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Abstract 

Nucleus pulposus (NP) cells reside in the avascular and hypoxic microenvironment of 

intervertebral discs. Importantly, many activities related to survival and function of NP cells are 

controlled by the HIF-family of transcription factors. We hypothesize that NP cells adapt to their 

hypoxic niche through modulation of macroautophagy/autophagy. In various cell types, hypoxia 

induces autophagy in a HIF1A-dependent fashion; however, little is known about hypoxic 

regulation of autophagy in NP cells. Hypoxia increases the number of autophagosomes as seen 

by TEM analysis and LC3-positive puncta in NP cells. Hypoxic induction of autophagy was also 

demonstrated by a significantly higher number of autophagosomes and smaller change in 

autolysosomes in NP cells expressing tandem-mCherry-EGFP-LC3B. Increased LC3-II levels 
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were not accompanied by a concomitant increase in BECN1 or the ATG12–ATG5 complex. In 

addition, ULK1 phosphorylation at Ser757 and Ser777 responsive to MTOR and AMPK, 

respectively, was not affected in hypoxia. Interestingly, when MTOR activity was inhibited by 

rapamycin or Torin1, LC3-II levels did not change, suggesting a novel MTOR-independent 

regulation. Noteworthy, while silencing of HIF1A affected hypoxic induction of BNIP3, it did 

not affect LC3-II levels, indicating hypoxia-induced autophagy is HIF1-independent. 

Importantly, there was no change in the number of LC3-positive autophagosomes in NP-specific 

Hif1a null mice. Finally, inhibition of autophagic flux did not affect the glycolytic metabolism of 

NP cells, suggesting a possible nonmetabolic role of autophagy. Taken together, our study for 

the first time shows that NP cells regulate autophagy in a noncanonical fashion independent of 

MTOR and HIF1A signaling. 

Keywords 

 autophagy, HIF1, hypoxia, intervertebral disc, MTOR-independent autophagy, nucleus pulposus  
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Introduction 

The intervertebral disc (IVD) contains ACAN (aggrecan)-rich, gel-like NP in the center, and 

surrounding COL1A/collagen I-rich annulus fibrosus bordered superiorly and inferiorly by 

cartilagenous endplates. Due to the abundance of the highly charged proteoglycan ACAN, NP 

tissue is highly hydrated with elevated swelling pressure allowing it to serve as a shock absorber 

in the spine.
1
 NP is also a completely aneural and avascular tissue; hence the microenvironment 

is physiologically hypoxic.
2–5

 NP cells adapt to this hypoxic niche by modulating a key 

transcription factor, HIF1A (hypoxia inducible factor 1 alpha subunit), to promote cell survival, 

matrix synthesis, and to regulate glycolytic metabolism.
6–13

 A recent study using NP-specific 

conditional Hif1a knockout mice also shows that HIF1A is required for postnatal NP cell 

survival in vivo.
14

  

Autophagy is a highly conserved cellular process where organelles and cytosolic proteins are 

encapsulated within double-membraned autophagosomes that ultimately fuse with lysosomes for 

degradation.
15,16

 However, an increasing number of studies have also shown that in addition to 

these conventional functions, autophagy contributes to secretion of molecules and biogenesis of 

organelles.
17–19

 Various stimuli and stressors can trigger autophagy, including but not limited to 

low oxygen tension,
20

 amino acid or glucose depravation,
21,22

 and pathogens.
23

 In many cell 

types, hypoxia induces autophagy as a mechanism of protection and survival.
20,24–27

 Importantly, 

HIF1A controls hypoxia-induced autophagy by upregulating its targets BNIP3 and BNIP3L, 

which hinder interaction between BCL2 and BECN1/Beclin 1, one of the key autophagy-related 

proteins. This decreased interaction between BCL2 and BECN1 results in increased availability 

of BECN1 for phosphorylation and subsequent induction of autophagy.
24,28

 Another major 

autophagy regulating factor is lack of nutrients, which causes inactivation of MTOR 
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(mechanistic target of rapamycin [serine/threonine kinase]) resulting in increased autophagy.
21

 In 

a nutrient abundant status, active MTOR complex 1 (MTORC1) phosphorylates ULK1 (unc51-

like autophagy activating kinase 1) and disrupts association between ULK1 and AMPK. 

However, when cells are starved, MTORC1 phosphorylation of ULK1 is reduced, and 

phosphorylation of ULK1 by AMPK initiates a canonical autophagic process. Conventional 

autophagy involves formation of autophagosomes from the ER or Golgi apparatus through 

multiple steps including ULK1-dependent initiation, BECN1-phosphatidylinositol 3-kinsase-

dependent nucleation, ATG12–ATG5 complex and LC3-II-dependent elongation, and 

closure.
16,29,30

 LC3 (yeast Atg8) exists in 2 forms: unconjugated cytosolic LC3-I and lipid-

conjugated membrane-bound LC3-II. With induction of autophagy, LC3 is conjugated with 

phosphatidylethanolamine (PE) and is incorporated into both the convex and concave membrane 

of the phagophore, the precursor to the autophagosome. Along with the degradation of internal 

materials after the autophagosome fuses with a lysosome in the canonical autophagic pathway, 

LC3-II (LC3–PE) bound to the internal autophagosomal membrane, is also degraded. Therefore, 

levels of LC3-II are commonly used to monitor the autophagic process.
31

 Similarly, 

SQSTM1/p62 is used in some cell types to monitor autophagy because of its role in delivering 

cargo destined for degredation to the phagophore through directly binding to LC3.
32

 

With aging and degeneration, NP tissue undergoes structural changes including gradual 

loss and degradation of proteoglycan-rich extracellular matrix, and ingrowth of neural and 

vascular structure along fissures in the outer annulus fibrosus.
1,33–36

 Not surprisingly, changes in 

autopahgy have also been associated with disc degeneration. Although the causative relationship 

between disc degeneration and autophagy is not yet clear, alterations in the level of autophagy 

have been observed in degenerated IVDs, IVDs of aged or diabetic rats
37–39

 and NP cells derived 
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from degenerative human discs.
40

 In addition, various stresses such as high glucose,
41,42

 aberrant 

mechanical compression,
43

 lactate overload,
44

 glucosamine,
45

 and reactive oxygen species 

(ROS),
43

 activate autophagy in NP cells, further implicating autophagy modulation as a possible 

contributor to disc pathologies. However, studies investigating the mechanisms of how basal 

autophagy is controlled in NP cells and the role of physiological stimuli in this process are 

mostly lacking. We therefore, studied how autophagy is regulated in NP cells by hypoxia, a 

physiological niche condition. Our studies for the first time show that hypoxia induces a novel 

autophagic pathway in NP cells independently of HIF1A. In addition, we report that regulation 

of this autophagy in NP cells is through an MTOR-ULK independent, noncanonical pathway. 

Results 

Hypoxia increases the number of autophagosomes in NP cells 

In order to assess the effect of hypoxia on autophagy, NP cells were cultured in either normoxia 

(21% pO2) or hypoxia (1% pO2) for 24 h, and the autophagic process was visualized using 

transmission electron microscopy (TEM) (Fig. 1A). The presence of double-membrane 

autophagosomes as well as autolysosomes at various stages of degradation was confirmed in 

cells under both normoxia and hypoxia. Autophagosomes with multilayered structures have been 

described in other cell types under certain conditions,
31,46,47

 although their contents and functions 

are not yet fully elucidated. NP cells cultured under hypoxia showed more autophagic vacuoles 

than those cultured in normoxia. NP cells cultured in normoxia or hypoxia for 24 h were also 

stained with acridine orange and LysoTracker Red to label acidic compartments (Fig. 1B). The 

number of acridine orange-positive vacuoles significantly increased in cells cultured in hypoxia. 

Similarly, a higher number of LysoTracker Red-labeled vacuoles was seen in cells under hypoxia 

(Fig. 1C). Since both acridine orange and LysoTracker Red labeled all acidic organelles such as 
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lysosomes, and excluded autophagosomes that were not fused with lysosomes, we measured 

levels of autophagy-related proteins to confirm autophagy-specific effect of hypoxia. 

Immunofluorescence confocal microscopy demonstrated an increased number of LC3-positive 

puncta in hypoxia-cultured NP cells, confirming an increased number of autophagosomes in 

hypoxia (Fig. 1B). Moreover, western blot analysis of NP cells cultured in hypoxia showed a 

significant accumulation of lipid-conjugated LC3-II at 24 h, with a trend of accumulation at 8 h 

and 48 h (Fig. 1D, E). Conversely, protein levels of other classical autophagy-related proteins, 

BECN1, SQSTM1, and the ATG12–ATG5 complex were unaffected by hypoxia (Fig. 1D, E).  

Hypoxia induces autophagosome formation without affecting autophagic flux 

We then investigated whether hypoxia affects both initiation of autophagy as well as the 

flux/rate of degradation in NP cells. For this purpose, cells were treated with bafilomycin A1 for 

2 h under normoxia (21% pO2) or hypoxia (1% pO2 or 5% pO2) to block lysosomal degradation, 

the penultimate step of the autophagic pathway. As expected, 5% pO2 also showed a similar 

accumulation of LC3-II as seen under 1% pO2 (Fig. 2A, B). Regardless of the oxemic tension, 

bafilomycin A1 treatment resulted in further accumulation of LC3-II compared to nontreated 

controls indicating that active autophagic flux is occurring under both conditions (Fig. 2A, B). 

The level of SQSTM1 also further increased with bafilomycin A1 treatment in both normoxia 

and hypoxia (Fig. 2A, B). Again, we did not observe any difference in the levels of BECN1 or 

ATG12–ATG5 between the control and the bafilomycin A1-treated groups (Fig. 2A, B). To 

further characterize the flux, we visualized the autophagosome:autolysosome ratio using a 

tandem mCherry-EGFP-LC3 construct. NP cells were stably transduced with the retrovirus 

expressing the tandem mCherry-EGFP-LC3 plasmid and cultured under hypoxia (1% pO2) or 

normoxia for 24 h, and the numbers of autophagosomes and autolysosomes were assessed. The 
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number of green-red (yellow) puncta, representing autophagosomes was significantly increased 

in hypoxia (Fig. 2C, D).  The number of red-only puncta, representing autolysosomes, also 

showed a small but statistically significant increase (Fig. 2C, D).  

Autophagy in NP cells is independent of the MTOR-AMPK-ULK1 pathway 

MTOR is a well-known upstream regulator of autophagy as it phosphorylates ULK1 on Ser757, 

which hinders ULK1 association with AMPK, and therefore inhibits autophagy induction.
48

 In 

order to assess whether induction of autophagy in hypoxia is through regulation of ULK1 

activity by MTOR, ULK1 phosphorylation was assessed under hypoxic conditions. Interestingly, 

the ratio of phosphorylated (p)-ULK1 Ser757 to total ULK1 stayed constant until 24 h in 

hypoxia; a small but significant decrease was seen at 48 h and 72 h in hypoxia (Fig. 3A, B). 

Furthermore, the ratio of p-ULK1 Ser777 to total ULK1, an indicator of activating 

phosphorylation by AMPK, did not change in hypoxia (Fig. 3A, C). These results, in 

conjunction with corresponding changes in LC3-II levels, suggested that in spite of its effect on 

autophagy modulation, hypoxia had minimal effect on MTOR and AMPK regulation of ULK1 in 

NP cells. 

In order to further confirm MTOR independence of the autophagic process in NP, cells 

were treated with increasing doses of rapamycin (100-500 nM), a classical autophagy inducer 

through MTORC1 inhibition, and the level of autophagy was measured. Acridine orange staining 

(Fig. 4B, C) showed no change with rapamycin treatment. Regardless of the dosage, rapamycin 

was not able to significantly change the level of LC3-II under both normoxia and hypoxia (Fig. 

4A, D, E). Rapamycin treatment also did not alter the levels of SQSTM1, BECN1, and the 

ATG12–ATG5 complex (Fig. 4D, E). Furthermore, MTOR phosphorylation on Ser757 of ULK1 

was unaffected by rapamycin treatment, suggesting its inability to modulate MTORC1 activity 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
L

ee
ds

] 
at

 0
7:

04
 1

8 
Ju

ne
 2

01
6 



 

 8 

essential for autophagy (Fig. 4D, E). Interestingly however, rapamycin even at the lowest dosage 

of 100 nM was able to completely inhibit MTOR phosphorylation of RPS6KB/p70S6K, another 

classical MTOR target unrelated to the autophagic pathway, suggesting that the concentration of 

rapamycin used in our studies was not limiting (Fig. 4D, E).  

Since rapamycin modulation of autophagy is somewhat cell type-specific due to its 

allosteric mode of MTOR inhibition,
49

 we treated NP cells with Torin1, a catalytic MTOR 

inhibitor, at 2 different doses. To our surprise, even though Torin1 is reported to be a more 

specific and effective autophagy inducer than rapamycin,
50

 NP cells in normoxia treated with 

Torin1 (200-400 nM) could not recapitulate the hypoxia-dependent induction of autophagy (Fig. 

5A-C). Likewise, Torin1 treatment in hypoxia did not further increase the levels of LC3-II (Fig. 

5A, B). Importantly, Torin1 significantly decreased ULK1 phosphorylation on Ser757, 

confirming that inhibition of MTOR activity had no appreciable effect on autophagy in NP cells 

(Fig. 5A, B). Similarly, the ratio of p-ULK1 Ser777 to total ULK1 with Torin1 treatment also 

did not show any appreciable change demonstrating the inability of Torin1 to affect the 

autophagic pathway (Fig. 5A, B). In contrast to NP cells, in chondrocytes, both rapamycin and 

Torin1 treatment resulted in the accumulation of LC3-II and a concurrent decrease in SQSTM1, 

confirming the cell type-specificity of this autophagic process (Fig. 5D, E). As expected, Torin1 

and rapamycin decreased MTOR phosphorylation of ULK1 at Ser757, confirming the MTOR-

dependency of autophagy modulation in chondrocytes. Similar to NP cells, BECN1 levels did 

not change with MTOR inhibition (Fig. 5D). 

Hypoxic induction of autophagy in NP cells is independent of oxidative stress and HIF1 

signaling  

Since some reports have implicated increased oxidative stress as an inducer of autophagy,
51,52

 we 
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first determined if this was the case for hypoxia-mediated induction of autophagy in NP cells. 

For this purpose, we measured the NADP
+
:NADPH ratio as a surrogate measure of ROS-

mediated oxidative stress (Fig. S1). The results clearly showed that the NADP
+
:NADPH ratio 

was lower in hypoxia, indicating decreased ROS generation. In addition, we measured whether 

in NP cells hypoxia altered the expression levels of ATG4, which is involved in modulation of 

LC3–PE conjugation in response to oxidative stress (Fig. S2).
52

 It was evident that the levels of 

ATG4 remained unchanged under hypoxia.  

Several studies have shown that hypoxic induction of autophagy is HIF1A dependent; 

HIF1 induction of BNIP3 and BNIP3L, and the subsequent release and phosphorylation of 

BECN1, is one such mechanism.
20,24–27

 We therefore measured the levels of BNIP3 and BNIP3L 

in NP cells cultured in hypoxia. Although BNIP3 was upregulated, the level of BNIP3L 

remained largely unaffected under hypoxia  (Fig. 6A, B). Importantly, under hypoxia, the level 

of p-BECN1 Ser93, a target of AMPK for activation of autophagy, did not change, suggesting 

that the level of BNIP3 did not correlate with the activation status of BECN1 and thus 

autophagic induction (Fig. 6A, B).  

Relevant to this study, it is important to note that HIF1A is essential for maintaining the 

survival of NP cells.
14

 We therefore investigated if HIF1A controls hypoxic induction of 

autophagy in NP cells possibly through a BNIP3- and BNIP3L-independent mechanism. NP 

cells were transduced with a lentivirus co-expressing YFP along with ShCTR or ShHIF1A to 

stably suppress HIF1A expression. At least 70-80% transduction efficiency was confirmed with 

YFP expression by the transduced cells (Fig. 7A). Transduced cells were cultured under 

normoxia or hypoxia for 24 h, and the knockdown was confirmed by HIF1A western blot and 

corresponding densitometry (Fig. 7B, C). Noteworthy, in HIF1A-silenced NP cells, while there 
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was some decrease in BNIP3 levels in hypoxia, there was no corresponding change in the level 

of LC3-II regardless of the oxemic tension (Fig. 7B, C). HIF1A silencing did not affect the 

levels of SQSTM1 or BNIP3L in both normoxia and hypoxia (Fig. 7B, C). To measure the effect 

of HIF1A on autophagic flux, we treated HIF1A-silenced cells with bafilomycin A1 under 

hypoxia. Western blot analysis clearly showed that the extent of accumulation of LC3-II 

following bafilomycin A1 treatment was unaffected by HIF1A silencing (Fig. 7D, E). In addition, 

although HIF1A suppression did not change baseline SQSTM1 levels, there was also no further 

SQSTM1 accumulation following bafilomycin A1 treatment, possibly suggesting SQSTM1’s role 

in HIF1A shuttling in the autophagic pathway (Fig. 7D, E).
53,54

  

To further validate this finding in vivo, we used NP-specific Hif1a knockout mice 

generated by crossing Hif1a floxed mice with mice expressing Cre recombinase under control of 

the notochord specific Foxa2 promoter/enhancer (Fig. 7F). The earliest expression of this Foxa2-

Cre is detected along the notochord and the forming posterior notochord by E7.5, with full 

expression established by E9.5.
55

 Using these conditional nulls and their respective wild-type 

controls (Hif1a
f/f

), immunofluorescence staining of E15.5 discs for LC3 was carried out to 

measure the dependency of the autophagic process on HIF1A. We chose E15.5, and not later 

stages for analysis to exclude any confounding factors that compromise cell viability due to the 

absence of Hif1a. Based on our previous studies, at E15.5, Hif1 deficiency has minimal effects 

on NP cell lineage, as well as viability, while at birth these parameters are compromised.
14

 

Importantly, immunofluorescence staining and corresponding quantification showed no 

difference in the endogenous LC3 levels as well as the number and overall distribution of LC3-

positive puncta between control and Hif1a knockout mouse NP (Fig. 7G, H), strongly supporting 

our in vitro silencing studies.  
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Acute inhibition of autophagic degradation does not affect metabolism but long-term 

inhibition compromises the viability of NP cells 

Because autophagy is closely linked to cellular energy status and metabolism, we investigated 

the metabolic implications of autophagy in NP cells by measuring the extracellular acidification 

rate (ECAR) and oxygen consumption rate (OCR) using a Seahorse XF Analyzer. By measuring 

ECAR, the glycolytic rate can be assessed due to production and accumulation of lactic acid. 

Interestingly, NP cells treated with bafilomycin A1 for 2 to 6 h demonstrated no change in ECAR 

and only a small decrease in OCR. This indicated that glycolysis and, to a lesser extent, oxygen 

consumption, in NP cells were not significantly affected by inhibition of autophagic degradation 

(Fig. 8A-D). In addition, we tested whether long-term treatment with bafilomycin A1 would 

affect cell viability, as autophagy is crucial for cell survival. NP cells were treated with 

bafilomycin A1 for varying lengths of time, and the cell viability was measured. Whereas 

bafilomycin A1 treatment for up to 12 h did not affect cell viability, at 24 h, there was some 

increase in the percent of dead cells, indicating that autophagic degradation as well as overall 

lysosomal function/protein turnover was important for NP cell survival (Fig. 8E). 

Discussion 

Hypoxia is a known autophagy-inducer in various cell types through the activation of the 

transcription factor HIF1A to promote cell survival under low oxygen stress.
20,24–26

 NP cells 

reside in a physiologically avascular niche, and exhibit a natural adaptation to survive under 

hypoxic conditions; thus, their responses to hypoxia are unique. Our study demonstrates for the 

first time that NP cells carry out a noncanonical form of autophagy that is hypoxia inducible but 

HIF1A independent. Surprisingly, in this hypoxia-induced autophagic process, while 

autophagosome formation is robustly increased, there is a relatively small change in the rate of 
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degradation. Another novel feature of this process is that MTOR signaling and ULK1 play no 

appreciable role in controlling autophagic flux. Taken together, these results demonstrate the 

existence of a novel autophagic pathway in NP cells. 

Unlike a previous report,
56

 we noticed that NP cells under hypoxia increase the number 

of autophagosomes as evidenced by TEM analysis, endogenous LC3 immunofluorescence 

staining, and accumulation of LC3-II based on western blot. Because acridine orange and 

LysoTracker Red staining showed increased labeling under hypoxia, we initially speculated that 

autophagic flux would also be induced. However, cell transduction experiments with a tandem 

mCherrry-EGFP-LC3B construct and measuring the LC3-II level following bafilomycin A1 

treatment revealed that while hypoxia robustly increased the formation of autophagosomes, there 

was a relatively smaller change in the rate of autophagosome-lysosome fusion. Increased acidic 

organelles in hypoxia seen by acridine orange and LysoTracker Red staining could therefore be 

due to the increased number of lysosomes not associated with autophagy. In addition, SQSTM1 

levels remained constant in hypoxia, further strengthening the argument that flux itself was not 

appreciably affected by hypoxia. Since the classic role of autophagy is breaking down organelles 

and proteins for the purpose of recycling, it is intriguing that the increased rate of 

autophagosome formation was not matched by an increased rate of degradation. This suggests a 

possible unconventional role of newly formed autophagosomes, such as those reported by 

Dupont et al., where LC3-positive autophagosomes are involved in secretion of IL1B rather than 

protein degradation.
57

 It is important to note, however, that bafilomycin A1-mediated 

accumulation of both LC3-II and SQSTM1 indicates NP cells do perform basal canonical 

autophagy as part of the protein degradation pathway, and only the newly formed 

autophagosomes under hypoxia may not be involved in degradation. Moreover, western blot 
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analysis showed insensitivity of levels of BECN1 or the ATG12–ATG5 complex to hypoxia. 

While prolonged starvation has been shown to increase the levels of BECN1 and the ATG12–

ATG5 complex,
31,58,59

 it is not entirely unusual that these proteins maintain their levels during 

autophagic induction.
31,60,61

 In NP cells, this is likely due to the fact that baseline levels of the 

ATG12–ATG5 complex and BECN1 and/or their activity may be sufficient in promoting 

hypoxic induction of autophagy. An alternative explanation for this observation is that the newly 

formed autophagosomes in hypoxia may not involve the classical autophagic machinery required 

for phagophore formation and elongation, thus being noncanonical in nature.  

In canonical autophagy, the negative regulator MTOR phosphorylates ULK1 on Ser757 and 

prevents the interaction between ULK1 and AMPK.
48

 Various stimuli including nutrient 

depletion, infection, ROS, and other stresses cause MTOR inhibition resulting in ULK1 

phosphorylation by AMPK on Ser317 and Ser777 to induce autophagy.
48,51

 Because NP cells 

increased autophagy initiation in hypoxia, we examined if this was through inhibition of MTOR-

mediated phosphorylation of ULK1. We observed that when LC3-II levels and autophagosome 

formation were significantly induced, ULK1 phosphorylation at Ser757 was unaffected. 

Interestingly, activating phosphorylation of ULK1 by AMPK at Ser777 also did not show any 

appreciable change under hypoxia at any tested time point, suggesting that the status of ULK1 

phosphorylation is not the driver behind induced autophagosome formation under hypoxia. 

Importantly, these results suggest that NP cells regulate autophagy in an MTOR-independent 

manner. To further support this argument, we treated NP cells with MTOR inhibitors and 

assessed the level of autophagy. Failure of rapamycin and Torin1, a highly specific and more 

effective MTORC1 inhibitor, to increase LC3-II levels irrespective of oxemic tension supported 

this hypothesis. In contrast to NP cells, chondrocytes responded to both rapamycin and Torin1 
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treatment to induce autophagic flux, highlighting cell-type specificity of this pathway. These 

results clearly demonstrate that NP cells perform MTOR-independent, noncanonical autophagy. 

Previous studies have reported induction of noncanonical autophagy in an MTOR-independent 

fashion by various stimuli.
62–66

 Notably, studies by Cheong et al. have also shown that ulk1 and 

ulk2 double-null MEFs induce autophagy under glucose deprivation conditions through 

accumulation of ammonia from amino acid catabolism.
67

 However, to our knowledge, there has 

been no report documenting basal as well as hypoxia-induced autophagy being regulated 

independently of the MTOR pathway. It is possible that NP cells may have evolved to utilize a 

MTOR-ULK-independent autophagic pathway to adapt to their avascular niche conditions.  

We also addressed the possibility that elevated oxidative stress may cause induction of 

autophagy under hypoxia by measuring both the NADP
+
:NADPH ratio and ATG4 expression 

levels. The decreased NADP
+
:NADPH ratio and unaltered ATG4 expression levels clearly 

showed that under hypoxia NP cells did not experience oxidative stress, thus arguing against the 

generation of ROS as a cause of autophagy induction.
51,52

 Previous studies have shown that 

HIF1A contributes to autophagy regulation in hypoxia.
20,24–27,68–70

 The BH3 domains of BNIP3 

and BNIP3L, known HIF1A targets, disrupt the BCL2-BECN1 complex, releasing more BECN1 

to be involved in the autophagic process.
24

 In NP cells, although the BNIP3 level was increased 

under hypoxia, the absence of a concomitant increase in p-BECN1 Ser93 indicated a possible 

lack of correlation with autophagic induction. Likewise, while BNIP3 levels in NP were HIF1 

dependent, stable silencing of HIF1A had no effect on hypoxic induction of LC3-II as well as on 

autophagic flux. These results clearly suggest that in NP cells, HIF1A, through neither the 

BNIP3-BECN1 axis nor an alternate mechanism, controls autophagy. Importantly, these in vitro 

results were further supported by analysis of mutant mice with NP-specific Hif1a deletion.
14

 NP 
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cells in both hif1a mutant and wild-type mice showed similar levels and patterns of LC3 puncta, 

indicating that autophagy was not controlled by HIF1A. Although NP-specific knockout of Hif1a 

results in cell death by birth,
14

 cell lineage and viability of NP cells at E15.5 is not altered, 

allowing avoidance of confounding variables that affect cell survival in assessment of the 

autophagic process.
14

 Taken together, our results clearly support the premise that HIF1A is not 

involved in autophagy modulation in NP cells.  

With such nonclassical regulatory mechanisms, it is not surprising that autophagy in NP 

cells may have nonconventional functions. Indeed, when autophagic degradation was inhibited, 

ECAR was not changed suggesting that the rate of glycolysis remained unaffected. This differs 

from what has been shown in macrophages, in which autophagy inhibition resulted in increased 

glycolysis and thus increased ECAR.
71

 It is important to note that macrophages, like NP cells, 

use glycolysis even under normoxic conditions through maintaining high HIF1A activity.
72,73

 

These results imply that the purpose of basal autophagy in NP cells may have little to do with 

their metabolic needs. Interestingly, the basal OCR was slightly lower when treated with 

bafilomycin A1, however, the metabolic implication of this observation is unclear.
8
 In contrast, 

autophagy was important for long-term NP cell survival, possibly due to overall inhibition of the 

protein degradation machinery and accumulation of misfolded proteins resulting in ER stress.
74,75

  

It is important to note that aberrant changes in autophagy are involved in the pathogenesis 

of many diseases as well as normal aging.
76,77

 An altered level of autophagy during intervertebral 

disc degeneration and ageing has been reported.
37–40,78

 Our studies clearly show evidence of 

MTOR-independent, noncanonical autophagy in NP cells. In addition, hypoxic induction of 

autophagy is independent of HIF1 as well as increased oxidative stress. It is thus possible that in 

NP cells autophagy may serve a different purpose in addition to its classical degradative and 
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recycling function. Therefore, further investigations are underway on delineating what 

physiological roles autophagy plays in NP cells and how it may contribute to intervertebral disc 

degeneration. 

Material and Methods 

Reagents and plasmids 

Lentiviral ShRNA plasmid targeting HIF1A in the FSVsi vector that co-expresses YFP 

was a gift from Dr. Andree Yeramian, University of Lleida, Spain.
79

 pBABE-puro mCherry-

EGFP-LC3B (22418) developed by Dr. Jayanta Debnath,
80

 and psPAX2 (12260) and pMD2.G 

(12259) developed by Dr. Didier Trono were obtained from Addgene.  

Cell culture and treatments  

Rat and human NP cells were isolated using a method previously reported by Risbud et 

al.
7
 Human NP cells were isolated from surgically discarded, magnetic resonance imaging-

graded tissue samples. Collection of animal and human tissues for cell isolation was performed 

as per approved protocols by Jefferson’s IACUC and IRB, respectively. After isolation, cells 

were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Corning, 10-013-CV) with 

10% fetal bovine serum (FBS; Sigma-Aldrich, F6178) supplemented with antibiotics in T25 

flasks until confluent (P0), and then either passaged into bigger flasks for expansion (P1) or 

directly plated into experimental plates. Cells up to P4 were used for all of the experiments. For 

hypoxic culture, NP cells were maintained in a Hypoxia Work Station (InvivO2 300, Baker 

Ruskinn, UK) with a mixture of 1% or 5% O2, 5% CO2, and 94% or 90% N2 for 8 to 72 h. In 

some experiments, cells were pretreated with either Torin1 (200-400 nM; Tocris, 4247) or 

rapamycin (100-500 nM; EMD Millipore, 553210) 1 h prior to hypoxic culture and were 

maintained in rapamycin for the duration of the experiments. To inhibit autophagic flux, cells 
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were treated with bafilomycin A1 (50 nM; Tocris, 1334) for the last 2 h of hypoxia treatment. For 

the experiments with chondrocytes, T/C-28a2 cells
81

 were treated with either 500 nM of 

rapamycin or 400 nM of Torin1 for 6 h. 

Generation of mice 

Generation and genotyping of Foxa2-Cre;Hif1a
f/f

  mutant mice have been previously 

described.
14

 Briefly, Foxa2-Cre knock-in male mice were bred with homozygous Hif1a floxed 

(Hif1a
f/f

) females, in order to obtain Foxa2-Cre positive heterozygous floxed (Foxa2-

Cre;Hif1a
f/+

) male mice. These newly generated males were crossed with female mice 

homozygous for the floxed Hif1a allele to generate Foxa2-Cre;Hif1a
f/f

 mutant mice, Foxa2-

Cre;Hif1a
f/+

 and Hif1a
f/f

 mice were used as controls.  

Transmission electron microscopy 

Primary rat NP cells were plated in 10-cm plates and was cultured in either normoxia or hypoxia 

for 24 h. Cells were trypsinized, collected into a pellet, and fixed with buffer containing 2.5% 

glutaraldehyde, 2.0% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH7.4, overnight at 

4
o
C. After subsequent buffer washes, the samples were post-fixed in 2.0% osmium tetroxide for 

1 h at room temperature, and then washed again in buffer followed by dH2O.  After dehydration 

through a graded ethanol series, the cell pellet was infiltrated and embedded in EMbed-812 

(Electron Microscopy Sciences, 14900). Thin sections were stained with lead citrate and 

examined with a JEOL 1010 electron microscope fitted with a Hamamatsu digital camera 

(C4742-95) and AMT Advantage image capture software. 

Acridine orange staining 

NP cells were plated in 24-well plates, and cultured under hypoxia or normoxia with or without 

rapamycin and bafilomycin A1. At the last 30 min before completing 24-h hypoxia treatment, 
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acridine orange (Sigma Aldrich, A9231) was added at 1 μg/mL concentration, and cells were 

incubated in the dark. After incubation, the media was replaced with phosphate-buffered saline 

(PBS; Corning, 46-013-CM), and the cell images were taken using a Zeiss Axio Imager.A2 

microscope (Carl Zeiss, Germany), or the fluorescence intensity was measured at 488 nm-525 

nm (excitation-emission) for DNA bound green signal or at 488nm-650 nm for acidic red signal 

using an Infinite® M1000 Pro microplate reader (Tecan, Switzerland). Quantification of acridine 

orange staining was calculated by normalizing fluorescence readings at 650 nm to those at 525 

nm. 

LysoTracker Red staining 

NP cells were plated in Lab-Tek
TM

 II 8-well chamber slides (Nunc, 154534), and cultured under 

hypoxia or normoxia for 24 h. At the end of the treatment, LysoTracker® Red DND-99 (Thermo 

Fisher Scientific, L7528) was added at 50 nM concentration, and incubated in the dark for 30 

min at 37C. After incubation, cells were washed with PBS, and fixed with 4% 

paraformaldehyde (PFA; Sigma-Aldrich, 158127) for 15 min at room temperature in the dark, 

washed with PBS thoroughly, and mounted with ProLong® Gold Antifade Mountant with DAPI 

(Thermo Fisher Scientific, P36934) for viewing under the microscope. Images of multiple cells 

from 3 independent experiments were taken using the Zeiss Axio Imager.A2 microscope. 

Quantification of red puncta, measured as their area (pixel
2
/cell) was done using ImageJ software 

(http://rsb.info.nih.gov/ij/). 

Tandem mCherry-EGFP-LC3 immunofluorescence 

Phoenix-AMPHO cells (ATCC, CRL-3213) were plated in 10-cm plates (5 x 10
6 
cells/plate) in 

DMEM with 10% heat-inactivated FBS one day before transfection. Cells were transfected with 

20 μg of pBABE-puro-mCherry-EGFP-LC3B (Addgene, 22418). After 16 h, transfection 
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medium was removed and replaced with fresh DMEM with 10% FBS and penicillin-

streptomycin (Corning, 30-001-CI). Lentiviral particles were harvested at 48 to 60 h post-

transfection. NP cells were plated on glass coverslips in DMEM with 10% heat-inactivated FBS 

one day before transduction. Cells were transduced with virus medium along with 8 μg/ml 

polybrene (Sigma Aldrich, H9268). 24 h later, the medium was removed and replaced with 1 g/L 

glucose DMEM (Gibco, 11885084) with 10% FBS, and the cells were subjected to hypoxia or 

normoxia for 24 h. After the treatment, cells on the coverslips were fixed with 1% PFA in PBS 

for 15 min at room temperature in the dark, washed with PBS thoroughly, and mounted with 

ProLong® Gold Antifade Mountant with DAPI for viewing under the microscope. Images of 

multiple cells from 3 independent experiments were taken using a Zeiss LSM510 confocal 

microscope (Carl Zeiss, Germany). Quantification of green-yellow and red-only puncta based on 

their colocalization was measured as their area (pixel
2
/cell) using the Colocalization Plugin of 

ImageJ software (http://rsb.info.nih.gov/ij/).  

Immunofluorescence microscopy 

Mouse spine tissues were isolated and immediately fixed in 4% PFA in PBS and then 

embedded in paraffin. Coronal sections of 6- to 8-μm thickness were cut. For localizing LC3, 

sections were deparaffinized, blocked in 5% normal goat serum (Thermo Fisher Scientific, 

10000C) in PBS-T (0.4% Triton X-100 [Sigma Aldrich, T8787] in PBS), and then incubated 

with anti-LC3 antibody (Novus Biologicals, NB100-2220), in 1% normal goat serum in PBS-T 

at a dilution of 1:200 at 4°C overnight. Tissue sections were thoroughly washed and incubated 

with Alexa Fluor®-594 conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch 

Lab, 711-586-152), at a dilution of 1:800 for 1 h at room temperature in the dark. Then the 

sections were washed again with PBS-T and mounted with ProLong® Gold Antifade Mountant 
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with DAPI. LC3 puncta in tissue immuno-staining was quantified as number/μm
3
 with ImageJ 

software (http://rsb.info.nih.gov/ij/). 

For cultured cell immunofluorescence staining, NP cells were plated on glass coverslips. 

After treatments, cells were fixed and permeabilized with cold methanol at -20°C for 15 min, 

washed with PBS and then blocked with 5% normal goat serum in PBS with 0.3% Triton X-100 

for 1 h at room temperature. Cells on coverslips were then incubated with anti-LC3 antibody 

(Cell Signaling Technology, 12741) in blocking buffer at a dilution of 1:100 at 4°C overnight, 

washed with PBS, and then incubated with Alexa Flour-488 Mounted with ProLong® Gold 

Antifade Mountant with DAPI. All mounted slides were visualized using a Zeiss LSM510 

confocal microscope. 

Protein extraction and western blotting 

Following treatment, cells were immediately placed on ice and washed with ice-cold PBS. 

All the wash buffers and the final cell lysis/resuspension buffers included 1X cOmplete
TM

 Mini 

Protease Inhibitor Cocktail (Roche, 11836153001), NaF (5 mM; Sigma Aldrich, 201154) and 

Na3VO4 (200 μM; Sigma Aldrich, S6508). Total cell proteins were resolved by electrophoresis 

on 8-12% SDS-polyacrylamide gels and transferred by electroblotting
 
to PVDF membranes 

(EMD Millipore, IPVH00010). The membranes were blocked with 5% nonfat
 
dry milk in TBST 

(1% Tween 20 [Bio-Rad, 161-0781] in TBS) and incubated overnight at 4°C in 5% nonfat
 
dry 

milk in TBST with antibodies against LC3 (1:1000; 12741), BECN1 (1:1000; 3495), 

SQSTM1/p62 (1:1000; 5114), ATG12 (1:1000; 4180), p-ULK1 Ser757 (1:1000; 14202), ULK1 

(1:1000; 8054), phospho-p-RPS6KB/70S6K (1:1000; 9205), p-RPS6KB/70S6K (1:1000; 9202), 

BNIP3 (1:500; 3769), BNIP3L (1:500; 12396), p-BECN1 Ser93 (1:500; 14717), ATG4A 

(1:1000; 7613), or ATG4B (1:1000; 13507) all from Cell Signaling Technology. The membrane 
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was also incubated with primary antibodies against, HIF1 (1:1000; BD Transduction 

Laboratories
TM

, 610958), p-ULK1 Ser777 (1:500; EMD Millipore, ABC213), or TUBB 

(1:10,000; Developmental Studies Hybridoma Bank, E7). Immunolabeling was detected
 
using 

the Amersham
TM

 ECL
TM

 Prime Western Blotting Detection Reagent (Thermo Fisher Scientific, 

45-002-401). 

Seahorse analysis 

NP cells were plated in a Seahorse XF 24 V7 cell culture microplate (Seahorse Bioscience, 

100777-004) at a seeding density of 15,000 cells/well in 1 g/L DMEM with 10% FBS the night 

before the experiment. On the day of the analysis, cells were treated with 50 nM bafilomycin A1 

for 2 to 6 h before oxygen consumption rate and extracellular acidification rate were measured in 

unbuffered medium containing bafilomycin A1 using a Seahorse XF24 Analyzer (Seahorse 

Bioscience, North Billerica, MA). 

Cell viability assay 

NP cells were plated in 96-well clear bottom plates at 10,000 cells/well seeding density. Cell 

were treated with 50 nM bafilomycin A1 for 6-24 h, under either normoxia or hypoxia, and 

viability was measured using a LIVE/DEAD® Viability/Cytotoxicity Kit (Thermo Fisher 

Scientific, L3224). Briefly, cells were incubated with LIVE/DEAD working solution containing 

either or both 1 M calcein AM and 2 M EthD-1 for 30 min at 37°C and then fluorescence 

intensity was measured at either 485 nm-530 nm (excitation-emission) for calcein AM (live) or 

at 530 nm-645 nm for EthD-1 (dead) using an Infinite® M1000 Pro microplate reader. The 

percent dead cells was calculated by dividing the EthD-1 fluorescence reading of the 

experimental samples by the reading of the dead cell control (cells killed by 15-min incubation 

with 70% methanol) after background correction. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
L

ee
ds

] 
at

 0
7:

04
 1

8 
Ju

ne
 2

01
6 



 

 22 

NADP
+
:NADPH measurement 

NP cells were plated in 96-well clear bottom plates at 10,000 cells/well seeding density. 

Experimental media was placed in either a regular cell incubator for normoxia, or hypoxia 

chambers set at different oxygen tensions (5, 1, or 0.1% pO2) overnight for equilibration prior to 

the experiment. On the experiment day, cells were placed in a hypoxia chamber of different 

oxygen tensions and the media was replaced with oxygen-equilibrated media for 1 h. Cells were 

then lysed with 2 mM NaOH with 1% DTAB (Sigma Aldrich, D8638) and lysates were divided 

into 2 groups, each of which were used to measure NADP
+
 and NADPH separately using the 

NADP/NADPH-Glo
TM

 Assay (Promega, G9081). 

Lentiviral particle production and viral transduction  

HEK 293T cells (ATCC, CRL-3216) were plated in 10-cm plates (5 x 10
6 

cells/plate) in 

DMEM with 10% heat-inactivated FBS one day before transfection. Cells were transfected with 

9 μg of ShCtr or ShHIF1A plasmids along with 6 μg psPAX2 and 3 μg pMD2.G. After 16 h, 

transfection medium was removed and replaced with DMEM with 10% heat-inactivated FBS and 

penicillin-streptomycin. Lentiviral medium was harvested at 48 to 60 h post-transfection, mixed 

with 7% PEG 6000 (Sigma Aldrich, 81253) solution and incubated overnight at 4°C to 

precipitate virus particles. PEG solution was removed from virus medium before transduction by 

centrifugation at 1,500 x g for 30 min to pellet virus particles. NP cells were plated in DMEM 

with 10% heat-inactivated FBS one day before transduction. Cells in 10-cm plates were 

transduced with 8 mL of fresh DMEM with 10% heat-inactivated FBS containing viral particles 

along with 8 μg/ml polybrene. 24 h later, the medium was removed and replaced with DMEM 

with 10% FBS. Cells were harvested for protein extraction 4-5 days after transduction to ensure 
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maximum knockdown efficiency without affecting cell viability. A transduction efficiency of 80-

90% was achieved as determined from the number of YFP-positive cells. 

Statistical analysis 

All measurements were performed in at least triplicate. Data are presented as the mean ± 

SE. Differences between groups were assessed by student’s t-test and ANOVA with appropriate 

post-hoc analysis using SigmaPlot (Systat Software). p < 0.05 was considered statistically 

significant. 

Abbreviations 

ECAR, extracellular acidification rate; HIF, hypoxia inducible factor; IVD, intervertebral disc; 

NP, nucleus pulposus; OCR, oxygen consumption rate; shRNA, short-hairpin RNA 
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Figure 1. Hypoxia increases the number of acidic puncta and autophagosomes in nucleus 

pulposus (NP) cells. (A) Transmission electron microscopy images of primary NP cells 

cultured under normoxia (NX, 21% pO2) or hypoxia (HX, 1% pO2) for 24 h show multiple 

double-membrane enclosed autophagosomes (arrow); an increased number in hypoxia is 

observed. Scale bar: 500 nm. (B) Left panel: Immunofluorescence image of endogenous 

LC3 in NP cells shows increased LC3 puncta following 24 h in hypoxia. Scale bar: 50 μm. 

Middle panel: Acridine orange staining of NP cells shows cells cultured for 24 h in 

hypoxia have more acidic organelles (red signal). Scale bar: 35 μm. Right panel: 
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LysoTracker® Red DND-99 staining of NP cells shows increased red staining after 24 h 

hypoxic culture. Scale bar: 50 μm. (C) Quantification of LysoTracker staining (red) as 

puncta area (px
2
)/cell using ImageJ software confirms increased acidic organelles under 

hypoxia. At least 427 cells per group were used for quantification analysis. (D) Western 

blot analysis of NP cells cultured under hypoxia for 8-72 h demonstrates accumulation of 

LC3-II protein at 8-48 h in hypoxia. (E) Densitometric analysis of multiple independent 

experiments as shown in the western blot confirms significant accumulation of LC3-II at 

24 h hypoxia with an upward trend at both 8 and 48 h. Densitometric analysis of other 

autophagy-related proteins indicates that hypoxia does not influence levels of SQSTM1, 

BECN1, or the ATG12–ATG5 complex. Values shown are mean ± SE from at least 3 

independent experiments. NS, nonsignificant; *, p < 0.05. 
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Figure 2. Hypoxia induces autophagy in NP cells without affecting its flux. (A) Western blot 

analysis of NP cells cultured in normoxia (NX) or hypoxia (1% and 5% pO2) with or without 

bafilomycin A1. Cells show accumulation of LC3-II under hypoxia, and further accumulation 

with bafilomycin A1 treatment confirms the presence of active flux under all culture conditions. 

(B) Densitometric analysis of multiple western blot experiments represented as both bar graphs 

and line graphs. Bar graph shows densitometry data normalized to respective untreated control 

group under each of the oxygen tensions. Inset line graph represents all densitometry data 

normalized to untreated normoxia control. Densitometric analysis confirms hypoxic 
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accumulation of LC3-II. Both LC3-II and SQSTM1 further accumulated with bafilomycin A1, 

while no change was seen in the protein levels of BECN1 and the ATG12–ATG5 complex by 

hypoxia or bafilomycin A1. (C) NP cells transduced with retrovirus expressing a tandem EGFP-

mCherry-LC3B construct cultured under either normoxia or hypoxia (HX) show 

autophagosomes in green-yellow and autolysosomes in red. Scale bar: 25 μm. The number of 

green-yellow puncta significantly increased under hypoxia, while the number of red-only puncta 

is more or less similar between normoxia and hypoxia. (D) Quantification of puncta area per cell 

using Colocalization Plugin of ImageJ software confirms significantly increased formation of 

autophagosomes with a relatively smaller change in autolysosomes. At least 48 cells per group 

were used for quantification analysis. Values shown are mean ± SE from at least 3 independent 

experiments. NS, nonsignificant; *, #, p < 0.05. 
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Figure 3. MTOR- and AMPK-dependent phosphorylation of ULK1 is unaffected by hypoxia. (A) 

Western blot analysis of NP cells cultured under normoxia (NX) or hypoxia (HX) for 8-72 h 

shows that the levels of p-ULK1 at Ser777 or Ser757 do not change with hypoxic culture. (B) 

Densitometric analysis of p-ULK1 Ser757 normalized to total ULK1 confirms MTOR-dependent 

ULK1 phosphorylation is unaltered under hypoxia until 24 h with very small decrease at 48 and 

72 h. (C) p-ULK1 Ser777 level normalized to total ULK1 under hypoxia remains the same 

confirming AMPK phosphorylation of ULK1 is unaffected by hypoxia. Values shown are mean 

± SE from at least 3 independent experiments. NS, nonsignificant; *, p < 0.05.  
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Figure 4. Autophagy in NP cells is unaffected by rapamycin treatment. (A) Immunofluorescence 

staining of endogenous LC3 in NP cells cultured under normoxia (NX) or hypoxia (HX), with or 

without rapamycin (500 nM) treatment shows hypoxia but not rapamycin increases LC3-positive 

puncta. Scale bar: 25 μm. (B) Acridine orange staining of NP cells shows increase in acidic 

puncta under hypoxia; no further increase is seen with rapamycin treatment. Scale bar: 35 μm. (C) 
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Quantification of acridine orange signal (red) normalized to double-strand DNA signal (green) 

confirms there is no change in number of acidic compartments in NP cells treated with 

rapamycin. Bafilomycin A1 treatment, which inhibits acidification of lysosomes, was used as a 

negative control. (D) Western blot analysis of NP cells in either normoxia or hypoxia treated 

with an increasing dose of rapamycin (100, 250, 500 nM) shows no further increase of LC3-II 

with rapamycin treatment at all 3 doses. Similarly, levels of SQSTM1, BECN1, and ATG12–

ATG5 are unaffected by rapamycin treatment. In addition, rapamycin does not change 

phosphorylation of ULK1 at Ser757, while completely abolishing phosphorylation of 

RPS6KB/p70S6K. (E) Densitometric analysis of multiple independent experiments confirms the 

western blot data. Values shown are mean ± SE from at least 3 independent experiments. NS, 

nonsignificant; Ctr, control; Rapa, rapamycin; BafA1, bafilomycin A1; *, p < 0.05. 
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Figure 5. Autophagy in NP cells is regulated in an MTOR-independent fashion. (A) Western 

blot analysis of NP cells cultured under normoxia (NX) or hypoxia (HX) for 24 h, with or 

without Torin1 (200, 400 nM). LC3-II level is increased by hypoxia, but unaffected by Torin1 
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treatment. The p-ULK1 Ser757 level is significantly reduced with Torin1 treatment, confirming 

MTOR-dependent phosphorylation of ULK1 is successfully inhibited. The level of p-ULK1 

Ser777 as well as total ULK1 is also reduced by Torin1, indicating Torin1 also affects MTOR 

function in protein synthesis. (B) Densitometric analysis of multiple independent western blot 

experiments confirms that inhibition of MTOR-dependent phosphorylation of ULK1 has no 

effect on LC3-II levels under both normoxia and hypoxia. (C) Immunofluorescence staining of 

endogenous LC3 demonstrates Torin1 has no effect on the number of LC3-positive 

autophagosomes in NP cells. Scale bar: 25 μm. (D) Western blot analysis of chondrocytes treated 

with either rapamycin (500 nM) or Torin1 (400 nM) for 6 h demonstrates increased LC3-II 

levels and concurrent decreased SQSTM1 levels. Both rapamycin and Torin1 blocked MTOR 

phosphorylation of ULK1 at Ser757. (E) Densitometric analysis of multiple independent western 

blot experiments confirms that modulation of MTOR activity alters the level of autophagy in 

chondrocytes. All the quantitative data are represented as mean ± SE from at least 3 independent 

experiments. NS, nonsignificant, Ctr/C, control; R, rapamycin; T, Torin1; *, p < 0.05. 
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Figure 6. Hypoxic induction of BNIP3 does not correlate with the activation status of BECN1. 

(A) Western blot analysis of NP cells cultured under normoxia (NX) or hypoxia (HX) for 8–72 h 

shows that the BNIP3 level significantly increases by 24 h in hypoxia. BNIP3L level as well as 

p-BECN1 Ser93 did not change under hypoxia. (B) Densitometric analysis of western blot 

confirms hypoxic induction of BNIP3, peaking at 24 h. In contrast, the BNIP3L level remains 

relatively constant in hypoxia except for a small decrease at 72 h. Additionally, the level of p-

BECN1 Ser93 is not affected under hypoxia, indicating a lack of correlation between BNIP3 and 

activation status of BECN1. All the quantitative data are represented as mean ± SE from at least 

3 independent experiments. NS, nonsignificant; *, p < 0.05. 
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Figure 7. Hypoxic induction of autophagy in NP cells is independent of HIF1A activity. (A) 

YFP expression of NP cells transduced with lentivirus expressing ShCtr or ShHIF1A shows high 

~80-90% transduction efficiency. Scale bar: 100 μm. (B) Western blot analysis of NP cells 

transduced with ShCtr or ShHIF1A shows that HIF1A silencing does not affect LC3-II levels 

irrespective of oxemic tension. While BNIP3 levels also increase under hypoxia (HX) and 

decrease with HIF1A silencing, there is no appreciable change in both SQSTM1 and BNIP3L 

levels by hypoxia or HIF1A silencing. (C) Densitometric analysis of HIF1A, LC3-II, BNIP3, 

BNIP3L, and SQSTM1 western blot data shown in (B) confirms that HIF1A silencing has no 
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effect on the level of LC3-II while decreasing the BNIP3 level. (D) Western blot analysis of NP 

cells transduced with either ShCtr or ShHIF1A, with or without bafilomycin A1 treatment under 

hypoxia shows that the LC3-II level and its further accumulation following bafilomycin A1 (Baf) 

treatment is unaltered by HIF1A silencing. (E) Densitometric analysis of western blot 

experiments (D) confirms a lack of effect of HIF1A silencing on autophagic flux. (F) Schematic 

diagram describing generation of NP-specific Hif1a conditional knockout mice. (G) Left panels: 

H&E staining of intervertebral disc from control and knockout mice at E15.5. Scale bar: 50 μm. 

Middle and right panels: Immunofluorescence staining of LC3 of NP tissue. LC3 staining 

demonstrates that lack of Hif1a has no effect on overall staining (middle panel) the number and 

distribution of LC3-positive puncta (arrowhead, right panel) in vivo, confirming the in vitro 

knockdown data. Scale bar: 20 μm. (H) Quantification of LC3 immunofluorescence staining of 

E15.5 disc tissue presented as number of puncta per m
3
 shows similar number of LC3-positive 

autophagosomes between control and Hif1a mutant mice. n=3 for Hif1a mutant group, and n=2 

for control group. All the quantitative data are represented as mean ± SE from at least 3 

independent experiments. NS, nonsignificant; *, p < 0.05. 
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Figure 8. NP cell metabolism is unaffected by short-term inhibition of autophagy, but cell 

viability is reduced by long-term autophagy inhibition. (A, B) Extracellular acidification rate 

(ECAR) of NP cells treated with bafilomycin A1 (Baf) for 2-6 h under normoxia, measured by 

Seahorse XF Analyzer, shows no change in the ECAR with bafilomycin A1 treatment. (C, D) 

Oxygen consumption rate (OCR) of NP cells shows bafilomycin A1 treatment results in a slight 

reduction only in the basal OCR. (E) Cell viability test using Live/Dead assay demonstrates 

inhibition of autophagic degradation for 24 h results in decreased cell viability both in normoxia 
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(NX) and hypoxia (HX). (F) Schematic diagram representing a model of noncanonical 

autophagy regulation in NP cells. Hypoxia induces a form of noncanonical autophagy in NP cells 

where formation of autophagosomes is affected more so than the autophagic flux. Moreover, 

autophagy in NP cells is largely independent of the MTOR-ULK1 axis. This noncanonical 

pathway also does not involve changes in the levels of autophagy-related proteins such as 

BECN1 and the ATG12–ATG5 complex. Interestingly, while hypoxia increases the activity of 

HIF1A, a known regulator of autophagy in some cell types, its activity has little or no effect on 

autophagy in NP cells. NS, nonsignificant. 
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