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Abstract

Objective—Autophagy dysfunction has been reported in osteoarthritis (OA) cartilage. The 

objective of this study was to investigate the role of microRNA-155 (miR-155), which is 

overexpressed in OA, in the regulation of autophagy in human chondrocytes.

Design—Rapamycin (50nM) and 2-deoxyglucose (2-DG) (5mM) were used to stimulate 

autophagy in primary human articular chondrocytes and in the T/C28a2 human chondrocyte cell 

line. Cells were transfected with LNA GapmeR or mimic specific for miR-155 and autophagy flux 

was assessed by LC3 western blotting and by Cyto-ID® dye quantification in autophagic vacuoles. 

Expression of predicted miR-155 targets in the autophagy pathway were analyzed by real-time 

PCR and western blotting.

Results—Autophagy flux induced by rapamycin and 2-DG was significantly increased by 

miR-155 LNA, and significantly decreased after miR-155 mimic transfection in T/C28a2 cells and 

in human primary chondrocytes. These effects of miR-155 on autophagy were related to 

suppression of gene and protein expression of key autophagy regulators including Ulk1, FoxO3, 

Atg14, Atg5, Atg3, Gabarapl1, and Map1lc3.

Conclusion—MiR-155 is an inhibitor of autophagy in chondrocytes and contributes to the 

pathogenesis of OA.
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Introduction

Osteoarthritis (OA) is the most common joint disease, characterized by articular cartilage 

degradation and changes in all other joint tissues 1, 2. Articular chondrocytes, the only cell 

type in adult cartilage, synthetize extracellular matrix (ECM) components and are 

responsible for cartilage homeostasis 3. Aging and OA are associated with profound changes 

in articular cartilage, including reduced cellularity and chondrocyte death as well as 

abnormal chondrocyte activation and differentiation. Such changes could be the result of 

either catabolic extracellular stimuli or cell-autonomous changes in homeostatic 

mechanisms.

Macroautophagy, hereafter termed autophagy, is a bulk self-degradation process via 

lysosomes and, as an adaptive response to stress conditions, its dysfunction has been 

associated with many age-related diseases 4. The autophagic pathway is controlled by 

multiple signalling pathways that converge on mammalian target of rapamycin (mTOR) and 

AMP-activated protein kinase (AMPK). The core autophagy initiation regulator is the 

Unc-51-like kinase (ULK) complex consisting of ULK, ATG13, FIP200 and ATG101. 

ULK1 phosphorylates Beclin1, an essential component of BECLIN1-VPS34-ATG14 

complex for vesicle nucleation. Two ubiquitin-like conjugation systems are responsible for 

autophagosome elongation and maturation steps. Phosphatydilethanolamine (PE) is 

conjugated to the soluble form of microtubule-associated protein 1 light chain 3 (LC3-I) by 

ATG7 and ATG3 enzymes. The insoluble form, termed LC3-II, is stably linked to the 

autophagosomal membrane whose elongation is mediated by the ATG12/ATG5-ATG16 

complex. Then, autophagosomes fuse with lysosomes, and the cargo is degraded and 

released in cytosol in order to be recycled 5.

Changes in autophagy that have been reported in aging and OA-affected cartilage include 

reduced numbers and size of autophagosomes and this is, in part, related to a reduced 

expression of the autophagy proteins ULK1, BECLIN1 and LC3 6 and mTOR 

overexpression 7. Several studies reported beneficial effects of autophagy in preventing 

chondrocyte death, OA-like changes in gene expression and cartilage degeneration 8–12. 

However, mechanisms underlying the autophagy failure in OA, specifically those related to 

the reduced expression of autophagy proteins, are still unclear.

MicroRNAs (miRs) are endogenous small-noncoding RNAs able to regulate gene expression 

by mediating mRNA degradation and/or blocking mRNA translation. They can modulate 

many cellular processes, including apoptosis, cell differentiation and metabolism and their 

deregulation has been associated with cancer and other pathologies, including OA 13–15. 

Several miRs have been identified as suppressors of factors involved in different stages of 

autophagy 16–19 while others have been shown to induce autophagy by inhibiting mTOR 

activity 20, 21.

D’Adamo et al. Page 2

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We performed a genome-wide miRNA-sequencing study on human normal cartilage versus 

OA cartilage. MiR-155 was among the most significantly upregulated miRNA in OA. Here 

we investigated the role of miR-155 in regulation of autophagy in chondrocytes.

Methods

Cell culture of human chondrocytes

Normal human cartilage was harvested during autopsy from the femoral condyles and the 

tibial plateaus from 4 adult donors (age < 50) without history of joint diseases and with 

macroscopically normal cartilage surfaces. The collection of human tissue was under the 

approval by the Scripps Human Subjects Committee. Chondrocytes were isolated as 

described previously 22 and cultured in DMEM supplemented with 10% calf serum with 

antibiotics. First or second-passage cells were used in this study.

Immortalized human primary chondrocytes, T/C-28a2 23, were obtained from Dr. Mary 

Goldring and maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Life 

Technologies, NY, USA) supplemented with 10% Fetal Bovine Serum (FBS) (Life 

Technologies), with antibiotics at 37°C in the presence of 5% CO2.

Cell transfection and experimental design

Primary chondrocytes and T/C28a2 cells were seeded in 24-well plates at a density of 5 × 

104 cells/well and in 96-well plates at a density of 1 × 104 cells/well without antibiotics. The 

next day, LNA™ GapmeR control (LNA nc) and LNA miR-155 (40nM) (Exiqon) and 

Mission® microRNA mimic control (mimic nc) and mimic miR-155 (10nM) (Sigma 

Aldrich) were transfected into cells using Lipofectamine RNAiMAX (Invitrogen) for 24 

hours.

To assess autophagic flux, time course experiments were conducted in cells stimulated with 

rapamycin (RAPA, 50nM), 2-deoxy-glucose (2-DG, 5mM) or vehicle in the presence or 

absence of chloroquine (CQ, 25μM). Maximal induction of autophagy was achieved at 

different time points depending on the cell type and treatment employed; subsequently, these 

specific time points were selected for miR-155 functional experiments as indicated for each 

experiment. Briefly, primary human chondrocytes were treated with RAPA for 12 hours or 

maintained for 24 hours under basal conditions. T/C28a2 cells were treated with RAPA or 2-

DG for 4 and 2 hours, respectively. Then, RNA or protein samples were collected for qPCR 

and western blot analysis, or cells were subjected to Cyto-ID dye detection as described 

below. Doses of the various agents were selected to be non-toxic based on prior 

studies 24–26. In addition, at completion of each experiment cell morphology was monitored 

and there was no apparent cell shrinkage, rounding or detachment from the culture plates.

Bioinformatics prediction of miR-155 targets

TargetScan and miRWalk databases were used to predict potential targets of miR-155 

directly and indirectly involved in the autophagic pathway.
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RNA isolation, cDNA synthesis and real-time PCR (qPCR)

Samples were collected in Qiazol (Qiagen) at room temperature and after the addition of 

chloroform, centrifuged at 12,000g at 4°C for 15 minutes. RNA was extracted by using 

miRneasy minikit (Qiagen) to separate small RNAs from total RNA. Two different fractions 

were used to assess miR-155 levels and gene expression of potential miR-155 targets, 

respectively. MicroRNA reverse transcription was conducted with TaqMan MicroRNA RT 

kit (Life Technologies) and qPCR was performed with TaqMan Universal Mastermix (Life 

Technologies) following kit instructions. Specific primers for miR-155 and RNU48 (internal 

control) were purchased from Life Technologies. RNA reverse transcription and qPCR were 

performed with TaqMan Reverse Transcription kit (Life Technologies) and LightCycler 480 

Probes Master (Roche), respectively. Pre-designed primers for GAPDH (internal control), 

FOXO3, RICTOR, ATG14, ATG3, GABARAPL1, MAP1LC33, ULK1 and ATG5 were 

obtained from Life Technologies.

Protein isolation and Western Blotting

Cells were lysed in RIPA buffer, sonicated at 4°C a nd centrifuged at 12,000g for 15 

minutes. Proteins were separated on 4%–20% SDS-polyacrylamide gels and transferred to 

nitrocellulose membranes (Amersham), blocked in Odyssey blocking buffer 1X (LI-COR 

Bioscience) for 60 minutes at room temperature and incubated overnight with primary 

antibodies diluted in Odyssey Blocking Buffer 1:1 with phosphate-buffered saline-PBS and 

0.1% Tween 20. Antibodies for RICTOR (1:1000), ULK1 (1:1000), FOXO3 (1:1000), 

ATG14 (1:1000), P-AKT (Ser473) (1:2000), AKT (1:1000), ATG5 (1:1000) ATG3 (1:1000), 

P-S6 (S235/S236) (1:2000), S6 (1:1000), LC3A/B (1:1000) were purchased from Cell 

Signaling. Antibody for Gabarapl1 (1:500) was purchased from Fisher Scientific and that for 

β-actin (1:5000) from Abcam. After three washes with Tris-buffered saline–0.1% Tween 

(TBST), membranes were incubated with IR Dye labelled secondary antibody (goat anti-

Mouse 1:10000 and goat anti-Rabbit 1:5000, LI-COR Biosciences) diluted in Odyssey 

Blocking Buffer 1:1 with PBS, 0.1% Tween 20 and 0.01% SDS. Subsequently, the 

membranes were washed 3 times with TBST, kept in water and visualized by Odyssey 

Scanner (LI-COR Biosciences). Densitometry was performed using LI-COR Odyssey 

Software Version 4.0 (LI-COR Biosciences).

Cyto-ID dye detection

Cyto-ID assay (Enzo) measures autophagic vacuoles and monitors autophagic flux in live 

cells using a dye that selectively labels autophagic vacuoles. The dye has been optimized 

through the identification of titratable functional moieties that allows minimal staining of 

lysosomes while exhibiting bright fluorescence upon incorporation into pre-

autophagosomes, autophagosomes, and autolysosomes (autophagolysosomes) 27. 

Fluorescence was measured at 360 Ex/460 Em (Hoechst 33342 nuclear stain) and 480 

Ex/530 Em (Cyto-ID green autophagy detection reagent) with a plate reader (TECAN Safire 

II from Tecan Systems). Cyto-ID intensity was first normalized to Hoechst intensity and 

then to the control sample in order to evaluate the fold changes.
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Statistical analysis

The data are reported as mean ± standard deviation (SD) of the indicated number of 

independent experiments. Some experiments were conducted with primary chondrocytes 

samples from four different donors, each performed either in duplicate or in triplicate. All 

datasets were assessed for normal population distribution using the Kolmogorov-Smirnov 

test, and homogeneity of variance using Bartlett’s test. Analysis of variance (ANOVA) was 

used to compare group means from datasets that met all the assumptions of this test, 

followed by planned pairwise comparisons using the Bonferroni procedure for these selected 

pairs of groups. The overall ANOVA tests were performed at the alpha = 0.05 level of 

significance, and the alpha levels of the subsequent individual comparisons were adjusted so 

as to preserve the familywise error rate at the 0.05 level. Not-normally distributed 

populations were compared using the nonparametric Kruskal-Wallis test with Dunn’s 

method. Statistical analysis was conducted using Prism (GraphPad Software version 5.0). P 

< 0.05 was considered statistically significant.

Results

MiR-155 modulates autophagy in T/C28a2 cells

In a Next Generation Sequencing study, miR-155 was found to be one of the most highly 

upregulated miRs in human OA knee cartilage compared to normal cartilage 28. Searching 

miR target databases revealed that miR-155 seed-complementary sequences are present in 

several autophagy-related genes and identified GABARAPL1, ATG3, ATG5 and FOXO3 as 

putative targets. In light of this, and previous findings of dysfunctional autophagy in OA 29, 

we analyzed the potential role of miR-155 in chondrocyte autophagy.

To investigate whether miR-155 affects the autophagic response in the T/C28a2 human 

immortalized cell line, we transfected cells with LNA nc and LNA miR-155, mimic nc and 

mimic miR-155 in order to downregulate and raise endogenous miR-155 levels, respectively, 

as validated by qPCR (Figure 1A). Autophagy is a highly dynamic process that involves the 

formation, maturation and degradation of autophagosomes 30. Autophagic flux can be 

monitored by measuring the conversion of LC3 from its soluble form (LC3-I) to the 

lipidated form that is bound to the autophagosome membrane (LC3-II) 31. We analyzed 

autophagy flux after treatment with the autophagy inducers RAPA or 2-DG. Both 

compounds are widely employed for autophagy stimulation in vitro and in vivo studies due 

to their ability to block the mTOR pathway or reduce intracellular ATP thus activating 

AMPK, respectively 32. Moreover, T/C28a2 cells were simultaneously treated with or 

without CQ, to block autophagy flux and allow accumulation of the autophagic protein LC3-

II, given its fast protein turnover, thus affording a better observation by western blot 

analysis 32. As shown in Figure 1B and 1C, the autophagy flux, as evaluated by the LC3-II/

LC3-I ratio, was enhanced by CQ alone, indicating basal autophagy activation under the 

culture conditions used. This was increased significantly in samples transfected with LNA 

miR-155 compared to those with LNA nc, and was decreased significantly in cells 

transfected with mimic miR-155, compared to mimic nc.
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Consistent with these results on LC3 conversion, the downregulation of miR-155 by LNA 

miR-155 increased and mimic miR-155 transfection decreased the number of autophagic 

vacuoles as assessed in live cells by Cyto-ID dye incorporation, specifically targeting 

autophagosomes (Figures 1D and 1E).

MiR-155 modulates autophagy in human primary chondrocytes

In order to confirm these observations, we evaluated the autophagic activity in primary 

chondrocytes transfected with LNA nc and LNA miR-155, mimic nc and mimic miR-155 to 

modulate cellular miR-155 levels (Figure 2A). A significant increase in basal autophagic 

flux was seen when cells were transfected with LNA miR-155 compared to the LNA nc 

while mimic miR-155 transfection resulted in a significant attenuation of LC3-I conversion 

(Figure 2B).

We also tested the effects of miR-155 modulation in RAPA-induced autophagy in 

chondrocytes after LNA and mimic transfection. Under this condition, autophagy flux was 

significantly increased by miR-155 downregulation and significantly reduced by mimic 

miR-155 transfection (Figure 2C). These results were confirmed by quantification of Cyto-

ID dye intensity (Figures 2D and 2E).

MiR-155 regulates autophagy by suppressing MAP1LC3, GABARAPL1, ATG3, ATG5, 
ATG14, ULK1 and FOXO3

To characterize the mechanism underlying autophagy suppression by miR-155, we tested the 

bioinformatics-based prediction that miR-155 targets autophagy genes. We performed qPCR 

analysis on RNA from T/C28a2 cells and from human primary chondrocytes transfected 

with LNA nc, LNA miR-155, mimic nc and mimic miR-155.

As shown in Figure 3A, LNA miR-155 but not LNA nc, led to a significant increase in the 

mRNA levels of GABARAPL1, ATG3, ATG5 and FOXO3. Conversely, mimic miR-155 but 

not mimic nc significantly reduced mRNA levels of GABARAPL1, ATG3, ATG5 and 

FOXO3 (Figures 3A and 3B). Furthermore, we analyzed autophagy-related genes that are 

not predicted targets of miR-155 and discovered that mRNA levels of ULK1, ATG14 and 

MAP1LC3 were modulated by miR-155 LNA and mimic (Figures 3A and 3B). Similar 

results were obtained in human primary chondrocytes (Supplemental Figure 1).

To confirm that the changes in mRNA levels of miR-155 targets corresponded to changes in 

protein expression, we performed western blotting on T/C28a2 cells transfected with LNA 

miR-155 or mimic miR-155. As shown in Figure 4, knockdown of endogenous miR-155 

increased levels of GABARAPL1, ATG3, ATG5, FOXO3, ULK1, ATG14 and LC3 proteins 

and mimic miR-155 transfection strongly decreased these proteins.

MiR-155 regulates mTOR activity

As mTOR is a critical negative regulator of autophagy 33–35, we examined whether it was 

involved in miR-155 effects. mTOR pathway activity was detected by analyzing the 

phosphorylation levels of ribosomal protein s6 (P-s6, S235/S236) and AKT (P-AKT, S473) 

in response to LNA miR-155 and mimic miR-155 transfection in T/C28a2 cells. Contrary to 
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our expectations, P-S6 and P-AKT, in ratio to their total levels, were significantly increased 

following knockdown of miR-155 and significantly attenuated after mimic miR-155 

transfection (Figure 5A). We next evaluated the expression of RICTOR, an essential mTOR 

complex-2 (mTORC2) component that can activate mTOR complex-1 (mTORC1) through 

phosphorylation of AKT (S473) 36, 37, which was identified as a miR-155 target in the 

bioinformatics analysis. As shown in Figures 5B and 5C, both RICTOR protein and mRNA 

levels were increased and decreased by LNA miR-155 and mimic miR-155 transfection, 

respectively.

Discussion

Defective autophagy has recently emerged as a feature of articular cartilage in OA-affected 

joints in both human and in animal models. Studies in mouse models showed that in normal 

cartilage there is a constitutive or basal level of autophagy that is of higher magnitude as 

compared to liver in the same animal 38. With aging and OA development, the number of 

autophagosomes and the size of the autophagosomes decrease in cartilage. Conceptually, 

defective autophagy could be due to abnormal expression of autophagy proteins or abnormal 

signalling and regulation of autophagy activation. Several studies provided evidence for 

aging and OA-associated reduction in autophagy proteins, including ATG5, ULK1, 

BECLIN1 and LC3 6, 38. There is also evidence for abnormal autophagy signalling, most 

importantly, hyperactivation of mTOR, possibly due to reduced activation of AMPK 33, 39.

The present study was based on our discovery that miR-155 was one of the most upregulated 

miR in human OA cartilage 28 and aimed at determining the role of miR-155 in chondrocyte 

autophagy. MiR-155 appeared as a potential regulator of autophagy based on the presence of 

miR-155 seed-complementary sequences in the autophagy-related genes (ATG3, 
GABARAPL1, ATG5, ATG2B, LAMP2, FOXO3).

Our data show that miR-155 suppresses autophagy flux in T/C28a2 cells and primary human 

chondrocytes as measured by LC3 conversion and by utilizing a Cyto-ID cationic 

amphiphilic tracer dye that specifically recognizes autophagosomes 27. Accordingly, the 

number of autophagosomes was significantly increased when miR-155 was blocked by LNA 

and it was reduced when cells were treated with miR-155 mimic. These autophagy 

modulating effects of miR-155 LNA and mimic were observed under basal culture 

conditions and under cell treatment with rapamycin in human chondrocytes and after 

treatment with rapamycin and 2-DG in T/C28a2 cells.

We explored mechanisms by which miR-155 suppressed autophagy and discovered that 

multiple factors involved in the autophagic cascade are miR-155 targets. By transfecting 

LNA and mimic specific for miR-155 in T/C28a2 and in human primary chondrocytes, we 

observed a negative correlation between miR-155 and its target mRNAs, including ATG3, 

GABARAPL1, ATG5, FOXO3 and other autophagy-related factors not predicted by miR 

target databases, including ULK1, MAP1LC3 and ATG14 (Figure 3 and Supplemental 

Figure 1). These data suggest that miR-155 is able to modulate the autophagy activity by 

regulating post-transcriptionally several components involved in different stages of 

autophagy, from the induction to elongation steps. Furthermore, consistent with changes in 
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mRNA levels, miR-155 modulated protein levels of these factors. It is conceivable that 

miR-155 influences the expression of MAP1LC3, ATG14 and ULK1 by suppression of the 

transcriptional factor FOXO3 40, 41.

Moreover, by investigating potential involvement of mTOR as a critical negative regulator of 

autophagy 33–35 in miR-155-mediated autophagy suppression, we discovered that miR-155 

inhibits mTOR activity rather than activating it, as demonstrated by detection of 

phosphorylation levels of ribosomal protein s6, as a downstream substrate of mTORC1, and 

of AKT, as an upstream regulator of mTORC1. This unexpected result can be explained by 

miR-155 effects on gene and protein expression of RICTOR, a critical component of 

mTORC2 36, which induces mTORC1 activation via AKT phosphorylation 37. We found 

that LNA and mimic miR-155 transfection increased and reduced protein and mRNA levels 

of RICTOR, respectively. This data indicates that the regulation of downstream autophagy-

related factors by miR-155 is sufficient to affect the level of autophagy, independently of 

mTOR activity.

Taken together, these data identify miR-155 as a potent regulator of autophagy under 

physiological conditions. MiR-155 is able to modulate this process via multiple mechanisms 

as proposed in the model shown in Figure 6. In pathologic conditions when miR-155 levels 

are upregulated, as in OA cartilage, the autophagy flux is compromised. We propose that a 

critical factor might be an exact threshold level of miR-155 that controls the autophagic 

response to cellular metabolic requests.

In accordance with our findings, Holla et al. described an inhibitory role of miR155 on 

interferon-γ-induced autophagy in macrophages 42. However, another study found that 

miR-155 enhanced hypoxia-induced autophagy in human cancer cell lines by inhibiting the 

mTOR pathway 43. Although we also found a reduction of mTOR activity in response to 

mimic miR-155 transfection, this was not sufficient to reverse the strong inhibitory effect of 

miR155 on autophagy flux. Thus it is likely that the final effect of miR-155 on autophagy is 

stimulus and cell-specific and may be dependent on other factors implicated in the post-

transcriptional and post-translational regulation of autophagy-related genes.

MiR-155 has been implicated in other aspects linked to OA pathophysiology, in particular in 

regulating inflammatory responses 44–46. For example, CD14+ monocytes and macrophages 

overexpressing miR-155 exhibited increased production of proinflammatory cytokines while 

these were reduced in miR-155-deficient mice 47. In line with these data, Li et al. showed 

previously that miR-155 upregulated TNF-α and IL-1β in peripheral blood macrophages 48.

The involvement of miRs across human diseases has been widely reported and motivated the 

development of miRs-based therapies. miRs are promising targets as a single miR is able to 

regulate multiple genes in dysregulated pathways in disease. Thus, the identification of a 

single miR, involved simultaneously in several disease-related pathways, discloses a potent 

therapeutic target.

Our study reveals that miR-155 can profoundly impact the autophagic cascade. We showed 

an inverse correlation between the miR-155 levels and autophagic flux in human 

chondrocytes. Furthermore, we demonstrated that increased levels of miR-155 inhibit 
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GABARAPL1, ATG3, ATG5, ATG14, FOXO3, MAP1LC3, and ULK1 expression, and 

drastically suppress autophagy independently of its regulation on RICTOR expression and 

on mTOR signalling. In light of this study we can hypothesize that miR-155 is responsible, 

at least in part, to autophagy failure associated with the pathophysiology of OA.

Although further investigations on the role of miR-155 in dysfunction of autophagy and in 

other processes involved in the development of OA are required, the present study proposes 

an attractive opportunity to develop a future strategy based on miR-155 blockage for OA 

treatment.

Conclusions

These findings demonstrate that miR-155 is a potent suppressor of autophagy in human 

chondrocytes by reducing the expression of key autophagic proteins. As miR-155 is 

increased in OA, this represents a mechanism that might contribute to the autophagy defects 

in OA cartilage.

Supplementary Material
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Figure 1. 
MiR-155 modulates autophagy in T/C28a2 cells. (A) T/C28a2 cells were transfected for 24h 

with LNA miR-155 and LNA negative control (LNA nc) (40nM), mimic miR-155 and 

mimic negative control (mimic nc) (10nM). MiR-155 levels were determined by qPCR (n=4 

independent experiments). (B) 24h after transfection cells were treated with DMSO or 50nM 

rapamycin (RAPA) and/or 25μM chloroquine (CQ) for 4h or (C) 5mM 2-deoxy-glucose (2-

DG) and/or 25μM CQ for 2h and then harvested for LC3 and β-actin detection by western 

blotting. Representative images and relative quantification for LC3-II/LC3-I ratios are 

shown (n=5 independent experiments), (D) 24h after transfection cells were incubated for 

18h with DMSO or 50nM RAPA and/or 25μM CQ or (E) 5mM 2-DG and/or 25μM CQ and 
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stained with Cyto-ID (1:1000) and Hoechst 33342 (1:2000) (n=3 independent experiments). 

Values are expressed as mean ± SD, *P<0.05, **P<0.01,***P<0.001.

D’Adamo et al. Page 13

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
MiR-155 modulates autophagy in human primary chondrocytes. (A) Cells were transfected 

for 24h with LNA miR-155 and LNA negative control (LNA nc), mimic miR-155 and mimic 

negative control (mimic nc). MiR-155 levels were determined by qPCR (n=4 independent 

experiments). (B) 24h after transfection cells were treated with or without 25μM chloroquine 

(CQ) for 12h or (C) DMSO or 50nM rapamycin (RAPA) and/or 25μM CQ for 12h and then 

harvested for LC3 and β-actin detection by western blotting. Representative images and 

relative quantification for LC3-II/LC3-I ratios are shown (n=4 independent experiments with 

separate chondrocyte preparations), (D) 24h after transfection cells were incubated for 18h 

with or without 25μM CQ or (E) DMSO or 50nM rapamycin (RAPA) and/or 25μM CQ and 

stained with Cyto-ID (1:1000) and Hoechst 33342 (1:2000) and intracellular fluorescence 

was measured (n=4 independent experiments with separate chondrocyte preparations). 

Values are expressed as mean ± SD, *P<0.05, **P<0.01,***P<0.001.
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Figure 3. 
MiR-155 regulates autophagy by suppressing gene expression of MAP1LC3, GABARAPL1, 

ATG3, ATG5, ULK1, ATG14, and FOXO3. T/C28a2 cells were transfected for 24h with 

LNA miR-155 and LNA negative control (LNA nc), mimic miR-155 and mimic negative 

control (mimic nc). qRT-PCR analysis of mRNA expression levels of direct and indirect 

targets of miR-155 in T/C28a2 cells following transfection with LNA (A) or (B) mimic (n=4 

independent experiments). Values are expressed as mean ± SD, *P<0.05, **P<0.01, 

***P<0.001.
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Figure 4. 
MiR-155 regulates autophagy by reducing protein levels of MAP1LC3, GABARAPL1, 

ATG3, ATG5, ULK1, ATG14, and FOXO3. T/C28a2 cells were transfected for 24h with 

LNA miR-155 and LNA negative control (LNA nc), mimic miR-155 and mimic negative 

control (mimic nc). Western blotting analysis of MAP1LC3, GABARAPL1, ATG3, ATG5, 

ULK1, ATG14, FOXO3 and β-ACTIN proteins. Representative images (A) and relative 

quantifications (B) are shown (n=4 independent experiments). Values are expressed as mean 

± SD, *P<0.05, **P<0.01, ***P<0.001.
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Figure 5. 
Effect of miR-155 on mTOR activity. T/C28a2 cells were transfected for 24h with LNA 

miR-155 and LNA negative control (LNA nc), mimic miR-155 and mimic negative control 

(mimic nc). (A) Western blotting analysis of P-AKT (Ser473), AKT total, P-S6 (Ser235/

Ser236), S6 total and β-ACTIN levels by using specific antibodies. (B) Western blotting 

analysis of RICTOR and β-ACTIN. Representative images and relative quantifications are 

shown (n=4 independent experiments). (C) qRT-PCR analysis of mRNA expression levels of 

RICTOR are shown (n=4 independent experiments). Values are expressed as mean ± SD, 

*P<0.05, **P<0.01, ***P<0.001.
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Figure 6. 
Proposed model of miR-155-mediated suppression of autophagy. MiR-155 targets the 

expression of several autophagy-related key factors: ULK1, involved in the initiation phase; 

ATG14, belonging to the BECLIN1 complex responsible of the phagophore nucleation; 

ATG5, ATG3, LC3 and GABARAPL1, crucial components in the elongation and maturation 

steps; FOXO3 suggested as critical transcription factor of autophagy-related genes, 

including MAP1LC3, ULK1, ATG14 and GABARAPL1. Even though miR-155-mediated 

suppression of RICTOR expression led to a reduction of mTOR activity this does not reverse 

the inhibition of autophagy. Red colours represent autophagy-reducing effects and, on the 

other side, blue colours are used for autophagy-promoting effects and dashed lines indicate 

no predicted relationships.
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