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Abstract

Objective—Aging is a main risk factor for the development of osteoarthritis (OA) and the 

molecular mechanisms underlying the aging-related changes in articular cartilage include 

increased mammalian target of rapamycin (mTOR) signaling and defective autophagy. REDD1 is 

an endogenous inhibitor of mTOR that regulates cellular stress responses. In this study we 

measured REDD1 expression in normal, aged and OA cartilage and assessed REDD1 function in 

human and mouse articular chondrocytes.

Methods—REDD1 expression was analyzed in human and mouse articular cartilage by qPCR, 

western blotting, and immunohistochemistry. For functional studies, REDD1 and TXNIP 

knockdown or overexpression was performed in chondrocytes in the presence or absence of 

rapamycin and chloroquine, and mTOR signaling and autophagy were measured by western 

blotting. REDD1/TXNIP protein interaction was assessed by co-immunoprecipitation 

experiments.

Results—Human and mouse cartilage from normal knee joints expressed high levels of REDD1. 

REDD1 expression was significantly reduced in aged and OA cartilage. In cultured chondrocytes, 

REDD1 knockdown increased whereas REDD1 overexpression decreased mTOR signaling. In 

addition, REDD1 activated autophagy by an mTOR independent mechanism that involved protein/
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protein interaction with TXNIP. The REDD1/TXNIP complex was required for autophagy 

activation in chondrocytes.

Conclusion—The present study shows that REDD1 is highly expressed in normal human 

articular cartilage and reduced during aging and OA. REDD1 in human chondrocytes negatively 

regulates mTOR activity and is essential for autophagy activation. Reduced REDD1 expression 

thus represents a novel mechanism for the increased mTOR activation and defective autophagy 

observed in OA.
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Introduction

Osteoarthritis (OA) is the most prevalent musculoskeletal pathology and a leading cause of 

pain and disability (1). OA is predominantly characterized by the progressive degradation of 

articular cartilage due to an imbalance between anabolic and catabolic processes that 

eventually involves other tissues within the joint and results in joint dysfunction (2). Aging 

is the main risk factor for OA (2). Age-related changes occur in articular cartilage and other 

joint tissues and they are thought to represent a major risk factor for OA development (3). 

Articular cartilage changes during aging include reduced thickness, reduced cell density, 

cellular senescence associated with aberrant secretory activity, and impaired cellular defense 

mechanisms (3). Understanding the molecular mechanisms that drive cartilage aging has 

become a main focus of OA research.

The PI3K/AKT/mTOR pathway has emerged as a central axis in the control of lifespan and 

healthspan in model organisms (4, 5). It transduces growth factor signals to regulate cell 

growth, transcription, protein translation as well as cellular stress responses (6). mTOR is a 

serine/threonine protein kinase that interacts with several proteins to form two distinct 

complexes named mTOR complex 1 (mTORC1) and 2 (mTORC2) (7). mTORC1 is 

rapamycin sensitive and regulates different aspects of cellular growth and metabolism 

whereas mTORC2 regulates cell survival and cytoskeletal organization (7). A major function 

of mTORC1 is the suppression of autophagy, a protective mechanism that involves 

degradation and recycling of dysfunctional cellular organelles (8). There is increasing 

evidence that mTOR signaling is dysregulated in OA articular cartilage (9). A recent study 

showed elevated mTOR expression in human OA cartilage, as well as in mouse and dog 

models of experimental OA (10). In addition, reduced expression of key autophagic markers 

has been reported in aged and OA articular cartilage (11). Pharmacological or genetic 

inhibition of mTOR is protective against experimental OA in mice and it is accompanied by 

an increase in autophagic activity (10, 12). Taken together, these findings suggest that 

increased mTOR signaling may compromise autophagic activity in chondrocytes and 

contribute to the development of OA.

The molecular mechanisms underlying mTOR dysregulation in OA cartilage remain poorly 

understood. A possible mechanism could be increased upstream signaling via PI3K/AKT 

activation. Several ligands can induce PI3K/AKT signaling in chondrocytes in a context 
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specific fashion (13). However, there is no conclusive evidence for the status of this pathway 

in articular cartilage, either during normal aging or OA pathogenesis. On the other hand, a 

decrease in endogenous mTORC1 negative regulators could account for the increased 

mTOR activity in OA cartilage. Recent reports showed that mTOR inhibitors, such as 

FOXO, AMPK and Sirt1 have reduced expression in OA cartilage (14-17). Moreover, this 

reduced expression was associated with defective cellular defenses and a catabolic 

chondrocyte phenotype (14-17). Whether these effects are mediated by mTOR or autophagy 

still remains to be elucidated.

REDD1 is an evolutionary conserved protein encoded by the ddit4 gene in mammals. 

REDD1 expression is induced by hypoxia and other stresses (18, 19) and acts primarily as a 

canonical mTORC1 inhibitor (20-22). Interestingly, REDD1 is ubiquitously expressed in 

adult tissues and it has a dual role as a pro-survival or pro-apoptotic factor depending on 

context and cell type (19, 23, 24). In the present study we examined REDD1 expression in 

articular cartilage and its function in articular chondrocytes.

Methods

Human cartilage samples

Macroscopically normal articular cartilage was harvested at the time of autopsy from the 

knees of young (38±13 years) and old donors (77±12 years) with no history of joint disease. 

OA cartilage was obtained from patients (70±11 years) undergoing total knee arthroplasty. 

Immediately after full thickness cartilage resection from the subchondral bone, samples 

were stored at -20°C in Allprotect (Qiagen) for RNA and protein isolation, fixed in Z-Fix 

(Anatech) for 24 hours and embedded in paraffin for histological analysis, or used for 

chondrocyte isolation as described below.

Mouse cartilage samples

All animal experiments were approved by the Institutional Animal Care and Use Committee 

at The Scripps Research Institute. For aging studies, C57BL/6J mice were kept under 

standard conditions and sacrificed at 6 and 27 months of age. For the surgical OA model, 4-

month-old mice were anesthetized and transection of the medial meniscotibial ligament 

(DMM) and the medial collateral ligament was performed (12, 25). Animals were then 

euthanized 8 weeks after surgery and knee joints were processed for immunohistochemical 

analysis as described previously (15).

Human chondrocyte culture

Human primary chondrocytes were isolated as described previously (14) and maintained in 

Dulbecco's modified Eagle's medium (DMEM) containing 10% calf serum (CS) at 37°C in 

5% CO2. First passage chondrocytes were used in all experiments. The immortalized human 

chondrocyte cell line T-C/28 (26) was cultured in DMEM containing 10% CS and only cells 

that had been maintained for fewer than 20 passages were used in all experiments.

For REDD1 knock down experiments, chondrocytes were grown to confluence and 

transfected with small interfering RNA (siRNA) for DDIT4 or TXNIP (Life Technologies) 
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using lipofectamine RNAiMAX (Life Technologies) in media containing 1% CS for 42 

hours. Then, DMSO (0.1%, Sigma), rapamycin (100 nM, LC Labs) or chloroquine (25 μM, 

Sigma) was added and cells were harvested after 6 hours.

For REDD1 overexpression, confluent chondrocytes were transduced with adenovirus 

expressing GFP (Ad-GFP) or REDD1 (Ad-REDD1) in media containing 1% CS for 6 hours 

in the presence of DMSO (0.1%) or rapamycin (100 nM) as indicated.

Mouse chondrocyte culture

Immature murine articular chondrocytes were isolated from knees and hips of 6-days-old 

wild-type and REDD1 deficient mice (27) following the protocol described by Gosset et al 
(28). Absence of REDD1 expression in the joints of Redd1-/- mice was confirmed by 

immunohistochemistry staining with REDD1 specific antibody (Supplemental Figure 1). 

Isolated cells were cultured in media containing 10% CS and second passage cells were used 

in all experiments.

RNA isolation and quantitative polymerase chain reaction

Cartilage was pulverized in a freezer mill and homogenized in Qiazol Lysis Reagent 

(Qiagen). RNA was isolated using the RNeasy Mini kit (Qiagen) followed by removal of 

proteoglycans using RNAmate (BioChain Institute). In cultured chondrocytes, RNA was 

collected using Direct-Zol RNA miniprep kit (Zymo Research).

Gene expression was measured using pre-designed TaqMan gene expression assays for the 

following genes: REDD1, TXNIP, BECN1, BNIP3, FOXO3, GABARAP, MAP1LC3, 

ULK1, and GAPDH as a reference gene.

Immunohistochemistry

Paraffin-embedded human and mouse samples were deparaffinized and rehydrated as 

described elsewhere (15). 5-μm thick sections were blocked with 10% goat serum and 

incubated overnight at 4°C with rabbit anti-REDD1 antibody (1:100 dilution; Proteintech). 

After washing with phosphate buffered saline (PBS), sections were incubated for 30 minutes 

with ImmPRESS-AP anti-rabbit IgG polymer detection reagent (Vector Laboratories), 

dehydrated and mounted. Positive cells were counted in 2 different fields per section and the 

results are reported as percentage of REDD1-positive cells.

Protein isolation and western blotting

Cultured chondrocytes were washed twice in PBS and lysed in ice-cold RIPA buffer (Pierce) 

supplemented with protease and phosphatase inhibitor cocktail (Thermo Scientific). Twenty 

micrograms of protein were resolved in 4-12% acrylamide gels and transferred to 

nitrocellulose membranes using the Bolt system (Life Technologies). Membranes were 

washed in Tris-buffered saline (TBS) and blocked with Odyssey blocking buffer for 1 hour 

at room temperature. Then, blots were incubated overnight at 4°C with the following 

antibodies: REDD1 (1:500, Proteintech), p-S6 (1:2000, Cell Signaling), S6 (1:1000, Cell 

Signaling), p-4EBP (1:1000, Cell Signaling), 4EBP (1:1000, Cell Signaling), LC3 (1:1000, 

Cell Signaling), TXNIP (1:1000, Cell Signaling), and GAPDH (1:5000, Abcam). After 
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washing three times with TBS with 0.05% Tween 20 (TBS-T), membranes were incubated 

with secondary antibodies goat anti-rabbit IRDye 800 (1:5000 dilution) and goat anti-mouse 

IRDye 680 (1:10000 dilution) for 1 hour at room temperature. Blots were washed three 

times in TBS-T and visualized using the Odyssey Infrared Imaging System (LI-COR). 

Intensity values were analyzed with the ImageStudioLite software and normalized to those 

of GAPDH.

Co-immunoprecipitation

For co-immunoprecipitation experiments, T-C/28 cells were transfected with plasmid 

expressing FLAG-REDD1 protein for 24 hours using lipofectamine 3000 (Life 

Technologies). Total protein extracts were prepared using RIPA buffer (Pierce) containing a 

protease inhibitor cocktail (Roche). After removal of insoluble debris by centrifugation, 

lysates were pre-cleared with 20 μl protein-A magnetic beads (Cell Signaling) for 1 hour at 

4°C, followed by overnight incubation with 20 μl anti-FLAG M2 magnetic beads (Sigma). 

Next, beads were washed four times with RIPA buffer and proteins were eluted with 100 μl 

of elution buffer (10mM Tris pH 8.0, 2mM EDTA, 2% SDS). 20 μg of proteins were 

resolved by SDS-PAGE and analyzed by western blotting as described above.

Statistical analysis

Data are reported as the mean ± 95CI (95% confidence interval). Differences between 

groups were assessed by one-way analysis of variance (ANOVA) followed by a post-hoc 

Tukey test. Comparisons between two groups were assessed by an unpaired, two-tailed T-

test after testing for equal variance using an F-test. All statistical analyses were performed 

using Prism 6 software (GraphPad Software). P-values less than 0.05 were considered 

significant.

Results

REDD1 expression is reduced in aged and OA cartilage

REDD1 expression was measured by qPCR and western blotting in human knee cartilage 

samples from normal and OA donors. REDD1 mRNA and protein levels were significantly 

decreased in OA samples (Figure 1A,B). Immunohistochemical analysis revealed that 

REDD1 is highly expressed in normal cartilage where more than 80% of chondrocytes in all 

cartilage zones showed strong staining (Figure 1C). On the other hand, aged and OA 

cartilage samples exhibited significantly lower REDD1 expression than normal controls 

(Figure 1C). REDD1 positive cells were significantly reduced in OA samples when 

compared with normal aged cartilage. The REDD1 reduction in OA samples was evident in 

intact regions of the cartilage as well as in fibrillated areas with the chondrocyte clusters also 

being negative.

Altered REDD1 expression in articular cartilage during aging and OA was also observed in 

murine joints. The number of REDD1 positive cells was significantly higher in the articular 

cartilage from 6-month-old mice as compared with 27-month-old mice (Figure 2). In 

addition, mice with surgically induced OA showed less REDD1 expression 8 weeks after 

surgery as compared with age-matched controls (Figure 2).
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REDD1 is an endogenous mTOR inhibitor in articular chondrocytes

To evaluate the role of REDD1 in mTOR signaling in chondrocytes, we analyzed the 

phosphorylation status of two downstream effectors of mTORC1 (S6 and 4EBP) upon 

REDD1 knockdown. REDD1 specific siRNA significantly increased phosphorylation of S6 

and 4EBP proteins in human primary chondrocytes (Figure 3A) and T-C/28 cells (Figure 

3B). A more marked effect on mTORC1 signaling was observed in chondrocytes from 

Redd1-/- mice compared to wild-type cells (Figure 3C) as evidenced by a significant increase 

in S6 and 4EBP phosphorylation. These data collectively suggest that REDD1 is an 

endogenous mTOR inhibitor and that REDD1 depletion is sufficient to increase mTOR 

signaling in articular chondrocytes.

Next, we determined whether ectopic REDD1 expression would inhibit mTOR signaling. As 

shown in Figure 3D, REDD1 overexpression using adenoviral vectors resulted in a dose-

response reduction in S6 phosphorylation in human chondrocytes, especially at high 

multiplicity of infections (MOI). Likewise, a significant reduction in S6 phosphorylation 

was observed in T-C/28 cells transduced with Ad-REDD1 (Figure 3E).

REDD1 modulates autophagy in articular chondrocytes

Since mTORC1 is a potent inhibitor of autophagy (7), we tested whether REDD1 regulates 

autophagy in articular chondrocytes using gain- and loss-of-function approaches. To monitor 

autophagic activity, we detected the conversion of LC3, a key factor required for 

autophagosome elongation and maturation, from the cytosolic form (LC3-I) to the 

autophagosome-bound form (LC3-II) (29). As shown in Figures 4A-B, REDD1 depletion 

resulted in a significant reduction in LC3-II levels in human chondrocytes treated with 

chloroquine, an inhibitor of autophagosome degradation, as compared with cells transfected 

with control siRNA. In mouse articular chondrocytes from Redd1-/- mice, autophagic 

activity was severely impaired when compared with cells from wild-type control mice 

(Figure 4C). Conversely, REDD1 overexpression using Ad-REDD1 was sufficient to induce 

autophagy in human chondrocytes as evidenced by a significant increase in LC3-II 

accumulation (Figures 4D-E).

To investigate whether REDD1 modulates autophagy though mTORC1 signaling, gain- and 

loss-of-function experiments were carried out in the presence or absence of rapamycin, a 

specific mTOR inhibitor. Surprisingly, rapamycin treatment did not abolish the effect on 

autophagy of REDD1 depletion (Figure 5A) or overexpression (Figure 5B) in human 

chondrocytes. Likewise, rapamycin did not restore the defective autophagy in chondrocytes 

from Redd1-/- mice (Figure 5C), indicating that REDD1 modulates autophagy in an mTOR 

independent manner.

REDD1 interacts with TXNIP to induce autophagy in chondrocytes

Since our results indicated that REDD1 regulation of autophagy is largely mTOR 

independent in chondrocytes, we wanted to identify the molecular mechanism underlying 

this function of REDD1. A recent study reported that REDD1 forms a complex with the pro-

oxidant protein TXNIP to trigger endogenous ROS production under cellular stress 

conditions (30). In addition, ROS generated by the REDD1/TXNIP complex were sufficient 
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to induce autophagy in HEK293T cells (30). Based on these findings, we asked whether 

REDD1 interacts with TXNIP in chondrocytes and whether this protein complex is able to 

regulate autophagy.

Since TXNIP has not been previously studied in cartilage, we first measured TXNIP 

expression in articular cartilage of normal and OA donors. As shown in Figures 6A,B, 

TXNIP mRNA and protein were detected in articular cartilage of normal donors and their 

expression was significantly reduced in OA.

To determine if REDD1 interacts with TXNIP in chondrocytes, we overexpressed REDD1 in 

T-C/28 cells and performed co-immunoprecipitation. As shown in Figure 6C, endogenous 

TXNIP was detected in REDD1 immunoprecipitates, indicating that these two proteins 

interact in chondrocytes. Next, we determined whether TXNIP is able to regulate autophagy 

in chondrocytes. In a similar fashion as REDD1 depletion, we found that TXNIP knockdown 

in human primary chondrocytes resulted in reduced autophagic activity as evidenced by 

reduced LC3 processing in the presence of chloroquine (Figure 6D). Moreover, combined 

knockdown of REDD1 and TXNIP resulted in a further reduction of autophagy (Figure 6D) 

indicating that the REDD1/TXNIP complex is required for autophagy induction in 

chondrocytes.

Discussion

In the present study we report for the first time that REDD1, an endogenous mTOR inhibitor 

(20), is highly expressed in normal articular cartilage and that OA and aging are associated 

with decreased REDD1 mRNA and protein expression. Moreover, our data indicate that 

REDD1 forms a complex with TXNIP that is required for autophagy induction in articular 

chondrocytes.

REDD1 is a ubiquitously expressed protein that is tightly regulated during development and 

was initially identified as transcriptionally induced by hypoxia and DNA damage (18, 19). 

REDD1 primarily acts as an endogenous mTOR inhibitor under cellular stress conditions 

such as hypoxia, endoplasmic reticulum stress, energy stress, and oxidative stress (20-22). 

Mice with global REDD1 deletion are viable, fertile, and do not exhibit any growth or 

physical abnormalities (27). However, REDD1 deficiency under stress conditions results in 

tissue specific effects that can be protective or deleterious in a context dependent manner 

(23, 31-34). mTOR is a central kinase that regulates protein synthesis, autophagy, 

metabolism and cell survival (7). As part of the normal cellular response to stress, diverse 

evolutionarily conserved factors such as FOXO or AMPK inhibit mTOR signaling to stop 

cell growth and proliferation while redirecting energy metabolism to support stress 

resistance and cell survival (4, 7, 35). Age-related declines of FOXO and AMPK activities 

have been suggested to potentially lead to age-associated diseases (4) and elevated mTOR 

signaling has been reported in several age-related pathologies (35), including in OA cartilage 

(9). While the molecular mechanisms underlying mTOR hyperactivation in OA pathogenesis 

remain incompletely understood, reduced FOXO (15) and AMPK (16) expression have been 

found in OA cartilage. The data presented here expands the current knowledge about mTOR 
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regulation in articular cartilage and suggests that decreased REDD1 expression during aging 

and OA can contribute to exacerbated mTOR signaling.

Recent evidence supports a central role of autophagy in cartilage homeostasis and OA 

development (36). Reduced expression of key autophagy elements such as ULK1, BECN1 

and MAP1LC3 has been reported in aging and OA cartilage (11). Inhibition of mTOR 

signaling by rapamycin increases autophagy in articular cartilage and is associated with a 

significant reduction in the severity of cartilage degeneration and synovitis associated with 

decrease in the expression of ADAMTS-5 and IL-1 in articular cartilage (12). Furthermore, 

mice with cartilage-specific mTOR deletion showed increased expression of autophagic 

markers and significant protection from surgically-induced OA (10). Our study shows that 

REDD1 is an endogenous regulator of autophagy in articular chondrocytes and supports a 

model where decreased REDD1 expression during aging and OA leads to a deficiency in 

autophagic activity. Restoring REDD1 expression during aging is a potential therapeutic 

strategy to prevent the onset of OA.

An important finding of the present study is that REDD1 regulation of autophagy is largely 

mTOR independent. Instead, REDD1 associates with the pro-oxidant protein TXNIP to form 

a protein complex that is essential for autophagy induction in chondrocytes. TXNIP is a 

negative modulator of thioredoxins and it is induced by various types of cellular stress such 

as oxidative stress, UV radiation, heat shock and apoptotic signaling (37). Recent studies 

showed that TXNIP interacts with REDD1 under energy stress conditions, resulting in 

REDD1 protein stabilization and inhibition of mTOR signaling (38). In addition, this 

REDD1/TXNIP complex has been shown to positively regulate autophagy in 293T cells 

through production of endogenous radical oxygen species (30). An interesting finding of the 

latter study is that REDD1 deficiency in vivo also results in mitochondrial dysfunction and 

accumulation of damaged mitochondria (30), two events that have been described in 

articular cartilage during aging and OA (39). According to our data, it could be hypothesized 

that REDD1 deficiency during aging and OA could contribute to defective mitochondrial 

function in articular chondrocytes. Following this rationale, restoration of REDD1 levels not 

only would result in autophagy activation but also improve mitochondrial function of 

articular chondrocytes.

We show that REDD1 expression is significantly reduced in aged and OA cartilage. 

However, we did not explore the molecular mechanisms responsible for this reduction. 

REDD1 transcriptional activation can be mediated by different transcription factors such as 

p63 (18), HIF-1α (20), ATF4 (40), Che-1 (41), or PLZF (42) among others. On the other 

hand, there is less understanding of REDD1 inhibitory mechanisms. To the best of our 

knowledge, only one study reported a REDD1 repression by a transcription factor in human 

hematopoietic stem cells (43). Our data indicates that REDD1 is expressed at high levels in 

normal articular cartilage. This high basal expression could be due to a sustained 

transcriptional activation by the above-mentioned transcription factors. REDD1 decreased 

expression during aging and OA could thus be the consequence of reduced transcriptional 

activation as opposed to an active transcriptional inhibition. We analyzed REDD1 expression 

in cultured articular chondrocytes stimulated with interleukin-1β to induce inflammatory 

stress, or tert-Butyl hydroperoxide to induce oxidative stress, and did not find a reduction in 
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REDD1 protein levels (data not shown). Future studies should be aimed at deeper 

understanding the REDD1 regulation in articular chondrocytes.

In summary, we report for the first time that REDD1 is an endogenous regulator of mTOR 

signaling and autophagy in articular chondrocytes. Moreover, REDD1 expression is reduced 

during aging and OA in articular cartilage, contributing to mTOR hyperactivation and 

autophagy deficiency that is characteristic of OA pathophysiology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
REDD1 expression is reduced in human articular cartilage during aging and OA. A) REDD1 

RNA expression analyzed by quantitative PCR in articular cartilage from normal (N=23) and 

OA donors (N=14). B) Western blot analysis of REDD1 expression in articular cartilage 

from normal (N=6) and OA donors (N=6). C) REDD1 immunohistochemistry on articular 

cartilage from normal, aged and OA donors. Six donors were analyzed per group and 

representative images are shown at two different magnifications. On the right, REDD1 

quantitation expressed as percentage of REDD1 immunopositive cells. All values are mean

±95%CI. Magnification bar = 100μm.

Alvarez-Garcia et al. Page 12

Osteoarthritis Cartilage. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
REDD1 expression is reduced in mouse articular cartilage during aging and OA. REDD1 

immunohistochemistry on articular cartilage of normal (6-month-old), old (27-month-old), 

and 6-month-old mice subjected to surgical destabilization of medial meniscus (DMM). A 

total of 6 mice per group were analyzed and representative images are shown at two different 

magnifications. On the right, REDD1 quantitation expressed as percentage of REDD1 

immunopositive cells. Values are mean±95%CI. Magnification bar = 100μm.
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Figure 3. 
REDD1 inhibits mTORC1 activity in human and mouse articular chondrocytes. A) Western 

blot analysis of REDD1, phospho-S6 (p-S6) and phospho-4EBP (p-4EBP) in human primary 

chondrocytes transfected with siRNA control or specific against REDD1. Values are mean

±95%CI of eight different human donors. B) Western blot analysis of REDD1, p-S6 and 

p-4EBP in T-C/28 chondrocytes transfected with siRNA control or specific against REDD1. 

Values are mean±95%CI of four different experiments. C) Western blot analysis of p-S6 and 

p-4EBP in immature murine articular chondrocytes isolated from Redd1+/+ and Redd1-/- 

mice. Values are mean±95%CI of three independent experiments. D) Western blot of 

REDD1 and p-S6 levels in human primary chondrocytes transduced with adenovirus 

expressing GFP (Ad-GFP) or REDD1 (Ad-REDD1) at different multiplicities of infection 

(MOI). E) Western blot analysis of REDD1 and p-S6 levels in T-C/28 chondrocytes 

transduced with Ad-GFP or Ad-REDD1 at 10 MOI. Values are mean±95%CI of three 

independent experiments.
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Figure 4. 
REDD1 regulates autophagy in articular chondrocytes. A) Western blot analysis of REDD1 

and LC3 in human primary chondrocytes transfected with siRNA control or specific against 

REDD1 in the presence of absence of chloroquine (CQ, 25μM). Values are mean±95%CI of 

five different donors. B) Western blot analysis of REDD1 and LC3 in T-C/28 chondrocytes 

transfected with siRNA control or specific against REDD1 in the presence of absence of CQ. 

Values are mean±95%CI of three different experiments. C) Western blot analysis of REDD1 

and LC3 in immature murine articular chondrocytes isolated from Redd1+/+ and Redd1-/- 

mice. Values are mean±95%CI of three independent experiments. Statistical comparisons 

are Redd1-/- vs Redd1+/+. D) Western blot analysis of REDD1 and LC3 in human primary 

chondrocytes transduced with adenovirus expressing GFP (Ad-GFP) or REDD1 (Ad-

REDD1) at 10 multiplicity of infection. Values are mean±95%CI of four different donors. E) 
Western blot analysis of REDD1 and p-S6 levels in T-C/28 chondrocytes transduced with 

Ad-GFP or Ad-REDD1 at 10 MOI. Values are mean±95%CI of four independent 

experiments.
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Figure 5. 
REDD1 induces autophagy in articular chondrocytes through an mTOR independent 

mechanism. A) Western blot analysis of REDD1, phospho-S6 (p-S6), and LC3 in human 

primary chondrocytes transfected with siRNA control or specific against REDD1 in the 

presence of absence of chloroquine (CQ, 25μM) and rapamycin (Rapa, 1μM). Values are 

mean±95%CI of four different donors. B) Western blot analysis of REDD1, p-S6 and LC3 

levels in human primary chondrocytes transduced with adenovirus expressing GFP (Ad-

GFP) or REDD1 (Ad-REDD1) at 10 multiplicity of infection, in the presence of absence of 

CQ and Rapa. Values are mean±95%CI of four different donors. C) Western blot analysis of 

REDD1, p-S6 and LC3 in immature murine articular chondrocytes isolated from Redd1+/+ 

and Redd1-/- mice in the presence of absence of CQ and Rapa.
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Figure 6. 
REDD1 forms a complex with TXNIP to induce autophagy in articular chondrocytes. A) 
TXNIP RNA expression analyzed by quantitative PCR in articular cartilage from normal 

(N=18) and OA donors (N=20). Values are mean±95%CI. B) TXNIP protein levels in 

articular cartilage from normal and OA donors assessed by western blot. Eight donors were 

analyzed per group. C) Co-immunoprecipitation experiment in T-C/28 chondrocytes 

transduced with adenovirus expressing GFP (Ad-GFP) or FLAG-REDD1 (Ad-REDD1) at 

10 multiplicity of infection. Western blot shows REDD1, GFP and TXNIP levels after 

immunoprecipitation with anti-FLAG antibodies. D) Western blot analysis of REDD1, 

TXNIP, phospho-S6 (p-S6) and LC3 in human primary chondrocytes transfected with 

siRNA control or specific against REDD1 or TXNIP as indicated in the presence or absence 

of chloroquine (CQ, 25μM). Values are mean±95%CI of four different donors.
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