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Cyclin D1 is the regulatory partner of the cyclin-dependent kinases (CDKs) CDK4 or CDK6. Once associated and activated, the cyclin D1/CDK complexes drive the cell cycle entry and G1 phase progression in response to extracellular signals. To ensure their timely and accurate activation during cell cycle progression, cyclin D1 turnover is finely controlled by phosphorylation and ubiquitination. Here we show that the dynamic and reversible O-linked β-N-Acetyl-glucosaminylation (O-GlcNAcylation) regulates also cyclin D1 half-life. High O-GlcNAc levels increase the stability of cyclin D1, while reduction of O-GlcNAcylation strongly decreases it. Moreover, elevation of O-GlcNAc levels through O-GlcNAcase (OGA) inhibition significantly slows down the ubiquitination of cyclin D1. Finally, biochemical and cell imaging experiments in human cancer cells reveal that the O-GlcNAc transferase (OGT) binds to and glycosylates cyclin D1. We conclude that O-GlcNAcylation promotes the stability of cyclin D1 through modulating its ubiquitination.
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INTRODUCTION

In mammalian cells, progression from G1 to S phase is controlled by the cyclin D-Cyclin-dependent kinase (CDK) 4/6 complexes, in which cyclin D1 is the regulatory subunit and CDK4-6 the catalytic subunit. These complexes initiate the phosphorylation-dependent inactivation of the retinoblastoma protein pRb, promoting the E2F-dependent gene transcription, including cyclin E. Complete inhibition of pRb is then achieved by the cyclin E-CDK2 complex, allowing the expression of target genes necessary for S phase entry. To trigger a timely activation of CDK4/6 in G1 phase, cyclin D1 steady-state level is highly regulated throughout the cell cycle (1, 2). Mitogenic stimulation of quiescent cells induces a dramatic increase of cyclin D1 mRNA and protein expression, mainly through Ras/MAPK and PI3K/Akt signaling pathways which activate many transcription factors including c-Fos/c-Jun, NF-κb and β-catenin/TCF-4 (2–5). Cyclin D1-CDK4/6 complexes are then phosphorylated by CDK-activating kinase (CAK) leading to their activation and translocation to the nucleus (6, 7). Cyclin D1 has a short half-life of around 30 min, its degradation being mediated through the ubiquitin-dependent proteasomal pathway. Once cells progress in S phase, GSK-3β is translocated into the nucleus where it phosphorylates cyclin D1 at Thr286 located in a PEST C-terminal sequence (8, 9). This phosphorylation induces the export of cyclin D1 out of nucleus through a CRM1-dependent mechanism (10, 11). Additionally, phosphorylation at Thr288 by the arginine-directed serine/threonine kinase Mirk/dyrk1B induces a more rapid turnover of cyclin D1 (12). Cyclin D1 is then targeted to the SCF (SKP1 (S-phase-kinase associated protein 1), Cullin-1/Cdc53, F-Box protein) E3 ubiquitin ligase complex that promotes its polyubiquitination, leading to its subsequent proteasomal degradation (13–16). The ubiquitin-dependent proteolysis of cyclin D1 is antagonized by the deubiquitinating enzyme USP2, thus increasing cyclin D1 half-life (17). More recently, USP22 has also been identified as a deubiquitinase targeting cyclin D1 (18). Pharmacological inhibition of USP2 accelerates cyclin D1 degradation and leads to cell cycle arrest in several cancer cell lines among which the HCT116 colon cancer cell line and MCF7 breast cancer cell line (19). Importantly, deregulation of cyclin D1 stability contributes to its oncogenic potential. The absence of Thr286 in the natural alternative splicing variant cyclin D1b or the mutation T286A induce the nuclear accumulation of the cyclin, due to a defect in the phosphorylation-mediated nuclear export, and increase its oncogenicity in murine fibroblasts (10, 20). Additionally, mutations in Fbxo4 in esophageal tumors affect the E3 ligase activity and lead to overexpression of cyclin D1 (21).

Beside phosphorylation, O-linked β-N-acetylglucosaminylation or O-GlcNAcylation of proteins takes part in cell cycle regulation (22). The cycling of O-GlcNAcylation is controlled solely by two enzymes which are localized in the nucleus and cytoplasm. The O-GlcNAc Transferase (OGT) catalyzes the transfer of the GlcNAc moiety from the nucleotide sugar UDP-GlcNAc onto the hydroxyl group of Ser/Thr of resident proteins of the nucleus, cytoplasm and mitochondria, while the O-GlcNAc hydrolase (OGA) reverses the reaction. O-GlcNAcylation regulates various biological functions, such as protein interactions, protein stability, subcellular localization, and enzyme activity (23–25). Interestingly, a reciprocal relationship between O-GlcNAc and phosphorylation has been described for many proteins such as the transcription factors c-Myc and delta-lactoferrin (26, 27), and the signaling kinase Akt (28). Importantly, overexpression of OGT and hyper O-GlcNAcylation of proteins have been emerging for the last decade as a landmark of cancer cells (29, 30). Deciphering the molecular mechanisms that are regulated by O-GlcNAc cycling is thus crucial to better understand how O-GlcNAcylation impacts cancer cells properties. In mammalian cells, O-GlcNAc levels are regulated in a cell cycle-dependent manner and dynamics of O-GlcNAcylation is important for the correct progression of cell cycle (31–33). Inhibition of OGT catalytic activity or down-regulation of its expression hindered serum-induced cyclin D protein expression and cell cycle entry (34). Serum stimulation of Ogt-deficient mouse embryonic fibroblasts failed to enhance the protein levels of c-Fos, c-Jun, and c-Myc, whereas level of the inhibitor p27KIP1 was highly increased (35). The stability of p27KIP1 was also increased in human cancer cells in which OGT was knockdown, concomitantly to a significant decrease of proliferation (36, 37). Moreover, impairment of O-GlcNAc cycling altered the protein levels of cyclins D and E in both OGT- and OGA- overexpressing cells (31), while shOGT decreased cyclin D expression in pancreatic cancer cells (38). Cyclin D expression was also slightly altered in stable OGA knockdown cells (39).

Despite mounting evidence of a link between cyclin D1 steady-state level and O-GlcNAc homeostasis, the underlying molecular mechanisms are still unclear. Therefore, we investigated how O-GlcNAcylation could regulate cyclin D1 expression and whether cyclin D1 could be O-GlcNAcylated. Here, we demonstrate that cyclin D1 stability is positively regulated with O-GlcNAcylation levels in human cancer cells. High O-GlcNAc conditions perturb the polyubiquitination of cyclin D1, thus slowing down its degradation rate. This study also reveals that OGT binds to cyclin D1, mostly in the nucleus and in a cell cycle-dependent manner. Finally, we describe for the first time the O-GlcNAcylation of cyclin D1. Altogether, this work highlights a novel post-translational modification of cyclin D1 that helps its stability. It also provides novel molecular insights into the role of O-GlcNAc cycling in cell cycle regulation.

MATERIALS AND METHODS

Cell Culture

HEK293T, MCF7, and HCT116 cells were cultured at 37°C in DMEM supplemented with 10% (v/v) fetal calf serum (Lonza, Ozyme, France), in a humidified atmosphere enriched with 5% (v/v) CO2.

Plasmids, siRNA, and Inhibitors

pTAT-cyclin D1 expression vector was obtained from Dr. B. Sola (EA4652, Université de Caen Normandie, Caen, France). The FLAG-Cyclin D1 vector was generated by cloning cyclin D1 cDNA into pcDNA3.1 using Kpn1 and EcoRI restriction enzymes. HA-OGT was obtained from Dr. T. Issad (Inserm, U1016, Institut Cochin, Paris, France), pCMV-Myc-Cyclin D was kindly provided by Dr. X. Ye (Institute of Microbiology, Chinese Academy of Sciences, Beijing, China) (40). The Ub-HA expression vector was a gift from Dr. C. Couturier (Institut Pasteur de Lille, U1177, Lille, France). Control siRNA (SIRNA UNIV NEGATIVE CONTROL 1, SIC001) and OGT siRNA (GGAGGCUAUUCGAAUCAGU[dT][dT] and ACUGAUUCGAAUAGCCU-CC[dT][dT]) were purchased from Sigma-Aldrich (La Verpillière, France) and siGENOME Human MGEA5 (10724) siRNA-SMARTpool was purchased from Dharmacon (GE Healthcare Europe GmbH, Velizy-Villacoublay).

The OGT inhibitor Acetyl-5S-GlcNAc (Ac-5S-G, 100 mM stock solution in DMSO) was a kind gift of Dr. G.W. Hart (The Johns Hopkins University School of Medicine, Baltimore, USA). The OGA inhibitor Thiamet G (ThG, 10 mM stock solution in DMSO) and cycloheximide (CHX, 5 mg/ml stock solution in DMSO) were from Sigma-Aldrich. The proteasome inhibitor MG132 (20 mM stock solution in DMSO) was purchased from Cayman Chemical (V.W.R., Fontenay-sous-Bois, France). For controls, vehicle (DMSO) was added at the same final dilution.

Antibodies

Antibodies against cyclin D1 (DCS-6, sc-20044; A12, sc-8396), HA-tag (sc-805), GAPDH (sc-47724), beta-actin (sc-1616) and normal rabbit or mouse IgG were from Santa Cruz (Heidelberg, Germany). Antibodies against FLAG-tag (M2) and OGT (Ti-14 and DM-17) were purchased from Sigma-Aldrich. Rabbit polyclonal anti-MGEA5 antibody (anti-OGA, EPR7154B) was from Abcam (Cambridge, United Kingdom). Anti-O-Linked N-Acetylglucosamine monoclonal antibody (RL2) was purchased from Thermo Scientific (V.W.R.). Secondary rabbit or mouse IgG HRP-linked antibodies were from GE Healthcare (V.W.R.). Anti-rabbit IgG Alexa Fluor 488 and anti-mouse IgG Alexa Fluor 568 (ThermoScientific, Fisher Scientific, France) were used for immunofluorescence.

Transfection

HEK293T (40 × 103 cells per well in 12-wells plate; 8 × 105 cells per 100 mm-Petri dish) and HCT116 (8 × 105 cells per 100 mm-Petri dish) cells were grown for 24 h. Prior to transfection, plasmids were diluted in Ultra-MEM (Lonza, Ozyme) and mixed for 20 min with Lipofectamine 2000 (Life Technologies, Fisher Scientific, Illkirch, France), according to manufacturer's instructions. The DNA-lipid complex (500 ng DNA/well in 12-well plates, 1.25 μg of each vector for co-transfection or 2 μg DNA per 100 mm-dish for HEK293T) was added in fresh medium and transfected cells were analyzed 48 h later. The various treatments with the inhibitors were done as indicated in the text and figure legends. Reverse transfection of siRNA was performed in complete medium (2 × 105 or 3.75 × 105 cells in 6-well plates for HEK 293T and MCF7 cells respectively; 6 × 105 or 1 × 106 in 100-mm dishes for HEK 293T and MCF7 cells, respectively), as previously described (41). Transfected cells were harvested 72 h later.

Quantitative RT-PCR

RNA was isolated using Nucleospin® RNA mini spin kit (Macherey-Nagel) according to the manufacturer's instructions. 1 μg of total RNA was reverse transcribed using random primers and MultiScribe™ reverse transcriptase (Applied Biosystems). Real-time PCR analysis was performed by Power SYBR Green (Applied Biosystems) in a MX3005P fluorescence temperature cycler (Stratagene) according to the manufacturer's instructions. The sequences of the primers used for the RT-qPCR analyses were as follows: OGT forward 5′-TGG CTT CAG GAA GGC TAT TG-3′ and reverse 5′-CAA GTC TTT TGG ATG TTC ATA TG-3′; cyclin D1 forward 5′-CAT CTA CAC CGA CAA CTC CAT CC-3′ and reverse 5′-TGT TCA ATG AAA TCG TGC GG-3′; RPLP0 (ribosomal protein large subunit P0) forward 5′-GTG ATG TGC AGC TGA TCA AGA-3′ and reverse 5′-GAT GAC CAG CCC AAA GGA GA-3′.

Cell Treatment and Synchronization

HCT116 cells (40 × 103) and MCF7 cells (55 × 103) were cultured in 12-well plates for 2 days. Cells were treated overnight with Ac-5S-G (50 or 100 μM) or ThG (1 μM). Then CHX (50 μg/ml) or MG132 (20 μM) were used in time-course experiments. For serum starvation time-course experiments, OGT or OGA inhibitors were added in the complete medium 2 h before starvation and during serum starvation in serum-free medium.

Cell Cycle Analysis

Distribution of cells in G0/G1, S, and G2/M was determined by DNA staining with propidium iodide as previously described (33).

sWGA Lectin Affinity Chromatography

HCT116 cells and cyclin D1-FLAG-transfected HEK293 T cells were treated overnight with vehicle (DMSO) or ThG (1 μM) before lysis in RIPA (50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate and 0.1% SDS). O-GlcNAc-modified proteins were enriched using the non-reducing terminal GlcNAc-specific lectin succinylated wheat germ agglutinin (sWGA) immobilized on agarose beads (Vector Laboratories, Clinisciences, Nanterre, France). Lysates (4 mg, 1 mg/ml) were incubated overnight at 4°C with 200 μl of sWGA-beads. Beads were centrifuged at 1,000 × g for 3 min, and then washed under vigorous stirring twice with 2 ml RIPA-0.1% SDS buffer and then three times with 2 ml RIPA-0.2% SDS buffer. Finally, beads were re-suspended in Laemmli buffer and stirred for 10 min using a vortex mixer before heating at 95°C for 7 min. Negative control was performed by adding 0.5 M free GlcNAc in the cell lysate before incubation with sWGA-beads. Eluted proteins were loaded on 10% SDS-PAGE to perform Western-blot analysis.

Enzymatic Labeling and Click Chemistry

Whole cell lysate of cyclin D1-FLAG-transfected HEK293 T cells (200 μg) and α-crystallin (20 μg) as positive control were processed using the click-It™ O-GlcNAc enzymatic labeling and click-It™ biotin glycoprotein D kits (Invitrogen, Thermo Fisher scientific), according to manufacturer's instruction. Enrichment of biotinylated proteins was performed as previously described (42).

Immunoprecipitation

Cells were rinsed twice in cold-PBS, then lysed on ice for 20 min in 400 μl RIPA buffer (without SDS for co-immunoprecipitation) supplemented with a protease inhibitor cocktail (Sigma-Aldrich), 10 mM Sodium Fluoride and 1 mM sodium orthovanadate. Cell extracts were centrifuged at 20,000 × g for 15 min at 4°C and supernatants were kept at −20°C. For immunoprecipitation, one mg of total proteins for transfected cells and 2 mg of total proteins for non-transfected cells (volume adjusted for a final concentration of 2 mg/ml) were pre-cleared with protein A/protein G-sepharose beads (20 μl/mg) (GE Healthcare, V.W.R.) for 1 h at 4°C. After centrifugation (1,200 × g, 5 min, 4°C), the supernatant was incubated overnight with the primary antibody (2 μg antibody per mg of protein) under gentle agitation. Protein A/G beads (30 μl/mg) were added for 1 h at 4°C before centrifugation and washes of the beads (three times in 1 ml RIPA and once in modified RIPA containing 450 mM NaCl, 5 min each). Beads were heated at 95°C for 7 min in 25 μl Laemmli buffer before SDS-PAGE.

Western Blot Analysis

Proteins were separated by SDS-PAGE and transferred onto nitrocellulose membrane (Hybond-C Extra, GE Healthcare) at 200 mA for 2 h. Membranes were blocked with 5% (w/v) nonfat dry milk in TBST (15 mM Tris pH 8, 140 mM NaCl, 0.05% (v/v) Tween-20) at room temperature (R.T.) for 45 min, then incubated overnight at 4°C with the primary antibody diluted in the blocking solution [1:1,000 except for anti-OGT and anti-GAPDH (1:2,000), anti-O-GlcNAc (1:4,000) and anti-OGA (1:10,000)]. Membranes were washed with TBST (3 × 7 min) and incubated with secondary HRP-linked antibodies (1:15,000 in TBST) for 1 h at R.T. After three washes in TBST, detection was performed using chemiluminescence (ECL Prime, GE Healthcare; Supersignal West Femto Max., Thermo Scientific) on a CCD camera (Fusion Solo, Vilber Lourmat, France). Membranes were stripped in stripping buffer (ST010, GenBio, Euromedex, Souffelweyersheim, France) for 10 min and extensively washed in TBST before incubation with other antibodies. Quantification of protein expression levels was calculated by densitometry using the ImageJ® software. Student's t-test (Excel) was used for statistical analysis; p-values were calculated and reported accordingly (*p < 0.1, **p < 0.05, ***p < 0.005).

Indirect Immunofluorescence and Proximity Ligation Assay

Cells were grown in 6-well plates on glass coverslips (20 × 104 cells/well) for 2 days. Cells were then starved for 24 h (in DMEM or DMEM-0.5% (v/v) FCS for MCF7 cells) before serum stimulation for the indicated time periods. Immunofluorescence experiments were done as previously described (33). Briefly, after fixation of cells in 4% (w/v) PAF (30 min at R.T.) and permeabilization (0.5% Triton X-100 in PBS, 20 min at R.T.), coverslips were incubated with the blocking buffer containing 2% (v/v) FCS, 2% (w/v) bovine serum albumin, 0.2% (w/v) gelatin in PBS (1 h at R.T.) before incubation with primary antibodies against cyclin D1 (A12) and OGT (Ti-14) (1:100 in blocking buffer, overnight at 4°C) and Alexa Fluor conjugated secondary antibodies (1:600 in blocking buffer, 1 h at R.T). For the Proximity ligation assay (Duolink® in situ kit, Sigma-Aldrich), primary antibodies were incubated on fixed cells in the blocking buffer provided in the kit (1:100). Manufacturer's instructions were followed for the incubation with minus and plus probes, the ligation and amplification (120 min, 37°C) steps (Duolink® in Situ Detection Reagents Green, Sigma-Aldrich). After mounting coverslips in fluorescence mounting medium (DAKO, Agilent Technologies France, Les Ulis, France), images were acquired using an inverted Zeiss LSM700 confocal microscope with a 40x oil immersion lens at R.T. and data were collected with the ZEN 2010 software (Zeiss, Oberkochen, Germany). Images from PLA were processed with ImageJ® using a home-made plugin developed by TISBio to detect and quantify the nuclear fluorescent dots in labeled cells. Scatter dot plot (median with interquartile range) showing nuclear fluorescence intensity quantified in each cell (two captured images per condition) and statistical analysis were obtained using GraphPad Prism software (one-way ANOVA test, ***p < 0.0001, **p < 0.005, *p < 0.05).

RESULTS

Perturbation of O-GlcNAc Cycling Modifies the Half-Life of Cyclin D1

To examine the effect of perturbation of O-GlcNAc cycling on cyclin D1 expression, MCF7 cells were depleted of their OGT or OGA content by using small interfering RNA (siRNA) strategy. As previously reported, the level of cyclin D1 increased when OGA was silenced and, conversely, decreased when OGT was knocked-down (Figure 1A) (34, 38, 39). On the other hand, the mRNA levels of cyclin D1 did not change in OGT depleted condition (siOGT) compared with the control (siCtrl), while the OGT mRNA levels dramatically decreased in siOGT-treated cells (Figure 1B). This result demonstrates that the decrease of cyclin D1 protein level in siOGT cells did not result from a diminution of its transcription in MCF7 cells. Similar results were obtained when cyclin D1-FLAG was overexpressed in siOGT- or siOGA-treated HEK293T cells. The knock-down of OGT led to a 40%-decrease of cyclin D1-FLAG steady-state level, whereas elevation of O-GlcNAcylation in siOGA-treated cells led to a 30%-increase of the protein (Figure 1C). Lastly, when cyclin D1-FLAG was overexpressed in HEK293T cells with increasing amount of the plasmid encoding HA-OGT, we observed a positive correlation between the expression of HA-OGT and cyclin D1 protein levels (Figure 1D).
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FIGURE 1. Perturbation of O-GlcNAc cycling affects cyclin D1 protein expression level. MCF7 cells were transfected for 72 h with siRNA (Control (Ctrl), OGT, or OGA) and harvested to get protein lysates or mRNA samples. (A) Western-blotting analysis following siRNA show depletion of targeted proteins and O-GlcNAcylated proteins with concomitant variation in cyclin D1 (cycD1) level. (B) OGT and cycD1 mRNA levels were quantified by qPCR using RPLP0 as internal control. Results correspond to the mean value ± s.d. of three independent experiments (***p < 0.005). (C) HEK293T cells were seeded in 12-well plates with siRNA (Ctrl, OGT, or OGA) for 24 h and then transfected with pcDNA3.1 or CycD1-FLAG (100 ng). Cells were lysed 2 days later (three independent experiments). Lysate from non-transfected HEK293T cells (n.tf.) was also loaded on the same gel. (D) HEK293T cells were transfected in 12-well plates for 48 h with CycD1-FLAG (500 ng) and OGT-HA (500 ng or 1 μg) and then lysed in Laemmli buffer (two independent experiments). (C,D) The cellular lysates were analyzed by Western blot using specific antibodies. Histograms represent the relative intensity of cyclin D1 expression levels normalized to GAPDH levels. Statistical analyses were performed by Student's t-test (***p < 0.005, **p < 0.05).



In proliferating cells, the level of cyclin D1 is tightly controlled by the balance between the increase of its expression induced by the activation of mitogenic signaling pathways and its ubiquitin-mediated degradation (2, 5). To monitor the effect of O-GlcNAc cycling impairment on cyclin D1 half-life, MCF7 cells were treated overnight with Acetyl-5S-GlcNAc (Ac-5S-G) or Thiamet G (ThG) to inhibit, respectively the OGT and OGA catalytic activities prior to treatment with the protein synthesis inhibitor CHX. Efficiency of OGT or OGA inhibition was confirmed by Western-blot analysis (Figure 2A). We observed a significant increase of O-GlcNAcylation in ThG-treated cells and conversely a strong decrease of O-GlcNAcylation levels in cells treated with Ac-5S-G (Figure 2B). We showed by Western blot that the time-dependent decrease of cyclin D1 level was slowed down by ThG treatment compared with control cells (Figure 2A): the half-life time of cyclin D1 was 30 min in control cells and reached 50 min in ThG treated cells (Figure 2C). In Ac-5S-G treated cells, the initial level of cyclin D1 was decreased by more than a half compared to control cells. However, the time-course degradation of cyclin D1 was slowed down, since 50% of cyclin D1 protein steady-state level was reached after 40 min of CHX treatment (Figure 2C).
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FIGURE 2. Turnover of cyclin D1 is dependent to O-GlcNAc homeostasis. (A–C) MCF7 cells were treated overnight with Ac-5S-G (100 μM) or ThG (1 μM). Then CHX (50 μg/ml) was added into the medium before cell lysis at indicated times. (A), Western-blots show the levels of O-GlcNAcylated proteins and cyclin D1. GAPDH served as a control for equal loading. (B) The histogram represents the relative quantification of O-GlcNAc levels in treated cells compared with control cells. (C) Graph shows the ratios of cyclin D1 to GAPDH. Representative results of three independent experiments. (D–F) HCT116 cells were pretreated 2 h with vehicle (DMSO, Control), ThG (1 μM), or Ac-5S-G (50 μM). Cells were starved in serum-free medium for the indicated times prior to cell lysis. (D) Western-blot show the levels of O-GlcNAcylated proteins and cyclin D1. Actin served as a control for equal loading. (E) The histogram represents the relative quantification of O-GlcNAc levels in treated cells compared with control cells. (F) The histogram represents the relative intensity of cyclin D1 levels normalized to actin levels (100% is the normalized level of cyclin D1 in the control cells at T0). On each histogram, the percentage of the decrease of cyclin D1 level after 4 h of serum starvation is indicated. Results are representative of two independent experiments. Statistical analysis in (B,E) was performed by Student's t-test (***p < 0.005).



Downregulation of cyclin D1 upon serum deprivation contributes to cell cycle exit (43). To test whether perturbation of O-GlcNAc cycling could affect the decrease of cyclin D1 level induced by serum starvation, HCT116 cells were treated by ThG or Ac-5S-G 2 h prior to serum starvation and cyclin D1 level was monitored by Western-Blot. Efficiency of inhibitors was monitored by Western-blot against O-GlcNAcylated proteins (Figures 2D,E). Upon mitogen withdrawal, cyclin D1 levels decreased in a time-dependent manner both in control and treated cells (Figure 2D). Four hours after serum starvation, we observed a 40% decrease of cyclin D1 level in control cells (Figure 2F). This decrease was less pronounced in ThG-treated cells in which a 30% decrease of cyclin D1 was observed 4 h following serum starvation. In contrast, reduction of O-GlcNAcylation by inhibiting OGT accelerated the degradation of cyclin D1 since 60% of the protein was lost after 4 h of starvation (Figure 2F). These results corroborate our previous observations regarding treatment of cells with CHX, and suggest that O-GlcNAc cycling participates in the regulation of cyclin D1 protein level.

OGT Interacts With and Glycosylates Cyclin D1

One of the well-established roles of OGT is to interact with and protect its targets from proteasomal degradation (44–48). To first examine whether OGT binds to cyclin D1, we performed co-immunoprecipitation experiments in HEK293T cells ectopically co-expressing cyclin D1-Myc and HA-OGT. As shown in Figure 3A, a band corresponding to OGT was detected in cyclin D1 co-immunoprecipitates when both plasmids were co-transfected in cells (IP cycD1, lane 3). Conversely, a small fraction of cyclin D1 was detected when OGT was immunoprecipitated (Figure 3A, IP OGT, lane 1). Cyclin D1 was undetectable in non-transfected cells although endogenous OGT was successfully immunoprecipitated (Figure 3A, IP OGT, lane 2). A specific band corresponding to OGA was detected after OGT immunoprecipitation (Figure 3A, IP OGT, lanes 1- 2) but not after cyclin D1 immunoprecipitation where we observed the same 130 kDa-band in the IgG negative control (Figure 3A, IP cycD1, lanes 2-4). This result suggests that cyclin D1 may directly interact with OGT, whereas OGA is present in the complex through its tight interaction with OGT, as previously described (49). We performed the same set of experiments on endogenous OGT and cyclin D1 proteins in HCT116 cells, confirming that both proteins can interact (Figure 3B). Treatment of HCT116 cells with ThG did not change the co-immunoprecipitation of cyclin D1 and OGT.
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FIGURE 3. OGT interacts with cyclin D1. (A) HEK293T cells were co-transfected with HA-OGT and Myc-cyclin D1 plasmids for 48 h before cell lysis. Cyclin D1 and OGT were immunoprecipitated and Western-blot analysis were performed to detect OGT, OGA and cyclin D1. Negative controls of IP were done using non-relevant IgG (IgG). (B) HCT116 cells were treated overnight with DMSO (-) or ThG (1 μM) (+) before cell lysis in RIPA buffer and immunoprecipitation of endogenous cyclin D1 and OGT. Western-blot analysis of immunoprecipitates (IP) and Input (Inp.) using OGT and cycD1 antibodies. (C–E) Quiescent MCF7 cells (0) were stimulated with serum for the indicated times. (C) Cell cycle profile was monitored by flow cytometry after staining with propidium iodide. The percentage of cells in each phase is reported, according to serum release for each time point. (D) Cyclin D1 and OGT were detected in synchronized MCF7 cells by confocal indirect immunofluorescence using specific antibodies. Nuclei were counterstained with DAPI. Scale bar, 20 μM. (E) The interaction between OGT and cyclin D1 was detected using in situ PLA and immunofluorescent confocal microscopy. Nuclei were stained with DAPI. Pictures are the merge of PLA signal (AlexaFluo488) and DAPI channels. Quantification of PLA is presented as scatter dot plot; each dot represents the mean of PLA fluorescence intensity in the nucleus of a single cell. Bars represents the median with interquartile range for each experience (one-way ANOVA test, ***p < 0.0001, **p < 0.005, *p < 0.05). Scale bar, 20 μM.



To further characterize cyclin D1/OGT interaction, we performed in situ PLA experiments. This approach allows gaining in sensitivity thanks to the ligation and amplification steps. For this purpose, serum-starved quiescent MCF7 cells (T0) were stimulated by addition of serum to re-enter the cell cycle. Cells were fixed in G1 phase (6 h), S phase entry (15 h) and S phase (21 h), as attested by flow cytometry (Figure 3C). First, indirect immunofluorescence experiments in synchronized MCF7 cells confirmed that cyclin D1 is translocated to the nucleus upon cell cycle entry, whereas OGT is detected in both the cytoplasm and the nucleus (Figure 3D). The PLA signal revealed that cyclin D1/OGT interaction was detectable in quiescent cells, both in the cytoplasm and the nucleus. The intensity of the PLA signal increased in the nucleus as cells progressed through G1 and entered S phase, and then slightly decreased when cells progressed through S phase (Figure 3E). Our data indicate that OGT and cyclin D1 are likely to interact in both compartments, but this interaction is mostly detected in the nucleus of G1-cells, concomitantly to the activation and nuclear translocation of cyclin D1 upon serum stimulation.

We next investigated whether cyclin D1 is a direct target or not of OGT by using several experimental approaches. In situ PLA is widely used to study protein-protein interaction, but is also used for detecting co-/post-translational modifications such as phosphorylation and glycosylation (50, 51). Here we performed PLA using antibodies against cyclin D1 and O-GlcNAcylated proteins (RL2). As shown in Figure 4A, fluorescent PLA spots were visible in the cytoplasm and nucleus of asynchronous MCF7 cells, albeit at higher intensity in cytoplasm, suggesting that cyclin D1 was potentially O-GlcNAcylated in both compartments. However, since we cannot exclude that our PLA results could reflect the interaction of cyclin D1 with O-GlcNAcylated partners, we used biochemical approaches to ascertain the O-GlcNAcylation of cyclin D1. We first performed a succinyl-WGA affinity chromatography to enrich O-GlcNAcylated proteins from MCF7 cells and cyclin D1-FLAG transfected HEK293T cells (Figure 4B). As observed by Western blot analysis, a small part of endogenous cyclin D1 and overexpressed cyclin D1-FLAG was detected on sWGA-agarose beads in a specific manner (lane sWGA) since signals were abrogated when sWGA-beads were incubated with excess of free GlcNAc (Figure 4B). ThG treatment slightly increased the binding of cyclin D1-FLAG on sWGA-agarose beads, which may reflect the moderate increase of cyclin D1-FLAG protein level observed in ThG-treated cells compared with non-treated cells (Input, Figure 4B). We also performed the enzymatic labeling of O-GlcNAc proteins with UDP-GalNAz, followed with the click chemistry reaction using a biotin-alkyne probe as previously described (42). Negative controls were done by omitting either the two compounds, or only the biotin-alkyne probe; α-crystallin served as positive control. Biotinylated proteins were either loaded directly onto the gel (Input samples, 5% of the volume,) or enriched on avidin-agarose beads before SDS-PAGE (Avidin-bound samples). As shown by Western blot, cyclin D1 was detected in all the inputs although the signal is lower in lane 3 (Figure 4C, Input). It might be due to a reduction of the ligated biotin epitope accessibility by the cyclin D1 antibody compared to non-modified cyclin D1 in lanes 1 and 2. When biotinylated proteins were eluted from avidin beads, cyclin D1 was detected only in the sample in which both UDP-GalNAz and the biotin-alkyne probe were added for the click reaction, as we observed for α-crystallin. This indicates that cyclin D1 bears O-GlcNAc residues that could have been modified by click chemistry (Figure 4C). Of note, we added the denaturing detergent SDS in the lysis and washing buffers for the sWGA enrichment (0.2% SDS) and click chemistry (up to 1% SDS) experiments; the use of this stringent condition indicates that binding of cyclin D1 on lectin agarose-beads and avidin beads is rather hard suggesting a direct interaction through O-GlcNAcylated forms of the cyclin. Altogether our results show that cyclin D1 is O-GlcNAcylated in human cells, albeit at a very low extent.
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FIGURE 4. Cyclin D1 is O-GlcNAcylated. (A) in situ PLA experiments by using anti-cyclin D1 and anti-O-GlcNAc (RL2) antibodies on asynchronous MCF7 cells. Nuclei were stained with DAPI. PLA signal was detected by immunofluorescent confocal microscopy. Scale bar, 20 μM. (B) MCF7 cells were treated with MG132 (4 μM) for 2 h prior cell lysis. Cyc D1-FLAG transfected HEK293T cells were treated overnight or not with ThG (1 μM) and lysed in RIPA buffer. O-GlcNAcylated proteins were enriched on sWGA-agarose beads. Incubation of sWGA beads with 0.5 M GlcNAc was done as a negative control. sWGA-bound Cyclin D1 was detected by Western-blot after lectin affinity chromatography (Input, 30 μg; NR., not retained, 30 μg). (C) Enrichment of biotinylated proteins from CycD1-FLAG transfected HEK293T cells or purified α-crystallin after enzymatic labeling with UDP-GalNAz and click chemistry reaction using a biotin-alkyne probe. Cyclin D1 and α-crystallin were revealed by Western-Blot on avidin-bound protein fraction and Input.



Elevation of O-GlcNAcylation Decreases Cyclin D1 Ubiquitination

As the protein level of cyclin D1 in proliferating cells is highly controlled by ubiquitination and since elevation of O-GlcNAcylation induced by OGA inhibition (ThG) or knockdown (siOGA) increases the steady-state level of cyclin D1 (Figures 1, 2), we examined the ubiquitination of cyclin D1 in presence of ThG. Cyclin D1-FLAG was ectopically expressed in HEK293T cells which were co-transfected with Ubiquitin-HA. Cyclin D1 was then immunoprecipitated in conditions of proteasome inhibition by using MG132. The ubiquitinated forms of cyclin D1 were detected by Western blot after immunoprecipitation of the cyclin. O-GlcNAcylation has been reported to directly modulate the proteasome activity (46, 52). Therefore, we first measured the global pattern of ubiquitinated proteins with or without ThG treatment. As shown in Figure 5A, efficiency of MG132 was attested by the increase in the amount of ubiquitinated proteins in a time-dependent manner in both conditions, and ThG treatment slightly increased the ubiquitination of proteins after 30 min of MG132, compared to control condition. However, this subtle difference was not statistically significant after 90 min of MG132 addition (Figures 5A,B). We also observed an increase of cyclin D1-FLAG levels in ThG-treated cells (Figure 5A), in agreement with our previous results (Figures 1, 2). In contrast, upon MG132 addition, ubiquitination of immunoprecipitated cyclin D1 was reduced by around 30% when cells were treated overnight with ThG, compared with control cells (Figures 5C,D). This result suggests that elevation of O-GlcNAc levels may protect cyclin D1 from proteasomal degradation, thus stabilizing cyclin D1 in proliferating cells.
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FIGURE 5. Elevation of O-GlcNAc levels decreases ubiquitination of cyclin D1. HEK 293T cells were transfected for 48 h with CycD1-FLAG and Ub-HA plasmids and treated or not with ThG (1 μM) overnight. MG132 (20 μM) was then added into the medium for the indicated times before cell lysis. (A) Input (30 μg) were revealed using anti-HA (Ub) and anti-FLAG antibodies. GAPDH was used as a loading control. (B) The relative ratios of ubiquitin to GAPDH levels were calculated by densitometry using Image J software (mean ± s.d., two independent experiments). (C) CycD1 was immunoprecipitated and Western-blot was revealed using anti-HA (Ub) and anti-CycD1 antibodies. (D) The ratios of the ubiquitinated cycD1 levels were calculated by densitometry using Image J® software (mean ± s.d., three independent experiments). Statistical analysis was performed by Student's t-test (**p < 0.05, ***p < 0.005).



DISCUSSION

In quiescent and cycling cells, cyclin D1 levels are regulated both at the transcriptional and post-translational levels in order to finely regulate cell cycle progression (1, 2). We and others have previously shown that cyclin D1 level was impaired in cells in which the dynamics of O-GlcNAcylation was disrupted (31, 34, 38, 39). Here, we further investigate the link between O-GlcNAc homeostasis and cyclin D1 expression. We show that cyclin D1 levels are positively regulated by O-GlcNAcylation (Figure 1). Elevation of O-GlcNAcylation through silencing of OGA or overexpression of OGT increases cyclin D1 steady-state levels. Conversely, decrease of O-GlcNAcylation by downregulation of OGT strongly reduces cyclin D1 protein level, independently of its mRNA levels (Figure 1), indicating that the regulation of cyclin D1 by O-GlcNAcylation is unlikely to occur at a transcriptional level. Therefore, we next examined whether dynamics of O-GlcNAc could regulate the degradation rate of cyclin D1. Cyclin D1 is a highly labile protein whose degradation is mainly driven by the ubiquitin-dependent proteasomal pathway (2, 8, 9, 15, 17–19). We hypothesized that increase of O-GlcNAcylation stabilizes cyclin D1 by interfering with its degradation. We examined the decline of cyclin D1 protein levels either by blocking protein synthesis by CHX or upon serum starvation, in high or low O-GlcNAc conditions. We show that increase of O-GlcNAc levels by OGA inhibition tends to delay the degradation rate of cyclin D1 in both experiments, while decreasing O-GlcNAcylation tends to accelerate it following mitogen deprivation (Figure 2). Once exported in the cytoplasm, cyclin D1 is polyubiquitinated prior to proteasomal degradation (9, 13, 14). We then determined if the stabilizing effect of ThG on cyclin D1 protein level was a consequence to a reduction of its ubiquitination. Our results confirmed that increasing O-GlcNAc levels reduces the accumulation of polyubiquitinated cyclin D1 (Figure 5). All these results taken together indicate that O-GlcNAcylation is able to slow down the ubiquitination of cyclin D1, which consequently delays its proteasomal proteolysis and reduces its turnover.

Several proteins harboring a short half-life are protected by O-GlcNAcylation, as described for p53, β-catenin and FOXM1 (44–48). Therefore, we investigated whether homeostasis of O-GlcNAcylation could regulate cyclin D1 turnover through a direct effect of OGT on the cyclin. Our results show for the first time that cyclin D1 binds to and is glycosylated by OGT. Indeed co-immunoprecipitation and PLA experiments highlight that cyclin D1 interacts with OGT in three different human cell lines (MCF7, HCT116, and HEK293T) (Figure 3). Our data strengthen the large-scale analysis of cyclin D1 interactome, in which OGT belongs to the top 30 cyclin D1-interacting proteins in MCF7 cells (53). During G1 to S phase progression, OGT is widely detected in the cytoplasm and nucleus, while as expected, cyclin D1 staining is mostly nuclear (Figure 3D). Indeed, upon mitogenic stimulation, cyclin D1 is rapidly transported into the nucleus together with its catalytic subunits CDK4/CDK6 (1, 6). PLA results indicate that the interaction between OGT and cyclin D1 can occur in both the cytoplasmic and nuclear compartments but is mainly detected in the nucleus of synchronized cycling cells (Figure 3E), suggesting that OGT is a new partner of the cyclin D1-CDK complex. Our study also unveils the potential O-GlcNAcylation of cyclin D1. Indeed, cyclin D1 was detected by Western blot following enrichment of O-GlcNAcylated proteins using either sWGA lectin-agarose beads or a click chemistry-based strategy (Figures 4B,C). In situ Duolink experiments using cyclin D1 and O-GlcNAc antibodies corroborate our findings (Figure 4A). However, it is unlikely that all the fluorescent spots detected by PLA are related to the O-GlcNAcylated forms of cyclin D1 since O-GlcNAcylation of cyclin D1 appears to occur at a low stoichiometry (Figures 4B,C). Given that cyclin D1 is mostly detected in the nucleus (Figure 3D), and that cyclin D1 and OGT preferentially interact in this compartment (Figure 3E), we hypothesize that OGT glycosylates the cyclin in the nucleus, which corresponds to a few nuclear spots that we observe by PLA (Figure 4A). The high PLA signal in the cytoplasm could arise from the binding of cyclin D1 to other potentially O-GlcNAcylated proteins with which the cyclin interacts (53). The chaperone Hsc70 could also be a good candidate, since it is highly O-GlcNAcylated (54) and promotes the stabilization of newly synthesized cyclin D1 (55). Thus, besides phosphorylation and ubiquitination, O-GlcNAcylation appears as an additional mean to finely regulate cyclin D1 turnover.

The effect of O-GlcNAcylation on cyclin D1 expression is in agreement with previous works showing that O-GlcNAcylation favors the stability of target proteins through the direct inhibition of their proteasomal degradation. O-GlcNAc modification can compete with a phosphorylation site that triggers ubiquitination, as previously shown for Ser10 of the transcription factor δ-lactoferrin (27) and Thr41 of β-catenin (47). One of our hypotheses is that OGT might directly impede phosphorylation at Thr286 by occupation of the residue by O-GlcNAc. The increase of O-GlcNAcylation could help in stabilizing cyclin D1 through a decrease of its GSK-3β-mediated phosphorylation at Thr286 which promotes its ubiquitin-mediated degradation (8, 9). O-GlcNAcylation can also compete with an adjacent phosphorylation site which promotes ubiquitination, as demonstrated for the tumor suppressor p53 for which O-GlcNAcylation at Ser149 impairs phosphorylation at Thr155 (44). Nine phosphorylation sites have been mapped on human cyclin D1 (Ser90, Ser111, Ser131, Ser197, Ser219, Tyr226, Ser234, Thr286, Thr288; see references in http://www.phosphosite.org, accession number P24385), but to date only Thr286 and Thr288 residues are known to have a biological effect once phosphorylated, both promoting the proteasomal degradation of cyclin D1 (8, 11, 12). Regarding the ubiquitination sites, over the 10 lysine residues that have been mapped on cyclin D1 (Lys 33, 46, 50, 95, 96, 114, 167, 175, 238, 269; see references in http://www.phosphosite.org), only Lys269 has been shown to be essential for ubiquitination and subsequent proteolysis of cyclin D1 (15). More experiments for mapping the O-GlcNAc site(s) of cyclin D1 are needed to further decipher whether O-GlcNAcylation of cyclin D1 competes or not with the phosphorylation or ubiquitination sites of cyclin D1, and thus helps in stabilizing the cyclin.

Other possible mechanism by which OGT may control cyclin D1 turnover is through the O-GlcNAcylation of GSK-3β since the kinase is itself O-GlcNAcylated (48, 56, 57). The negative regulation of GSK-3β activity by O-GlcNAcylation has been shown in HEK293FT cells and MKN45 gastric cancer cells but appears to be cell type-dependent (48, 56). Thiamet G-induced high O-GlcNAcylation of GSK3β might contribute to the decrease of cyclin D1 ubiquitination that we report in this study, as a consequence of a decrease in Thr286 phosphorylation. O-GlcNAcylation of GSK3β might also impair the activity of Fbxo4, the E3 ubiquitin ligase F-Box subunit which controls the proteasomal degradation of cyclin D1 (21). Indeed, the phosphorylation of Fbxo4 by GSK3β is necessary for its ubiquitin ligase activity (58). To ascertain these hypotheses, further experiments are needed to determine whether sustained O-GlcNAcylation of GSK-3β could be involved in the increase of cyclin D1 stability in MCF7 and HCT116 cancer cells, as shown for FoxM1 in gastric cancer cells (48).

On the other hand, OGT could modulate the ubiquitination of cyclin D1 by another ways. O-GlcNAc modification has been shown to directly regulate the proteasome activity. Several subunits of the proteasome are indeed O-GlcNAcylated (46) and it has been demonstrated that O-GlcNAcylation of Rpt2 ATPase in the 19S regulatory particle inhibits the proteolytic activity on some target proteins (52). Therefore, we cannot exclude the possibility that the decrease in cyclin D1 ubiquitination in ThG-treated cells results from a global inhibition of proteasome activity. More recently, fine regulation of the ubiquitin system by OGT has been evidenced. For example, the O-GlcNAcylation of the transcriptional cofactor YAP prevents its interaction with the E3 ubiquitin ligase subunit β-TRCP, thus decreasing its degradation (59). Conversely, O-GlcNAcylation of the transcriptional regulator PGC1α facilitates the binding of the deubiquitinase BAP1 to PGC1α, leading thus to its stabilization by blocking its ubiquitination (45). The SCF ubiquitin ligase is responsible for the polyubiquitination of cyclin D1. Different F-Box proteins are able to recognize cyclin D1, including Fbxo4, Fbxw8, Fbxo31, and Skp2 (13–16, 60). Cyclin D1 ubiquitination is reversed by the deubiquitinases USP2 and USP22 (17, 18). By using co-immunoprecipitation approaches, we tried to determine whether elevation of O-GlcNAcylation favors the binding of USP2 to cyclin D1, as described for BAP1 and PGC1α (45). Unfortunately, we could not conclude because we failed to detect the interaction of both proteins in HCT116 cells (data not shown), although it was previously reported in these cells (17). The potential regulation by OGT of either the ubiquitin ligases or deubiquitinases that control cyclin D1 turnover might also explain how O-GlcNAc modification takes part in cyclin D1 homeostasis. Future work would decipher the exact molecular mechanisms underlying the modulation of cyclin D1 ubiquitination by OGT.

To conclude, this study provides new insights into the positive regulation of cyclin D1 stability by O-GlcNAcylation and opens new perspectives on the contribution of hyper-O-GlcNAcylation to the deregulation of cell proliferation in cancer.
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