite
histological scores showed statistically significant higher values for
Col2a1-Cre; Atg7"" mice at 6 and 12 months of age compared to con-
trol mice (Figure 6B). In contrast, histological scores of AF and EP tissue,
as well as the interface, showed no changes between control and
Col2a1-Cre; Atg7"™ mice at 3, 6, or 12 months of age (Figure 6A,B and
Table S1). Hence, degenerative changes were mostly confined to NP
tissues of in older Col2a1-Cre; Atg7ﬂ/ﬂ mice (6 or 12 months). At higher
magnification, abnormal structural changes were seen in the NP matrix
and its island of cells in Col2a1-Cre; Atg7"" mice compared to control

that worsen with age from 3 to 6 months (Figure 6). These changes

12 mo male mice

(A)

Keratin 19
DAPI
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include decreased cell density and invasion of matrix into the NP cell
island of Col2a1-Cre; Atg7™" mice, resulting in cleft looking NP cell
island as opposed to the smooth looking NP cell island seen in control
mice (Table 1). Other severe degenerative changes such as AF lamella
disorganization, loss of NP compartment, NP/AF interface disruption
and so forth, were absent in Col2a1-Cre; Atg7™" mice (Figure 6 and
Table S1). Together, these results suggest NP autophagy is important
for maintaining IVD health after skeletal maturation but is not critical
for IVD development as Atg7 genetic knockout in Col2al-Cre; Atg7™
mice occurred earlier on during spine development.

3.5 | Autophagy is not essential for maintaining
NP proteoglycan matrix homeostasis

Loss of proteoglycan (PG) matrix, of which aggrecan is the primary
constituent in NP tissue, is a key marker of IDD.*° To study the effect
of autophagy inhibition on disc PG, disc aggrecan immunofluorescence
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Effects of disc Atg7 deficiency on disc matrix. (A, B) Aggrecan protein levels in 12-month-old control and KO mice were quantified

by immunofluorescence signals (A) and immunohistochemistry staining (B). Graphs of mean aggrecan intensity in AF and NP were calculated by
quantifying mean aggrecan intensity in the region of interest for control and KO mice. (C) Total GAG content, a surrogate marker of aggrecan
content, in 12-month-old NP and AF tissue from control and KO mice was measured using DMMB assay. (D) Aggrecan mRNA levels in NP and
AF tissue of 3- and 12-month-old control and KO mice was quantified using gRT-PCR. (E) Western blot analysis of ADAMTS-generated

(~65 kDa) and MMP-generated (~55 kDa) aggrecan fragments with graphs showing quantification results. (L represents ladder and lane 1-4 are
the samples from different mice for control and KO group). Structure of aggrecan with location of fragmentation is shown. Data shown are mean
+ SD of 4 or 5 independent mice. Representative images from 5 independent mice are shown (A, B). Two-tailed Student's t test was used to
quantify significance. *p < 0.05. Atg7 KO, Col2-Cre; Atg7™",
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(IF), immunohistochemistry (IHC), and gene expression were measured
in 12-month-old Col2a1-Cre; Atg7™™ mice and control mice. IF assay
showed an abundance of aggrecan (red) staining in NP tissue compared
to AF tissue of both control and Col2a1-Cre; Atg7ﬂ/ﬂ mice at 12 months
of age (Figure 7A). However, there was no difference in mean aggrecan
intensity in NP or AF tissue between 12-month-old control and
Col2a1-Cre; Atg7ﬂ/ ! mice (Figure 7A). Likewise, aggrecan IHC showed
no significant difference in mean aggrecan staining of NP tissue
12-month-old control and Col2al-Cre; Atg7ﬂ/ﬂ mice
(Figure 7B). DMMB assay showed no significant difference in GAG

between

content in NP or AF tissue between 12-month-old control and
Col2a1-Cre; Atg7ﬂ/ﬂ mice (Figure 7C). Acan gene expression in NP or AF

tissue between age-matched control and Col2a1-Cre; Atg7™"

mice was
not changed, however, Acan gene expression in AF and NP tissues was
significantly decreased at 12 months compared to 3 months in both
control and Col2a1-Cre; Atg7™" mice, indicating that IVD Acan gene
expression declines with age (Figure 7D). Together, these independent
assays measuring aggrecan protein and mRNA levels indicate that
autophagy inhibition in NP tissue had no effect on IVD PG content and
production in vivo. Interestingly, MMP- and ADAMTS-mediated prote-

olysis within the globular domain of disc aggrecan was reduced in

Col2a1-Cre; Atg7™" mice as compared to control mice of same age, sug-
gesting that NP autophagy blockage has no adverse effects on IVD

aggrecan catabolism (Figure 7E).

3.6 | Autophagy inhibition does not affect cell
death in vivo

Next, the effects of autophagy inhibition on cell death was ana-
lyzed using western blot and TUNEL assay. Results revealed no
detectable cleavage of caspase-3, a marker of apoptosis, and no dif-
ference in intact caspase-3 protein level in AF and NP tissues from
3-, 6-, or 12-month-old control and Col2al-Cre; Atg7™f mice
(Figure 8A). TUNEL assay on IVD sections of 12-month-old mice
also showed no difference between control and Col2al-Cre;
Atg7™f mice, suggesting apoptotic cell death was not affected by
autophagy inhibition, in either NP or AF tissue (Figure 8B). Quantification
of TUNEL positive cells revealed an almost complete absence of apopto-
tic cells in AF or NP in 12-month-old control and Col2a1-Cre; Atg7™" mice
(Figure 8B). These data indicate autophagy inhibition in NP tissue does

not induce apoptosis in vivo, up to 12 months of age.
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Effect of autophagy inhibition on IVD cell death in vivo. (A) Western blot analysis to detect the cleavage of apoptosis marker caspase-3

in AF and NP tissues from 3-, 6-, or 12-month-old control and KO mice. Densitometry analysis of caspase-3 expression normalized to f-actin expression
is shown. (B) TUNEL assay was performed to label the damaged sites of DNA and was visualized by fluorescence microscopy. TUNEL-positive apoptotic
cells in control and KO mice were assessed by immunofluorescence (red) scale bar 200 um. Representative images are shown. Graphs of TMR+ nuclei,
TUNEL-positive staining, divided by the total number of nuclei show the ratio of TUNEL positive cells to total cells in NP and AF. Data shown are mean
+ SD of 5 independent mice. Two-tailed Student's t test was used to quantify significance. fI/fl, Atg7"" KO or Atg7 KO, Col2-Cre; Atg7"". i/fl = Atg7™"

mice (non KO control); KO or Atg7 KO = Col2-Cre; Atg7™" mice.



KRITSCHIL ET AL

JOR SPin ... M bkakd

(A) NP AF

Atg7/f Atg7 KO Atg7/f

Atg7 KO

(B)

15— s : . 15
< s 5
2 5
2 1.0 g10 2 1.0
o = E
5 g g
o 5 5
Q 05 < £ 05
a = H
0.0 T T 0.0 T

Densitometry

>
3
>
3
-
[}

= 0.5

0.0

’ ek
810
ns
N
) ’l‘ ' ﬁ
0.0 r .

3 12 3 12 3 12 3 12 3

™

o

o

o
o

MMP13 in AF tissue

NP

(F)

Cox2 in AF tissue
-
o
iNos in AF tissue
> - Y w &

12 3 12

Atg7"/f Atg7 KO Atg7/f Atg7 KO
AF

FIGURE 9

Atg7/f Atg7 KO

N
=3
-
o
Fl
@

[] [
215 3
& 810
%10 % AF
£ £
© Z 05
T 0.5 Sf
0.0 .
Age(mo) 3 12 3 12 3 12 3 12

Atg7/f Atg7 KO Atg7/f Atg7 KO

(D)
. [ Jyverdl o .
—— [3 Atg7KO F H
2 2
o s
H z
£ £
2 S
o o
0.0
Age(mo) 3 12 3 12 3 12 3 12

Atg7f/f Atg7 KO Atg7/f Atg7 KO

2.0 15 25
ns «
g | ok o 2.0
é 1.5 g 10 % ns
o hd =
E 1.0 % % 1.5
- £ <
2 05 i
£ 059 3 A
0.0- 0.0 0.0
3 12 3 12 3 12 3 12 3 12 3 12
Atg7"f Atg7 KO Atg7"f1 Atg7 KO Atg7/f Atg7 KO
NP

Effect of autophagy inhibition on cellular senescence and inflammation in vivo. (A) Western blot analysis to detect the protein

expression of TNF-a, IL1p and p53 in AF and NP tissues from male control and KO mice. (B) Graphs of densitometry analysis of western blot
bands normalized to -actin are shown. (C, D) mRNA levels of MMP13, COX2 and iNOS in AF (C) and NP tissue (D) of 3- and 12-month-old
(mo) Atg7"" and Atg7 KO mice was quantified using gRT-PCR. Data shown are mean % SD of 3 independent mice. Two-tailed Student's t test
was used to quantify significance. *p < 0.05, **p < 0.01, ***p < 0.005, ***p < 0.001. Atg7 KO, Col2-Cre; Atg7™f".

3.7 | Effects of autophagy inhibition on IVD
cellular senescence and inflammation in vivo

To study the effect of autophagy inhibition on cellular senescence
and inflammation, both of which contribute to IDD, protein
expression of senescence markers p53, as well as inflammatory
markers TNF-a and IL-18 were measured by using western blot
analysis. Protein expression levels of p53 and TNF-a were not dif-
ferent in AF and NP tissues between 12-month-old control and
Col2a1-Cre; Atg7ﬂ/f' mice (Figure 9A,B). However, expression of
IL-18 was significantly lower in AF as well as NP tissues from
Col2a1-Cre; Atg7™f mice compared to controls (Figure 9A,B).
gRT-PCR analysis of key markers of IVD matrix metalloproteinases
(Mmp13), cellular senescence (p16/N%4? and p21°'®?), and inflam-
mation (Cox2 and iNos) genes in AF and NP yielded mixed results.

§NK4a 1¢"P1 expression remained

In AF tissue, iNos, p1 , and p2
unchanged while Mmp13 and Cox2 mRNA expression was signifi-

cantly reduced in Col2a1-Cre; Atg7™ mice compared to controls

at 3 and 12 months of age (Figure 9C,E). In NP tissue, iNos, Cox2,
and p16'NK4a expression remained unchanged while MMP13
and p21°"* mRNA expression was significantly increased in
Col2a1-Cre; Atg7™M mice compared to control at 12 months of
age (Figure 9D,F). these data
inhibition has mixed effects on disc

Collectively, revealed that

autophagy cellular
senescence and inflammation, warranting further studies to clarify
possible regulatory mechanisms of autophagy on these processes

in IVD.

4 | DISCUSSION

Autophagy inhibition or dysregulation is associated with many dis-
eases including, but not limited to, liver disease, neurodegenera-
tion, Crohn's disease, and metabolic syndrome.g'l"“'12 Whether
autophagy inhibition drives IDD has never been clearly estab-

lished. Although some autophagy-inducing drugs have been
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reported to reduce degenerative changes in IVDs of injury-induced
rat models of IDD, these drugs are not specific for inducing only
autophagy but also act on multiple molecular pathway targets,
making it difficult to attribute how much autophagy contributes to
disc health maintenance.?®"2> Whether autophagy occurs in disc
cells is another unresolved question due to the scarcity of disc lit-
erature in measuring disc cell autophagic flux, a gold standard for
demonstrating the existence of autophagy.?! In this study, we
unequivocally demonstrated autophagy flux in NP cells by treating
them with bafilomycin to block the last step of the autophagy pro-
cess, which caused a time-dependent buildup of the key autophagy
proteins p62 and LC3Il involved in the earlier autophagy steps
(Figure 1B).

Other important knowledge gaps in disc autophagy research
include the absence of direct evidence supporting autophagy as an
essential process for NP cell health and function and that autophagy
inhibition or defect directly drive IDD in vivo. Although, using RNA
interference (RNAI) technique in vivo and in vitro, recent study sug-
gested anti-apoptotic and anti-senescence role for ATG5 in rat disc
NP cells to maintain the homeostasis,?® study is limited to disc disrup-
tion method rather than aging associated IDD. Many phenotypes of
tissue specific knockout mice of ATG-related genes involved in autop-
hagy have been published,***? but none have looked at IVD tissue. In
this study, we investigated whether autophagy is essential for NP cell
health and if inhibition of autophagy in NP tissue leads to IDD in vivo
by specifically knocking out Atg7 in the NP tissue of the IVD using the
cre-lox reporter system. We chose ATG7 because its genetic knock-
out resulting in autophagy ablation has been well investigated in other
tissues.3? Significant loss of ATG7 protein was seen in NP tissue of

7" mice, but not in AF, paraspinal

our generated Col2al-Cre; Atg
muscle, or vertebral bone, indicating our mouse model successfully
deleted ATG7 predominantly in NP cells. Furthermore, autophagy was
inhibited primarily in NP tissue of Col2al1-Cre; Atg7" mice, but not
paraspinal muscle or vertebral bone. Compared to control mice, AF
tissue of Col2al1-Cre; Atg7™ mice showed a slight increase in LC3-I
and slight decrease in ATG12-ATG5, which are markers of autophagy
inhibition. However, p62 protein was unaffected, suggesting only par-
tial inhibition of autophagy in AF cells of Col2a1-Cre; Atg7™" mice.
The partial autophagy inhibition in AF is likely due to some expression
of Col2 by inner AF cells. Overall, we were able to establish a
Col2a1-Cre; Atg7™" mice as a useful model to study IVD autophagy.
This study is limited to male mice, however several previous reports
suggest that sex-based differences in autophagy may contribute to
the regulation of various diseases.** > Hence, studying the phenome-
non in female mice would clarify the role of autophagy in IVD health,

which we will be pursuing in the future studies.

4.1 | NP cell autophagy is constitutively active
Several observations implicate the presence of high autophagy activ-
ity in disc NP tissue. Potent cellular stressors that induce autophagy

are nutrient deprivation and hypoxia, both of which are also key

physiological features of NP. Cells activate autophagy under low
nutrient stress to generate energy to maintain cell function and sur-
vival, at least temporarily, by degrading proteins and organelles.!? In
our rat NP cell culture model, lowering nutrient in the culture media
did not further induce autophagy (Figure 1B). In fact, we found robust
autophagy flux in NP cells grown in both nutrient-rich and poor cul-
ture conditions, suggesting that NP cell autophagy activity is constitu-
tively active and not dependent on nutrient level. To date, among the
few studies examined the effect of nutrient stress on autophagy in
NP cells, low nutrient was reported to induce autophagy in NP cells to
variable degrees.?! The variable and inconsistent effects of nutrients
on NP cell autophagy might be due to the different model species,
culture conditions, and nutrient treatment regimens tested in the
reported studies. Nevertheless, our findings suggest that NP cells
might adapt to their residence in a chronically nutrient poor tissue
niche to enable survival in part by maintaining constitutively high
autophagic activity independent of nutrient flux. This idea is also sup-
ported by high levels of basal NP autophagy in young and old rats, evi-
denced by the presence of the autophagosome marker, LC3-Il, in NP
tissue at the level that is much higher compared to those found in
other tissues such as paraspinal muscle, vertebral bone, and kidney
(Figure 3).

4.2 | Negligible impact of autophagy inhibition on
NP cell death and senescence

If autophagy is essential for NP cells, then its inhibition is expected to
lead to cell death. Our results showed NP cells can only tolerate the
absence of autophagy short-term but require autophagy for their
long-term survival. Because bafilomycin blocks other processes
besides autophagy, bafilomycin-induced NP cell apoptosis could be
due to the combined effects of inhibition of autophagy and other cel-
lular processes that rely on acidic compartments, ion channels, and
signaling pathways.*®*” Nevertheless, our in vivo results showed that
inhibition of NP macroautophagy has no impact of apoptosis of NP
cells indicating that NP cell viability does not depend solely on macro-
autophagy. Previous reports suggested that cartilage specific Atg7
knockout mice where autophagy was important for chondrocyte sur-
vival and proliferation (26077727), however apoptosis was not
observed in Atg7 deficient osteocytes (23645674), suggesting a tissue
specific role of Atg7 in apoptosis.

Cellular senescence is caused by accumulated molecular damage
while autophagy is a mechanism of eliminating cellular damage.®®
Autophagy inhibition is reported to trigger cellular senescence but it is
yet to be proven clearly whether autophagy has a positive or negative
impact on senescence.*® In our in vitro and in vivo observation, autop-
hagy inhibition only induced the expression of the cellular senescence
marker p21"® but not of other senescence markers such as p16/N<4a,
Tnf, I11b, iNos, and Cox2. Although direct relation between p21C'P and
autophagy is not established, a recent study showed that interaction
of p21 with LC3B could promote autophagy for the improvement of
cardiac function during sepsis,** and our observation also suggests
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that autophagy inhibition has no impact on cellular senescence
markers except for p21¢' in NP cells, revealing complex interaction
between autophagy and cellular senescence in disc cells, which

requires further attention in future studies.

4.3 | Negligeable impact of autophagy inhibition
on NP matrix homeostasis

Although NP cell viability is not affected by autophagy ablation, we
hypothesized that the stress of autophagy inhibition would perturb
NP matrix homeostasis, specifically the balance between anabolism
and catabolism of NP aggrecan because aggrecan is the prominent
matrix constituent of NP tissue.*® To our surprise, gene and protein
expression of aggrecan, and NP GAG content was not changed
between Col2al-Cre; Atg7ﬂ/ﬂ and control mice at 12 months of age,
however we observed that NP-targeted autophagy ablation decreased
NP aggrecanolysis. In our study, increased cellular senescence marker
p21 could be associated with aggrecanolysis as cellular senescence is
closely associated with the loss of disc PG in previous studies,®®>!
which needs further attention in the future. The lack of overall effects
on NP cell viability and proteoglycan matrix homeostasis observed in
Col2a1-Cre; Atg7"" mice indicate that autophagy is not essential for
IVD maturation and healthy aging up to 12 months of age. Also,
aggrecan content and synthesis were not affected with bafilomycin
treatment (8-48 h; data not shown). These results suggest autophagy
dysregulation or inhibition is not a significant driver of IDD in mice.
Further research is needed to confirm whether this is true for older

mice (12-24 months of age).

4.4 | Effects of autophagy inhibition on IDD in
Col2a1-Cre; Atg7"" mice

Loss of Atg7 in other body tissues, using tissue-specific Cre reporter

mouse models crossed with Atg7™"

mice, produced severe pathologi-
cal conditions.2?">2 Contrary to those findings, we found no significant
differences in molecular, cellular, and histological feature, between
3-month-old control and Col2al-Cre; Atg7™f mice, suggesting that
autophagy in NP tissue it is not essential for normal IVD maturation in
mice. However, histological analysis did reveal some structural
changes to the island of cells in the NP tissue including invasion of
matrix into the NP cell island of 12 months old Col2al-Cre; Atg7ﬂ/ﬂ
mice, resulting in fissuring appearance to an otherwise smooth looking
NP cell island seen in control mice. It is not clear how deletion of Atg7
in NP tissue causes these NP structural changes without affecting the
typical IDD hallmarks (e.g., NP cell apoptosis, reduced aggrecan con-
tent, and integrity). Additionally, compared to age-matched controls,
Col2a1-Cre; Atg7™ mice up to 12 months exhibit no severe histologic
degenerative changes such as NP fibrosis, EP degeneration, AF lamella
disorganization, loss of NP compartment, and NP/AF interface disrup-

tion. Previously, deletion of Atg5 or Atg7 in chondrocytes led to mild
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growth retardation, suggesting the tissue specific role of Atg7 in tis-
sue function.>® Our findings reveal that macroautophagy in NP tissue
at best plays a modest role in maintaining IVD health after skeletal
maturation as NP autophagy inhibition alone failed to drive severe

IDD in mice up to 12 months of age.

45 | Summary

This is the first study to investigate whether autophagy is essential for
IVD health in vivo using a novel transgenic rodent model of
NP-targeted autophagy ablation. Contrary to the prevailing thinking in
the IVD field, NP autophagy inhibition does not accelerate IDD in
mice up to 12 months of age. Whether autophagy inhibition promotes
IDD in mice older than 12 months requires further investigation. Our
findings effectively eliminate macroautophagy as the principal cellular
pathway NP cells adopted to survive in their low nutrient, hypoxic
environment. It is important to note that other types of autophagy
not investigated in this study, namely chaperone mediated autophagy
and micro-autophagy, could be playing important roles in maintaining
NP cell health. The absence of overt IDD phenotype in Col2-Cre;
Atg7™"" mice also implicates other compensatory mechanisms such as
the ubiquitin-proteosome pathway needed to eliminate the buildup of
intracellular damaged proteins in NP tissue. The results presented
here highlight the need for in-depth research to elucidate the complex
elusive biology of autophagy and other pathways disc cells utilize to
remove molecular damage and adapt to survive and function in their

harsh microenvironment.
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