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 25 

Summary 26 

 27 

Cell cycle regulators such as cyclins, cyclin dependant kinases (CDKs) or Rb play important 28 

roles in the differentiation of adipocytes. In the present paper we investigated the role of 29 

cyclin G2 as a positive regulator of adipogenesis. Cyclin G2 is an unconventional cyclin 30 

which expression is up regulated during growth inhibition or apoptosis. Using the 3T3-F442A 31 

cell line we observed an up-regulation of cyclin G2 expression at protein and mRNA levels 32 

throughout the process of cell differentiation, with a further induction of adipogenesis when 33 

the protein is transiently overexpressed. We show here, that the positive regulatory effects of 34 

cyclin G2 in adipocyte differentiation are mediated by direct binding of cyclin G2 to PPARγ, 35 

the key regulator of adipocyte differentiation. The role of cyclin G2 as a novel PPARγ 36 

coactivator was further demonstrated by chromatin immunoprecipitation assays, which 37 

showed that the protein is present in the PPARγ-responsive element of the promoter of aP2, 38 

which is a PPARγ target gene. Luciferase reporter gene assays, showed that cyclin G2 39 

positively regulates the transcriptional activity of PPARγ. The role of cyclin G2 in 40 

adipogenesis is further underscored by its increased expression in mice fed a high fat diet. 41 

Taken together, our results demonstrate a novel role for cyclin G2 in the regulation of 42 

adipogenesis.  43 

44 
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Introduction 44 

 45 

Cyclins are key components of cell cycle that associate in complexes with the catalytic 46 

protein kinase termed cyclin dependent kinases (CDKs) thereby enabling their activation. 47 

Activated CDKs will promote cell cycle transition through phosphorylation of specific targets 48 

such as the tumor suppressor Rb. While the role of cyclins in the control of cell division is 49 

widely characterized, less is known about their role in the control of metabolism and cell 50 

differentiation in adipose tissue. Cyclin G2 is a member of the cyclin G family of proteins 51 

comprising also cyclin G1 and cyclin I (1), (2), (3). These cyclins were named unconventional 52 

since no known active CDK partner was described so far. More recently, however CDK5 was 53 

found to be a partner of cyclin I and cyclin G1 (4) (5) and cyclin G associated kinase (GAK) 54 

as a cyclin G1 partner (6). In contrast to the mRNA expression of cyclin G1 and I that do not 55 

fluctuate with cell cycle (1), (3), (7), cyclin G2 expression fluctuates during the cell cycle 56 

with a peak level of expression in the late S/early G2 phase (1), (2). Furthermore, Cyclin G2 57 

is also atypically up-regulated during cell cycle arrest or apoptosis (1), (8), (9).  58 

In addition to its potential role in cell differentiation, cyclin G2 (and not cyclin G1) has two 59 

putative Nuclear Receptor box (NR box) and is therefore an interesting target for interaction 60 

with nuclear receptors. These observations prompted us to characterize the potential 61 

interaction of cyclin G2 with the nuclear receptor peroxisome proliferator-activated receptor 62 

gamma (PPARγ). PPARγ plays a central role in the adipocyte differentiation process, through 63 

regulation of the expression of adipocyte-specific genes, such as aP2, fatty acid transport 64 

protein-1 (FATP-1), or lipoprotein lipase (LPL), which are involved in lipid storage and 65 

control of metabolism (10) (11). PPARγ activity is regulated by fatty acid derivatives or by 66 

the antidiabetic drugs, thiazolidinediones. Post-transcriptional modifications, such as 67 

phosphorylation also regulates PPARγ activity. MAPK phosphorylation inhibits PPARγ 68 
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activity (12, 13), whereas cdk7, cdk6, or cdk9 phosphorylation enhances PPARγ activity (14, 69 

15) (16). We demonstrate in this study that cyclin G2 is a novel PPARγ interacting protein. 70 

Cyclin G2 is up-regulated during early stages of preadipocyte differentiation and positively 71 

regulates PPARγ transcriptional activity. 72 

73 



 5 

Material and methods 73 

 74 

Materials. All chemicals, except if stated otherwise, were purchased from Sigma Chemical 75 

Co. (St. Louis, MO). Pioglitazone was provided by Takeda Pharmaceutical company (Osaka, 76 

Japan). GW3276 and GW 61072 were provided by Biomol (France). Rosiglitazone was 77 

purchased from Molekula (Lisses, France). Anti-cyclin G2 antibody was purchased from 78 

Santa Cruz Biotechnology (N-19 antibody) or Abcam (Abcam, Cambridge, United Kingdom), 79 

anti-PPARγ E-8 antibody, were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 80 

CA). 81 

Plasmids and Oligonucleotides. pCDNA3-CycG2-GFP and pGEX4T1-CycG2 vector was a 82 

gift from Dr Horne M. GST-PPARγ A/B, GST-PPARγ DEF, GST-PPARγ bA/B, PPRE-TK-83 

Luc, and the PPARγ expression vector were described previously (17),(18). Gal4-PPARγ-84 

LDB and UAS-TK-Luc reporter were described in (15). Gal4-PPARα-LDB and Gal4-85 

PPARδ-LBD were described previously (19). A pCMV ß-galactosidase vector was used as an 86 

internal control for transfection efficiency in mammalian cells.  87 

The cyclin G2 ΔLXXLL point mutations were performed by PCR of pCDNA3-CycG2 with 88 

primers GGGGTTCAGCTTTTCGCGGCGTTGAACTTCTACCTGG (for the Nt mutant) and 89 

CCAGGTAGAAGTTCAACGCCGCGAAAAGCTGAACCCC (for th Ct mutant), generating 90 

the plasmid pCDNA3-ΔLXXLL. 91 

The pCDNA3-Δ1-22 deletion mutant was created by PCR amplification of pCDNA-CycG2-92 

GFP with primers: forward 5’-CAGGGTACCACCATGGCCATGGGATTGTTGAACTTCTACC-3’ 93 

and reverse 5’-TCAGCGGCCGCTTATGGTGGAAAGCACAGTGTCTG-3’ containing 94 

KpnI and NotI restriction sites respectively. The Δ1-22 deletion mutant was cloned in 95 

pCDNA3 at NotI and KpnI restriction sites. The pCDNA3-Δ223-344 deletion mutant was 96 

created by PCR amplification of pCDNA-CycG2-GFP with primers: forward 5’- 97 
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CAGGGATCCTACCATGGAGGATTTGGGGGCCAA-3’ and reverse 5’-98 

TCAGCGGCCGCTTAAATTTCCAGCAGTTCCACGG-3’ containing BamhI and NotI 99 

restriction sites respectively. The Δ223-344 deletion mutant was cloned in pCDNA3 at BamhI 100 

and NotI restriction sites. All plasmids used subsequently were confirmed by DNA 101 

sequencing. 102 

 103 

RNA Isolation, Reverse Transcription, and Real-Time PCR. Total RNA from cells was 104 

isolated with TRIzol reagent (Invitrogen) as described by the manufacturer. Reverse 105 

transcription was performed using 500ng total RNA, random primers and MMLV enzyme 106 

(Invitrogen). mRNA expression was measured by quantitative real-time PCR (Q-PCR) with 107 

Power SYBR Green master mix using a 7300 ABI PRISM sequence detector system (Applied 108 

Biosystems) according to the manufacter's recommendations. Q-PCR was performed using 109 

gene-specific oligonucleotides under the following conditions: 2 min at 50 °C, 10 min at 95 110 

°C followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Ribosomal protein 18s was 111 

used as an internal control. The sequence of the primers used is available upon request. 112 

Cell Culture, Cell Differentiation. COS and 3T3-F442A cells were grown in DMEM 113 

supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 µg/ml 114 

streptomycin in a humidified atmosphere of 5% CO2 at 37°C. 3T3-F442A were grown to 115 

confluence and after two days differentiation was induced by switching cells to DMEM, 10% 116 

serum, 50 ng/ml insulin and 1 µM rosiglitazone. Oil red O staining was performed as 117 

described elsewhere (20). Human adipocytes in primary culture were differentiated as 118 

previously described (21). 119 

Tranfections. Transfections of COS cells were performed using the Jet PEI reagent 120 

(Qbiogene, Irvine, CA). Electroporation of 3T3-F442A was conducted with cells induced to 121 

differentiate for five days. Cells were suspended by mild trypsinisation and electroporated 122 
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using Amaxa kit, according to manufacturer's recommendations (Cell line Nucleofector kit L; 123 

Amaxa). Briefly, about 2 million cells were collected and resuspended in 100 µl Nucleofector 124 

solution. For overexpression of cyclin G2, 500 ng of pcDNA3-CycG2-GFP or empty vector 125 

were used. For siRNA experiments control (5'-AACGGUUCUGGAUAUAGGCaa-3'; 126 

Ambion) or mice cyclin G2 (5′-CAGCGACACUGAAUUCUUUtt-3’, Ambion) siRNAs were 127 

delivered into adipocytes (250 nmol/l). Adipocytes were then reseeded into 12-well plates.  128 

Protein Expression Assays. Human samples of WAT (anterior abdominal wall, and omental) 129 

samples were obtained during abdominal elective surgical procedures (cholecystectomy or 130 

surgery for abdominal hernia) at Hospital Universitari Joan XXIII (Tarragona, Spain) and 131 

Hospital Sant Pau i Santa Tecla (Tarragona, Spain). All subjects were of Caucasian origin. 132 

Informed written consent was obtained, and the experimental protocol was approved by the 133 

ethics committee of the hospital. Adipose tissue samples were collected, washed in PBS, 134 

immediately frozen in liquid N2 and stored at -80°C. 135 

White adipose tissue from mice origin were removed from C57BL/6 mice and pieces were 136 

placed into special centrifuges containing ceramic beads (Roche, Penzberg, Germany) with 1 137 

mL of pre-chilled TEG buffer (10 mM Tris-Hcl, pH 7.4, 1.5 mM EDTA, and 10% glycerol) 138 

containing protease inhibitors cocktail (Sigma). Tubes were subjected to oscillation made by 139 

the MagNA Lyser machine at 7 500 r/min for 15 seconds. The mixture was then sonicated, 140 

and the cellular debris were pelleted by centrifugation at 13,000 g for 10 min at 4°C. For 141 

cellular extracts, cells were homogenized in a lysis buffer containing 10 mM HEPES (pH 142 

7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% Nonidet P-40 (MP Biomedicals, 143 

Aurora, OH), 1 mM dithiothreitol and protease inhibitor cocktail (Sigma). Lysates were 144 

centrifuged at 13,000 g for 10 min at 4°C and resuspended in lysis.  145 

Protein concentrations were determined by the Bradford method (Bio-Rad, Hercules, CA). 146 

SDS-PAGE and electrotransfer were performed as described elsewhere. Human adipocytes in 147 
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primary culture were differentiated as previously described (15). The membranes were 148 

blocked 1 h in blocking buffer (TBS, 0.5% Tween 20, 5% skimmed milk). Filters were first 149 

incubated overnight at 4 °C with the indicated primary antibodies, and then for 1 h at room 150 

temperature with a peroxidase conjugate secondary antibody. The complex was visualized 151 

with enhanced chemiluminescence (Interchim, Montluçon, France). 152 

Adipose tissue fractionation. Fresh adipose tissue was finely diced into small pieces (10-30 153 

mg), washed in 1x PBS and incubated in Medium 199 (Gibco) plus 4% BSA and 2 mg/mL of 154 

collagenase Type I (Sigma) for 1 h in a shaking water bath at 37ºC. Mature adipocytes (ADI) 155 

were separated by filtration through a 200µm mesh fabric (Spectrum Laboratories, Rancho 156 

Domínguez, CA, USA) and by centrifugation for 5 min at 1500g. The mature adipocytes were 157 

removed from the top layer and the pellet consisted of stromal vascular fraction (SVF) cells. 158 

Cells were washed 4 times in 1xPBS. 159 

Immunofluorescence in 3T3-F442A Cells. Cells were grown on coverslips. After fixation 160 

and permeabilization with 100% methanol, cells were incubated with antibodies directed 161 

against cyclin G2 and PPARγ (Santa Cruz Biotechnology, Inc.). Preparations were then 162 

incubated with a combination of Texas Red-conjugated antimouse IgG (Jackson 163 

ImmunoResearch Laboratories, Inc., West Grove, PA) or fluorescein isothiocyanate-164 

conjugated antigoat IgG (Santa Cruz Biotechnology, Inc.).  165 

Coimmunoprecipitation and ChIP Assays. For coimmunoprecipitation assays, whole-cell 166 

extracts were precleared with protein G-agarose beads (Sigma) during 30 min at room 167 

temperature, and an aliquot of the precleared lysates was saved as input. Extracts were then 168 

centrifuged (5 min at 3000 rpm), and supernatants were immunoprecipitated with the 169 

indicated specific antibodies overnight at 4°C, rabbit IgGs (Sigma) were used as negative 170 

control (mock). Immunoprecipitates were then washed twice with IP buffer (150 mM NaCl, 171 
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1% Nonidet P-40, 50 mM Tris/HCl (pH 8), and protease inhibitor cocktail) and three times 172 

with washing buffer (0.25 M KCl in PBS) and subjected to SDS-PAGE electrophoresis. 173 

ChIP assays were performed as described previously (22). Chromatin reimmunoprecipitation 174 

(Re-ChIP) assays were performed as described previously (23). Briefly, proteins were 175 

formaldehyde cross-linked to DNA in confluent 3T3-F442A preadipocytes before induction 176 

of differentiation or in cells induced with differentiation medium for 7 days. Proteins were 177 

then immunoprecipitated using the indicated antibodies or rabbit IgGs as mock control. DNA 178 

was extracted from the immunoprecipitates, and PCR amplification was performed using 179 

promoter-specific oligonucleotide primers to amplify the PPRE region in mouse aP2 180 

promoter: 5'-GAGCCATGCGGATTCTTG-3' and 5'-CCAGGAGCGGCTTGATTGTTA-3', a 181 

non PPRE region in the aP2 promoter: 5’-CAGCCCCACATCCCCACAGC-3’ and 5’-182 

GGATGCCCAACAACAGCCACAC-3’, a PPRE region in mouse LPL promoter: 5’-183 

CCTCCCGGTAGGCAAACTGGA-3’ and 5’- CCACTGCACAGCTGTTTAAGTGACTGG-184 

3’, a PPRE region in mouse Tmem143 promoter: 5’-GTGGGGGATTGCATGGCCCA-3’ and 185 

5’-TCCTGGCCAGTCTCCCTCCC-3’. 186 

Pull-Down Assays. In vitro translation of pCDNA3-CycG2-GFP, pCDNA3-ΔLXXLL, 187 

pCDNA3-Δ1-22, pCDNA3-Δ223-344 and pSG5-PPARγ was performed with [35S]methionine 188 

(PerkinElmer, Boston, MA) in a TNT-coupled transcription-translation system, as described 189 

by the manufacturer (Promega Corp.). GST fusion or GST alone were expressed in Bl21, and 190 

purified on glutathione-sepharose-4B beads (Amersham Biosciences, Uppsala, Sweden). For 191 

in vitro binding GST, GST-cyclin G2, GST-PPARγ A/B, GST-PPARγ DEF, and GST-PPARγ 192 

bA/B deletion mutants were incubated with the different labeled protein in 1 ml binding 193 

buffer containing 300 mM NaCl, 0.5% Triton-X-100, 50 mM Tris (pH 8), and 2 mM EDTA 194 

at room temperature for 1 h. Beads were washed five times with the same buffer. The proteins 195 

were visualized by autoradiography after SDS-PAGE.  196 
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Animals. Male C57BL/6 mice were purchased at 6 weeks of age from Charles River 197 

Laboratory. Animals were maintained according to European Union guidelines for use 198 

of laboratory animals. In vivo experiments were performed in compliance with the 199 

French guidelines for experimental animal studies (Agreement No. B-34-172-27). For 200 

the diet-induced obesity model, 6-week-old C57BL/6 mice were fed ad libitum with a 201 

high fat diet (HFD) including 45% from fat (TestDiet) for 8 weeks or 20 weeks. 202 

Statistical analysis. Data are presented as mean +/- s.e.m.; statistical analyses was performed 203 

using unpaired Student’s t‑test. Differences were considered statistically significant at P 204 

<0.05. 205 

206 
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Results 206 

 207 

Cyclin G2 expression is up-regulated during adipocyte differentiation. 208 

When hormonally stimulated, confluent 3T3-F442A preadipocytes undergo 209 

differentiation. We correlated the expression of the mRNA of cyclin G2, aP2 and PPARγ 210 

during differentiation of these cells. Cyclin G2 expression was undetectable, as measured by 211 

QPCR analysis during the early stages and was robustly induced starting at day 3 of 212 

differentiation. High levels of expression could still be measured when cells reached the 213 

differentiated stage of adipocytes (Fig. 1A). Strikingly, this pattern of expression was almost 214 

identical to the expression of PPARγ, which is the master regulator of adipocyte 215 

differentiation. Furthermore, the expression of the adipocyte marker aP2 was induced at the 216 

same stage than cyclin G2 (Fig. 1A). A similar expression pattern of cyclin G2 was observed 217 

by western blot analysis (Fig. 1B). Moreover, increased cyclin G2 expression was also 218 

observed during differentiation into adipocytes of primary human preadipocytes (Fig. 1C). 219 

Interestingly we observed that cyclin G2 and PPARγ appeared to be co expressed in the same 220 

cells, as assessed by immunofluorescence analysis (Fig. 1D). The relevance of cyclin G2 221 

expression in adipose tissue was further suggested by the increased expression of this protein 222 

in mice fed high fat diet compared to mice fed normal chow diet (Fig. 1E-F). 223 

We further characterized in human visceral adipose tissue (VAT, omental) and subcutaneous 224 

adipose tissue (SAT, anterior abdominal wall) samples the cyclin G2 expression in stromal 225 

versus mature adipocyte fraction. As shown in Fig 1G, the expression of cyclin G2 is mainly 226 

detected in the adipocyte fraction. These results suggested a role of cyclin G2 in the 227 

regulation of adipogenesis, which may involve PPARγ. 228 

Cyclin G2 overexpression stimulates, whereas its inhibition impairs adipogenesis 229 
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To further assess the role of cyclin G2 during adipogenesis, we overexpressed cyclin 230 

G2 in differentiating cells. In order to clearly differentiate the effects of cyclin G2 231 

overexpression on cell cycle regulation, and the effects on differentiation we forced ectopic 232 

expression of cyclin G2, as described in the methods section in 3T3-F442A cells induced to 233 

differentiate for 5-days, which are already permanently quiescent. Oil Red O staining 234 

indicated an increase in lipid accumulation in cells overexpressing cyclin G2, compared to 235 

cells transfected with control empty vector (Fig. 2A). Ectopic expression of cyclin G2 was 236 

monitored by Q-PCR, and was correlated with the degree of differentiation (Fig. 2B). 237 

Moreover, increased differentiation was consistent with higher expression of 238 

PPARγ, lipoprotein lipase (LPL), adiponectin and aP2 adipocyte markers (Fig. 2B). These 239 

results suggested that cyclin G2 promotes adipogenesis, independent of its role in cell cycle 240 

regulation. 241 

To further elucidate the role of cyclin G2 during adipocyte differentiation we 242 

genetically silenced cyclin G2 expression using siRNA techniques. Differentiated 3T3-F422A 243 

cells were electroporated with either a siRNA sequence against the mouse cyclin G2 244 

transcript or an irrelevant siRNA, and were compared for their ability to express markers of 245 

adipocyte differentiation. After 4 days in differentiation media, normal lipid accumulation 246 

was observed in control cells whereas a significant decrease in lipid accumulation was 247 

observed in cyclin G2 knockdown cells as assessed by Oil Red O staining (Fig. 2C). 248 

Differentiated cyclin G2 knockdown cells express significantly reduced levels of cyclin G2, 249 

PPARγ, LPL, adiponectin, Glut4 and aP2 mRNAs (Fig. 2D), further demonstrating the 250 

importance of cyclin G2 in adipogenesis. 251 

Cyclin G2 increases PPARγ  transcriptional activity 252 

We next aimed to elucidate the molecular mechanisms underlying the effects of cyclin 253 

G2 in adipogenesis. Since PPARγ is the master regulator of this process, we tested a potential 254 
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functional relation between cyclin G2 and PPARγ. Cotransfection experiments using a 255 

PPARγ-responsive luciferase-based reporter construct (PPRE-TK-Luc) and expression 256 

vectors for PPARγ and cyclin G2 in COS cells were performed. PPARγ induced 3.4-fold 257 

luciferase activity , which was further enhanced up to 8-fold in the presence of cyclin G2 (Fig. 258 

3A, left panel). As expected these effects were increased in the presence of the PPARγ agonist 259 

rosiglitazone (Fig. 3A, right panel). In order to rule out the possibility that cyclin G2 may 260 

increase PPRE-TK-luc activity independently of PPARγ, a new reporter assay was performed 261 

using a UAS-TK-luc reporter assay (Fig. 3B). The Gal4-PPARγ-LBD fusion protein was used 262 

to drive the activity of the UAS-TK-luc. As shown in figure 3B, the Gal4-PPARγ-LBD fusion 263 

protein is able to induce the UAS-TK-Luc activity in the presence of the PPARγ ligand 264 

rosiglitazone. Similarly to what observed in the PPRE reporter-based assay, cyclin G2 265 

coexpression resulted in a substantial additional increase in promoter activity (Fig. 3B). These 266 

results suggested that cyclin G2 induces the transcriptional activity of PPARγ in a ligand-267 

independent manner.  268 

Next we wanted to elucidate whether the effects of cyclin G2 were specific for 269 

PPARγ, or if cyclin G2 would be rather a general coactivator of nuclear receptors. The fusion 270 

proteins Gal4-PPARα-LBD or Gal4-PPARδ-LBD where able to induce the UAS_TK-Luc 271 

reporter activity in the presence of their ligands (GW 3276 and GW 61072 respectively) as 272 

expected, whereas no further reporter activity was observed by cotransfection with cyclin G2 273 

(Fig. 3C and D). 274 

Finally, to demonstrate that cyclin G2 could regulate the expression of PPARγ target 275 

genes in-vivo, we performed chromatin immunoprecipitation (ChIP) experiments in 276 

differentiating 3T3-F442A cells. Interestingly, immunoprecipitated chromatin using either a 277 

PPARγ or an anti-cyclin G2 antibody contained the PPARγ response element (PPRE) of 278 

PPARγ target genes (aP2, LPL or Tmem143) (Fig. 3E). No amplification of the aP2 promoter 279 
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was observed when either PPARγ or cyclin G2 were immunoprecipitated from confluent, 280 

non-differentiated 3T3-F422A cells which do not express PPARγ or cyclin G2, nor when non-281 

specific IgGs were used to immunoprecipitate the chromatin or when a non PPRE containing 282 

region of the aP2 promoter was amplified (Fig 3E). This suggested that cyclin G2 is 283 

specifically associated to PPARγ in the PPRE of PPARγ target gene promoters. To further 284 

prove this hypothesis re-ChIP experiments were performed. Strikingly, cyclin G2 285 

immunoprecipitation from PPARγ immunoprecipitates also contained the PPRE of the aP2 286 

promoter as demonstrated by PCR amplification. Taken together these results demonstrated 287 

that cyclin G2 and PPARγ form a transcriptional complex in the promoters of PPARγ-target 288 

genes that results in the activation of the transcription of these genes.  289 

 290 

Cyclin G2 interacts with PPARγ   291 

To test the hypothesis that cyclin G2 induces PPARγ activity through a direct 292 

interaction with PPARγ, cell extracts from differentiated 3T3-F442A adipocytes were 293 

immunoprecipitated with an anti-cyclin G2 antibody. Consistent with the ChIP analysis (Fig. 294 

3B) a 55-kDa protein was recognized by immunoblot analysis with a PPARγ antibody 295 

indicating that cyclin G2 is associated with PPARγ (Fig. 4A). No PPARγ could be detected 296 

when a non-specific IgG was used to immunoprecipitate the proteins (Fig. 4A).  297 

 To better characterize the interaction between PPARγ and cyclin G2, cyclin G2 was 298 

incubated with GST- PPARγ  DEF, AB and b-AB (where “b” contains an additional 30 aa 299 

subunit specific to the PPARγ2 transcript) fusion proteins. Cyclin G2 could bind only the 300 

GST-DEF fusion protein (Fig. 4B). Interestingly, this region of PPARγ contains the ligand-301 

binding domain. Next, to see if the association between cyclin G2 and the DEF construct of 302 

PPARγ could depend on ligand, we performed a similar pull-down assay using GST-cyclin 303 

G2 fusion protein and in-vitro translated 35S radiolabeled PPARγ in the presence and absence 304 
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of the PPARγ ligand pioglitazone. No increase in binding of PPARγ to cyclin G2 was 305 

observed upon incubation with pioglitazone, suggesting a ligand independent interaction. 306 

(Fig. 4C). Finally we wanted to determine the cyclin G2 binding domain to PPARγ. We 307 

focused the studies in two LXXLL motifs in the cyclin G2 protein. Deletion of the C-terminal 308 

part of cyclin G2 abolished binding to PPARγ (Fig. 4D-E).  Surprisingly, a mutant cyclin G2 309 

protein containing point mutations in the two LXXLL motifs was still capable of binding to 310 

PPARγ, suggesting that cyclin G2 bound to PPARγ through a non-identified motif in the C-311 

terminal part of the protein (Fig. 4F). 312 

313 
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Discussion 313 
 314 

Cyclins and cdks ultimately translate external signaling into a transcriptional response, 315 

which is the final step of the regulatory cascade (24) (25). This makes cyclins and cdks good 316 

candidates for the control of the cross talk that exists between proliferative stimuli and 317 

metabolic, transcriptional response. Adipogenesis is a paradigm of this particular system, 318 

which involves two major events: preadipocyte proliferation and adipocyte differentiation 319 

(26). Both processes are tightly regulated and the cross talk between them determines the final 320 

adipocyte phenotype of the cell. We and others have shown that some cyclins and cdks are 321 

associated with functions not directly linked to cell cycle progression. We have already 322 

demonstrated the participation of cyclin D3, and cdk4 in metabolism. We recently showed 323 

that cyclin D3 (16), cdk4 (27), and cdk9 (28) are adipogenic factors with strong effects on 324 

whole metabolism through regulation of PPARγ activity. These are illustrative examples of 325 

how cell cycle regulatory proteins can also modulate metabolic processes. When looking at 326 

the expression of other members of the cyclin/cdk family, we found that cyclin G2 was up-327 

regulated during the adipocyte differentiation process, and in fully differentiated adipocytes, 328 

suggesting that this cyclin could also be involved in the regulation of adipogenesis and 329 

adipocyte function. We demonstrate here that cyclin G2 is a positive factor for adipocyte 330 

differentiation since its overexpression and inhibition respectively results in stimulation and 331 

abrogation of adipogenesis. Furthermore we show that the stimulatory effects of cyclin G2 are 332 

mediated through the activation of PPARγ transcriptional activity by a direct protein 333 

interaction.  334 

Recent reports consistently point to cyclin G2 as a mediator of cell cycle inhibition 335 

during responses to diverse growth inhibitory signals, such as heat shock, oxidative stress, 336 

hypoxia and differentiation, further supporting the hypothesis that G2 has cell cycle inhibitory 337 

functions (29), (30). The effects of cyclin G2 on adipogenesis are not likely mediated, 338 
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however by cell cycle regulation. This is demonstrated by the finding that cells that have 339 

already permanently exit cell cycle (day 5 of differentiation) are still sensitive to both 340 

overexpression and inhibition of cyclin G2. Other arguments also support the cell cycle 341 

independent role of cyclin G2, and other cyclins and cdks in the control of differentiation of 342 

adipocytes. Interestingly, despite an opposite role of cyclin D3 or cdk4 in the one hand, and 343 

cyclin G2 on the other hand in the control of cell cycle, all of them share the ability to 344 

promote adipogenesis. This is the result of the interaction with PPARγ, the master regulator of 345 

adipocyte differentiation. The particular role of each of these cyclins and cdks on PPARγ 346 

remains to be elucidated. It is likely that increased PPARγ activity in response to different 347 

stimuli is mediated by distinct cyclins and cdks. This would explain the pleiotropic effects of 348 

these cyclins. Concerning cyclin G2 some particular conditions are known to activate cyclin 349 

G2. This includes heat shock, ER stress, and oxidative stress (31). Strikingly heat shock also 350 

induces PPARγ expression (32), and oxidative and ER stress have been correlated with 351 

increased adipocyte differentiation (33), (34). Cyclin G2 could therefore trigger adipocyte 352 

differentiation in response of these, and likely other adipogenic stimuli. 353 

In summary we have established a link between cyclin G2 and the control of 354 

adipogenesis through PPARγ interaction. The regulatory mechanism of cyclin G2 on 355 

adipocytes can also take place in adult differentiated tissue, since a prolonged HFD increased 356 

the protein expression in adipose tissue. This opens the possibility that cyclin G2 can also be 357 

implicated in adipose tissue general metabolism. 358 

 359 
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Figure legends 473 

Figure 1: Cyclin G2 expression is increased during adipocyte differentiation. 474 

A. Quantification of mRNA expression levels by real time PCR of cyclin G2 at the indicated 475 

times of differentiation in mouse 3T3-F442A adipocytes or human primary adipocytes (C). 476 

Results were normalized by the expression levels of 18s mRNA. 477 

B. Protein expression of cyclin G2 during the indicated time points of differentiation.  478 

D. Comparative analysis of PPARγ and cyclin G2 expression by immunofluorescence in 3T3-479 

F442A adipocytes during differentiation. Days of differentiation indicated are confluent (D0) 480 

early differentiation (D3) and terminally differentiated (D8). PPARγ expressing cells are 481 

labeled in red, cyclin G2 expressing cells in green and nuclei were visualized by Hoechst 482 

staining.  483 

E. Representative protein expression of cyclin G2 in mouse subcutaneous fat pads after 8 484 

weeks normal diet (ND) or high fat diet (HFD).  485 

F. Densitometry analysis of cyclin G2 expression in subcutaneous fat pads of mice submited 486 

to ND (n=7) or HFD (n=7). Images were analysed by ImageJ software. 487 

G. Expression of cyclin G2 in stromal (SVF) and adipocyte (ADI) fraction of human WAT. 488 

 489 

Figure 2: Cyclin G2 regulates adipogenesis. 490 

A. Representative micrographs of oil red O staining of 3T3-F442A cells during 491 

differentiation. Cells were either transfected with an expression vector of cyclin G2 492 

(pCDNA3-cyclin G2) or empty vector (pCDNA3) five day after induction of differentiation. 493 

Oil red O staining was conducted at day 9 post differentiation. 494 

B. mRNA of adipocyte cells described in (A), at 7 days of differentiation was analyzed to 495 

asses the expression levels of cyclin G2 and the adipocyte markers PPARγ, lipoprotein lipase 496 

(LPL), adiponectin (Adipo), Glut 4 and aP2 by quantitative real time PCR.  497 
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C. Representative micrographs of oil red O staining of 3T3-F442A cells at day 9 of 498 

differentiation. Cells were either transfected with control or mice cyclin G2 siRNAs at day 5 499 

after induction of differentiation. 500 

D. mRNA of differentiating cells described in (C) at seven days of differentiation was 501 

analyzed to assess the expression levels of cyclin G2, PPARγ, LPL, Adipo, Glut4 and aP2 by 502 

quantitative real time PCR.  503 

 504 

Figure 3: Cyclin G2 stimulates the PPARγ  transcriptional activity. 505 

A. Activity of the PPRE-TK-Luc reporter carrying the PPARγ specific response elements 506 

measured in COS cells upon transfecting expression vectors for cyclin G2, PPARγ or both 507 

plasmids together. The experiments were performed in triplicate in the presence or absence of 508 

the PPARγ agonist rosiglitazone (10-4M) and were normalized for β-galactosidase activity. 509 

B. Activity of the UAS-TK-luc reporter measured in COS cells upon transfection of 510 

expression vectors for cyclin G2, Gal4-PPARγ−LBD or both plasmids together in the 511 

presence or absence of the PPARγ ligand rosiglitazone. 512 

C. Activity of the UAS-TK-luc reporter measured in COS cells upon transfection of 513 

expression vectors for cyclin G2, Gal4-PPARα-LBD or both plasmids together in the 514 

presence or absence of the PPARα ligand GW 3276. 515 

D. Activity of the UAS-TK-luc reporter measured in COS cells upon transfection of 516 

expression vectors for cyclin G2, Gal4-PPARδ-LBD in the presence or absence of the 517 

PPARδ ligand GW 61072. 518 

E. ChIP assay demonstrating binding of cyclin G2 to the aP2 promoter. Cross-linked 519 

chromatin from either confluent 3T3-F442A preadipocytes (lower panel) or 3T3-F442A 520 

adipocytes differentiated during 6 days (upper panels) was incubated with antibodies against 521 

PPARγ, cyclin G2 or with purified rabbit IgGs as control. Immunoprecipitates were analyzed 522 
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by PCR using primers specific for the promoter region containing a PPRE of aP2, LPL and 523 

Tmeme143 genes. The input included in the PCR was conducted with 20% of the total 524 

chromatin. A region of the aP2 promoter outside the PPRE was amplified as negative control. 525 

F. Chip and Rechip assay. Cross-linked chromatin from 3T3-F442A adipocytes differentiated 526 

during 6 days was incubated with antibodies against cyclin G2. The immunoprecipitated 527 

chromatin was incubated with antibodies against PPARγ, or with purified rabbit IgGs as 528 

control. Immunoprecipitates were analyzed by PCR using primers specific for the aP2 529 

promoter region containing a PPRE. 530 

 531 

Figure 4: Cyclin G2 interacts with PPARγ  during adipogenesis. 532 

A. Coimmunoprecipitation of PPARγ and cyclin G2 from differentiated 3T3-F442A. Extracts 533 

were imunoprecipitated with a PPARγ, cyclin G2 or rabbit IgGs and revealed with an anti- 534 

PPARγ  antibody. One twentieth of the total extract is shown as control input.  535 

B. Schematic representation of the deletion GST-PPARγ constructs used in the subsequent 536 

experiments (upper panel). GST pull-down assay showing the interaction of in vitro translated 537 

cyclin G2 with the GST-DEF domain of PPARγ (lower panel). 538 

C. GST pull-down assay showing the interaction of GST-cycling G2 with in vitro translated 539 

PPARγ in the presence or absence or the PPARγ drug co-activator pioglitazone used at 100 540 

nM. 541 

D. Schematic representation of the deletion GST-cyclin G2 constructs used in the subsequent 542 

experiments. Mutations in the LXXLL motifs are indicated.  543 

E-F. GST pull-down assay showing the interaction of in vitro translated cyclin G2 constructs 544 

as represented in D, with the GST-DEF domain of PPARγ. 545 

 546 


