
Obesity-linked phosphorylation of PPARγ by cdk5 is a direct 
target of the anti-diabetic PPARγ ligands

Jang Hyun Choi1, Alexander S. Banks1,*, Jennifer L. Estall1,*, Shingo Kajimura1,*, Pontus 
Bostrom1, Dina Laznik1, Jorge L. Ruas1, Michael J. Chalmers2, Theodore M. Kamenecka2, 
Matthias Bluher3, Patrick R. Griffin2, and Bruce M. Spiegelman1,#

1Department of Cancer Biology and Division of Metabolism and Chronic Disease, Dana-Farber 
Cancer Institute and Department of Cell Biology, Harvard Medical School, Boston, MA 02115 
USA

2Department of Molecular Therapeutics, The Scripps Research Institute, 130 Scripps Way, 
Jupiter, FL 33458 USA

3Department of Medicine, University of Leipzig, Liebigstr. 20, Leipzig, Germany

Abstract

Obesity induced in mice by high-fat feeding activates the protein kinase cdk5 in adipose tissues. 

This results in phosphorylation of the nuclear receptor PPARγ, a dominant regulator of 

adipogenesis and fat cell gene expression, at serine 273. This modification of PPARγ does not 

alter its adipogenic capacity, but leads to dysregulation of a large number of genes whose 

expression is altered in obesity, including a reduction in the expression of the insulin-sensitizing 

adipokine, adiponectin. The phosphorylation of PPARγ by cdk5 is blocked by anti-diabetic 

PPARγ ligands, such as rosiglitazone and MRL24. This inhibition works both in vivo and in vitro, 

and surprisingly, is completely independent of classical receptor transcriptional agonism. 

Similarly, inhibition of PPARγ phosphorylation in obese patients by rosiglitazone is very tightly 

associated with the anti-diabetic effects of this drug. These data strongly suggest that cdk5-

mediated phosphorylation of PPARγ may be involved in the pathogenesis of insulin-resistance, 

and present an opportunity for development of an improved generation of anti-diabetic drugs 

through PPARγ.
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Adipose tissue is at the center of the Metabolic Syndrome. Excessive body fat defines 

obesity and leads to insulin resistance, dyslipidemia, type 2 diabetes, certain cancers and 

cardiovascular disease. Understanding the molecular pathways that link adipose tissue 

biology to this staggering array of pathologies is of paramount scientific and medical 

importance. Adipose cells and tissues secrete a variety of cytokines and cytokine-like 

molecules, called adipokines, which have positive or negative effects on insulin sensitivity, 

circulating lipid levels, and appetite1. In obesity, TNF-α, IL-1 and resistin are secreted from 

adipose tissues and suppress insulin action on peripheral tissues2–4. Conversely, adipose 

tissues from lean individuals secrete higher levels of adiponectin, a circulating protein which 

has insulin-sensitizing effects on liver and other tissues5–7.

The nuclear receptor PPARγ can be thought of as a “master” gene of fat cell biology and 

differentiation, being both necessary and sufficient to drive conversion of fibroblastic 

precursors into fat cells8–10. Other key transcription factors, including C/EBPs and EBF 

proteins, regulate the expression of PPARγ11,12. Thiazolidinedione drugs (such as 

rosiglitazone and pioglitazone) are synthetic ligands functioning as strong agonists on 

PPARγ, and are potent insulin-sensitizing agents13. While the structural basis for the insulin 

sensitizing effects of these drugs is unclear, their actions result in decreased expression of 

insulin resistance-inducing adipokines including TNF-α, IL-1 and resistin, and increased 

production of the insulin-sensitizing hormone, adiponectin14,15. Unfortunately, PPARγ 

agonists can have long-term adverse effects on the health of certain patients, such as 

increased body weight, fluid retention, and increased risk of heart failure16.

Several important aspects of PPARγ action remain confusing and unresolved. First, there is 

no general deficiency in PPARγ function in obesity or insulin-resistant states. Hence, it is 

not clear why synthetic activation of a receptor should give such dramatic anti-diabetic 

effects. Second, while anti- potency diabetic of the PPARγ ligand drugs correlates very well 

with their binding affinities17, some ligands with full agonist action, like rosiglitazone, have 

powerful insulin-sensitizing actions, while other compounds with poor agonist activities, 

such as the benzyl indole MRL24, retain very good anti-diabetic effects18.

We show here that phosphorylation of PPARγ by the protein kinase cdk5 neither activates 

nor suppresses general receptor transcriptional activity, but changes the expression of 

specific genes like adiponectin. Cdk5-mediated phosphorylation of PPARγ is linked to 

obesity induced in mice by high-fat feeding. Several anti-diabetic PPARγ ligands, with or 

without classical agonist properties, directly inhibit this action of cdk5 on PPARγ and 

restore a more normal, non-diabetic pattern of gene expression. In addition, inhibition of this 

PPARγ phosphorylation in humans by rosiglitazone is closely associated with its anti-

diabetic effects. This unusual pharmacology suggests a surprising model for a cdk5-PPARγ 

link in the pathogenesis of obesity/diabetes and for the therapeutic action of PPARγ ligands 

in these disorders.
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Results

Pro-inflammatory cytokines are secreted from both fat cells and immune cells residing in 

adipose tissue, particularly when animals or humans become obese2. We noted with interest 

that the primary amino acid sequence of PPARγ contained a consensus site for 

phosphorylation by the protein kinase cdk5 at serine 273 of PPARγ2 (Supplementary Fig. 

1a). This protein kinase is not regulated by cyclins, but is instead activated by p35/25, which 

are targets of numerous cytokines and pro-inflammatory signals19. When murine PPARγ 

was incubated in vitro with cdk5 and its cofactor p35 (Fig. 1a), the nuclear receptor was 

phosphorylated as efficiently as histone H1, a known substrate of the cdk5/p35 complex. 

Mutation of serine-273 to alanine completely blocked phosphorylation by cdk5, indicating 

that there were no other cdk5 sites in PPARγ detected by an antibody that recognizes 

phosphorylated cdk5 consensus sites (Fig. 1a). Other members of the cdk protein family did 

not phosphorylate PPARγ (Supplementary Fig. 1b). Cdk5 also phosphorylated PPARγ at 

Ser-273 in cells, as shown by co-transfection of the kinase with wild-type (wt) and mutant 

PPARγ (Supplementary Fig. 1c). Finally, cdk5 did not modify murine PPARα or PPARδ 

(Supplementary Fig. 1d).

Obesity is characterized by elevated circulating and local levels of pro-inflammatory 

cytokines and free fatty acids, and cdk5 is activated by various cytokines19,20. Fig. 1b 

illustrates that treatment of 3T3-L1 adipocytes with TNF-α caused phosphorylation at 

Ser-273 of PPARγ. Furthermore, the phosphorylation of PPARγ at Ser-273 occurred upon 

treatment of fat cells with IL-6 or FFAs (Supplementary Fig. 2a and b). These modifications 

were greatly suppressed by an shRNA directed against murine cdk5 (Fig. 1c and 

Supplementary Fig. 2c) or roscovitine, a selective cdk5 inhibitor (Supplementary Fig. 2d). 

Although cytokines and FFA may affect other phosphorylation sites within PPARγ, these 

results strongly suggest that the phosphorylation at Ser-273 of PPARγ is occurring 

specifically through cdk5.

We next asked how the Ser-273 phosphorylation of PPARγ altered the ability of this 

receptor to affect adipogenesis and gene expression within differentiated adipocytes. Wild-

type and S273A mutant alleles of PPARγ had the same transcriptional activity on a PPAR-

response element (Supplementary Fig. 3) when expressed in fibroblasts previously 

engineered to completely lack this receptor (Fig. 1d, Supplementary Fig. 4a)21. These initial 

experiments took advantage of the considerable serum-induced basal level of cdk5 activity 

in cultured cells22. While treatment of cells with cytokines and FFAs induced a more robust 

activation of cdk5, these treatments also lead to de-differentiation of adipocytes23. The 

mutant and wt PPARγ alleles both drove PPARγ-mediated adipogenesis with equal 

efficiency (Fig. 1e). While most classical adipocyte-selective genes, like aP2 and C/EBPα, 

were expressed to equal levels, certain transcripts including the key fatty acid transporter 

cd36, and the adipokines adiponectin, adipsin and leptin were sensitive to mutation of the 

cdk5 site in PPARγ (Fig. 1e). Mutation of the cdk5 site also increased the secretion of 

adiponectin into the culture medium (Supplementary Fig. 4b). To understand how regulation 

of Ser-273 affects expression of adiponectin and other specific genes, we compared the 

chromatin association of phosphorylated and non-phosphorylated PPARγ (Supplementary 

Fig. 5). There were no differences in DNA binding by the phosphorylation of PPARγ, 
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suggesting that other factors, such as co-regulator recruitment to PPARγ, may be 

differentially regulated in a phosphorylation-dependent manner. We next compared the 

ability of mutant and wild-type PPARγ alleles to alter fat cell gene expression in vivo. 

Adiponectin and adipsin were markedly dysregulated, being elevated in transplanted fat pads 

expressing mutant vs. wt PPARγ (Fig. 1f). While both cd36 and leptin were expressed at 

slightly higher levels in cells expressing mutant receptor, this did not reach statistical 

significance.

It is notable that adiponectin and adipsin are inappropriately regulated in obesity14,15. This 

led us to ask whether cdk5 modification of PPARγ is activated in adipose tissues of obese 

mice. Adipose tissues were harvested at several time points from mice placed on either a 

standard chow or a high fat/high sugar diet containing 60% kcal from fat. As shown in 

Supplementary Table 1, overt hyperinsulinemia was apparent at 13 weeks. There was 

detectable basal levels Ser-273 phosphorylation of PPARγ in chow fed animals, with no 

increase in this modification after 3 weeks on high fat diet (Fig. 2a, Supplementary Fig. 6a). 

High-fat feeding for 7 weeks led to increased phosphorylation of PPARγ compared to chow-

fed controls, with the difference becoming more pronounced after 13 weeks. Similarly, there 

was no phosphorylation of cdk5 after 3 weeks of high fat feeding; however, activated cdk5 

was easily observed after 7 and 13 weeks of the HFD (Supplementary Fig. 6c) along with 

increased levels of the cleaved p25 protein, the more stable form of the activating subunit 

for cdk519. We also compared the cdk5-mediated modification of PPARγ in two different 

white fat depots: inguinal fat, a type of subcutaneous fat, and epididymal fat, a visceral 

depot24. Fig. 2b and Supplementary Figs. 6b and d illustrate that the increase in 

phosphorylation by cdk5 occurred in both white fat depots, with greater intensity in the 

epididymal depot.

Anti-diabetic drugs of the thiazolidinedione (TZD) class, such as rosiglitazone, are agonist 

ligands for PPARγ, improving insulin sensitivity in both mice and humans10. To ask 

whether anti-diabetic PPARγ ligands alter cdk5-mediated phosphorylation of this receptor, 

we treated fat cells expressing wt PPARγ with TNF-α, rosiglitazone, or a combination of 

these two agents. Fig. 3a shows that rosiglitazone inhibited Ser-273 phosphorylation at 

approximately 1 µM, similar to the dose required for other PPARγ-mediated activities in 

adipose cells13. GW9662, a PPARγ antagonist25, completely blocked this effect of 

rosiglitazone. We also examined the effect of these compounds on the cdk5-mediated 

phosphorylation of a naturally occurring mutant form of PPARγ (Q286P) that no longer 

directly binds known ligands26. Rosiglitazone could not interfere with cdk5 phosphorylation 

in this case, implying that direct binding of the ligand was required for inhibition. To 

address whether ligands work directly to inhibit cdk5-mediated phosphorylation, we mixed 

purified PPARγ, cdk5/p35 and rosiglitazone under conditions to achieve modification in 

vitro. Rosiglitazone blocked Ser273-phosphorylation in vitro, with a half-maximally 

effective dose of about 30 nM (Fig. 3b), near the Kd of this compound for PPARγ 

binding13. Importantly, this inhibition is not caused by a general inhibition of cdk5 activity, 

since incubation with rosiglitazone did not inhibit the ability of cdk5 to phosphorylate Rb 

(Fig. 3c).
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MRL24 is a non-TZD compound with high affinity for PPARγ, with excellent anti-diabetic 

activity in mice18, but poor agonist properties toward PPARγ in transcription and 

adipogenesis assays. As reported previously18 and shown in Fig. 3d, MRL24 showed weak 

transcriptional activity compared to rosiglitazone. On the other hand, MRL24 was very 

effective at blocking cdk5-mediated phosphorylation of PPARγ (Fig. 3b); 30 nM of MRL24 

inhibited the modification of PPARγ as effectively as 300 nM of rosiglitazone, both in vitro 

and in cells (Fig. 3b, Supplementary Figs. 7a and b). We also examined the ability of several 

other published PPARγ ligands that have been shown to have poor agonist properties, but 

strong anti-diabetic activities in vivo27–29. As shown in Supplementary Fig. 8, Mbx-102, 

BVT.13 and nTZDpa were all effective at inhibiting the cdk5-mediated phosphorylation of 

PPARγ.

To systematically compare changes in gene expression caused by both the Ser-273 mutation 

in PPARγ and specific PPARγ ligands, we performed Affymetrix analyses of gene 

expression with RNA from cells expressing either wt or mutant PPARγ, plus wt cells treated 

with rosiglitazone or MRL24. As shown in Fig. 3e, unsupervised clustering of these data 

resulted in several notable clusters of expression. The overlap in global regulation of gene 

expression between the mutant form of PPARγ and the PPARγ ligands is highly significant 

(p<0.005 for each drug vs. mutation). Genes exhibiting differential expression between wt 

and mutant PPARγ segregated into four major groups. One group, labeled “a”, were genes 

whose expression was decreased by Ser-273 mutation. This same group of genes was also 

suppressed by both rosiglitazone and MRL24, though neither ligand functioned as 

dramatically as did the non-phosphorylatable mutant of PPARγ. This is understandable as it 

is unlikely that ligand treatment caused complete dephosphorylation of PPARγ comparable 

to the mutant protein. The very small cluster labeled “b” contained Ahnak nucleoprotein and 

proteolipid protein (plp) 1, which are critical for myelination30,31, and sorting nexin 5 

(Snx5), which is important for vesicle trafficking32. A larger cluster, labeled “c”, 

represented genes were decreased by cdk5-mediated phosphorylation of PPARγ. Several of 

the genes known to be dysregulated in obesity, including adiponectin and adipsin, were 

present in this cluster. Rosiglitazone increased essentially all of these genes, but Fig. 3e 

indicates that this occurred as part of a very large gene set increased by rosiglitzone action. 

Indeed, genes induced most dramatically by rosiglitazone (labeled “d”) did not correspond 

to the cdk5 mutation-induced gene set and were largely the classic genes of adipogenesis, 

like aP2 and lipoprotein lipase (Lpl). In sharp contrast, the gene cluster strongly increased 

by MRL24 was much smaller than that induced by rosiglitazone, and corresponded 

remarkably well to the gene set induced by the mutation in the cdk5 site of PPARγ.

Taken together, the data presented in Figs. 1–3 suggest that cdk5 modification of PPARγ 

could be a major source of gene dysregulation and pathology of adipose tissues in obesity. 

To directly address this, we created refined gene sets regulated by the cdk5 modification of 

PPARγ, using the concept of principal component analysis of gene expression data 

(Supplementary Fig. 9). Fig. 3f shows that the great majority of these genes had 

dysregulated expression in an obesity-dependent manner. In total, of the 17 genes most 

significantly reduced by cdk5 phosphorylation of PPARγ, at least 12 of these genes were 

also decreased in obese mice. Interestingly, most of these genes were more significantly 

Choi et al. Page 5

Nature. Author manuscript; available in PMC 2011 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



impacted in epididymal fat tissue compared to the inguinal depot (Supplementary Fig. 10), 

consistent with differential phosphorylation of PPARγ in the two depots (Fig. 2b). In 

addition, shRNA-mediated knock-down of cdk5 in cells resulted in marked dysregulation of 

the gene sets, particularly adiponectin and adipsin (Supplementary Fig. 11), further 

confirming that cdk5-mediated phosphorylation of PPARγ plays a significant role in the 

regulation of specific fat cell genes.

To develop a structural understanding of how PPARγ ligands affect cdk5-mediated 

phosphorylation of PPARγ, we turned to hydrogen/deuterium exchange (HDX) linked to 

mass-spectrometry33. As shown in Fig. 4a, rosiglitazone, but not MRL24 significantly 

reduced H/D exchange in helix 12 (H12), which contains the ligand-binding domain 

comprising part of the AF-2 surface of the receptor responsible for classical agonism34,35. 

On the other hand, MRL24 had a more marked impact on H/D exchange kinetics across H3 

(aa 309–315), the β-sheet at 369–379, and the cdk5 site itself at Ser-273 in PPARγ. 

Rosiglitazone also affected the exchange across H3 and the beta sheet region, but did not 

significantly alter the H/D exchange across Ser-273. When these HDX data are mapped onto 

the known co-crystal structures of PPARγ with each of these ligands bound, it is clear that 

MRL24 reduced the dynamic nature of these regions to a greater extent than rosiglitazone 

(Fig. 4b). It is likely that the ligand-induced reduction in the dynamic nature of H3, the β-

sheet, and the cdk5 site, “freezes” this region in a configuration less favorable to cdk5 

phosphorylation. Since cdk5 phosphorylation of PPARγ does not affect chromatin 

occupancy of this receptor (Supplementary Fig. 2), we examined the possibility that the 

region near the cdk5 site might be an important location for ligand-gated coregulator 

interactions. As shown in Supplementary Fig. 12, HDX data shows that a model coactivator, 

SRC3, interacts with a PPARγ region far from helix 12, near Ser-273, when MRL24 is 

bound. Thus, specific coregulator modulation of PPARγ by modifications at serine 273 is 

highly plausible.

Next, we asked whether the PPARγ ligands alter cdk5-mediated phosphorylation of PPARγ 

in vivo. As shown in Fig. 5a and Supplementary Fig. 13, treatment with either rosiglitazone 

or MRL24 at 10 mg/kg for 7 days dramatically improved glucose tolerance of high-fat fed 

mice and reduced fasting insulin levels without changing body weight. Importantly, both of 

these compounds reduced cdk5-mediated phosphorylation of PPARγ in the adipose tissue of 

every mouse treated (Fig. 5b). These drugs did not affect the status of another known 

phosphorylation site, Ser112 (Supplementary Fig. 14). Furthermore, 12 of the 17 genes most 

significantly controlled by cdk5 action on PPARγ (as described above) were altered by the 

action of one or both drugs (Fig. 5c). These data demonstrate that anti-diabetic PPARγ 

ligands inhibit cdk5 phosphorylation of PPARγ in vivo and reverse changes in gene 

expression linked to this modification. Consistent with these results, treatment of roscovitine 

significantly suppressed cdk5-mediated phosphorylation and most of the gene set regulated 

by the phosphorylation of PPARγ (Supplementary Fig. 15). However, we cannot exclude the 

possibility that weight loss in the treatment group may be influencing changes in 

phosphorylation and gene expression.

Finally, we investigated whether humans undergoing therapy with a PPARγ ligand showed 

decreased phosphorylation of PPARγ at the cdk5 site in adipose tissue, and how this 
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correlated with improvements in systemic insulin sensitivity. As shown in Fig 5d, Ser-273 

phosphorylation of PPARγ was generally decreased in subcutaneous fat biopsies from 

patients following rosiglitazone treatment. However, one patient displayed increased 

phosphorylation and two patients showed only a modest decrease. Notably, patients who had 

little or no reduction in PPARγ phosphorylation also displayed little improvement in clinical 

parameters such as fasting insulin and fasting glucose with rosiglitazone treatment 

(Supplementary Tables 2 and 3). To investigate the relationship of these effects to changes 

in insulin sensitivity, we compared the final, euglycemic, hyperinsulinemic clamped glucose 

infusion rate with the relative change in PPARγ phosphorylation for each patient. As shown 

in Fig. 5e, there was a powerful, negative correlation (r=−0.92 and p=0.001) between 

changes in glucose infusion rate and changes in PPARγ phosphorylation. Thus, in this 

patient cohort, improvement of insulin sensitivity using rosiglitazone was tightly coupled to 

decreased phosphorylation of PPARγ at the cdk5 site.

Discussion

The data presented here suggest a unified framework for understanding the relationship 

between fat cell dysfunction in obesity and anti-diabetic therapies through PPARγ 

(Supplementary Fig. 16). High fat diets in vivo, activate the protein kinase cdk5. Cdk5-

mediated phosphorylation of PPARγ at Ser-273 dysregulated expression of a subset of genes 

including a number of key metabolic regulators including adipsin, the first fat cell-selective 

gene whose expression is altered in obesity36 and adiponectin, a central regulator of insulin 

sensitivity in vivo. Ser-273 phosphorylation did not alter the chromatin occupancy of 

PPARγ, suggesting that other mechanisms, such as differential recruitment of co-regulators, 

may cause these differences in target gene expression. Anti-diabetic PPARγ ligands 

inhibited Ser-273 phosphorylation and reversed associated changes in gene expression. 

Crucially, inhibition of cdk5-mediated phosphorylation of PPARγ by ligands altered the 

conformation/dynamic nature of the protein, such that Ser-273 was no longer modified by 

the protein kinase. In fact, a PPARγ ligand with minimal agonist activity, such as MRL24, 

did this as well or better than a full agonist, such as rosiglitazone. Given that both have 

potent anti-diabetic activities; it is likely that a substantial portion of the therapeutic benefits 

of PPARγ ligands in metabolic disease is through inhibition of cdk5-mediated 

phosphorylation. The studies presented in Fig. 5d and e also indicate that this specific 

phosphorylation was closely coupled to the therapeutic effects of rosiglitazone in man. It is 

worth noting that the therapeutic doses used in animals did not lead to a complete inhibition 

of the cdk5 phosphorylation of PPARγ, so more robust therapy might be obtained with 

other, more narrowly targeted ligands.

Based on these results, the role of agonism in the actions of PPARγ ligand drugs is quite 

unclear. It is possible that a small degree of agonism further enhances the beneficial effects 

of blocking cdk5-mediated phosphorylation of PPARγ. On the other hand, it seems likely 

that at least some of the problematic side-effects of these drugs, including weight gain and 

fluid retention16, may occur through classical agonist actions. This can be better assessed as 

ligands with various degrees of agonism are evaluated in both preclinical models and human 

subjects. More broadly, the ability of “partial agonists” to alter protein phosphorylation may 
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be true for other members of the nuclear receptor family, possibly allowing for identification 

of new drugs.

How is cdk5 activated in adipose tissues of obese mice? Both cytokines and fatty acids are 

elevated in adipose tissues in most obese states, and both may contribute to cdk5 activation 

in the experiments preformed here. Cytokines and other stimulators of cdk5 typically work 

via cleavage of the cdk5 partner p35 into a more active and more stable p25 subunit19. 

While the extracellular stimulator that functions on fat cells as a consequence of high fat 

feeding is not established, it is clear from Supplementary Fig. 6 that the activation of cdk5 in 

obesity is accompanied by enhanced formation of p25. Whether high fat feeding and obesity 

lead to activation of cdk5 in other non-adipose tissues is a very important question, since the 

negative effects of obesity extend far beyond the metabolic syndrome to cancer and 

neurodegeneration37,38. Neurodegeneration has been associated with the abnormal 

activation of cdk5 in the CNS39, so further studies are required to determine if cdk5 is 

activated in the brain and other tissues in obesity.

Methods Summary

Cell Culture

PPARγ-null mouse embryonic fibroblasts (MEFs)21 were cultured in Dulbecco's modified 

Eagle's medium and 10% fetal bovine serum. FLAG-PPARγ and FLAG-PPARγ S273A 

were subcloned into pMSCV-puro retrovial vector (Stratagene). Following infection of the 

cells with the retrovirus, cells expressing the ectopic protein were selected by incubation 

with 2 µg/ml puromycin. Adipocyte differentiation on 3T3-L1 or MEFs was induced by 

treating cells with 1 µM dexamethasone, 0.5 mM isobutylmethylxanthine, and 850 nM 

insulin for 48 h and cells were switched to the maintenance medium containing 850 nM 

insulin.

In vitro kinase assay

Immuno-purified WT or S273A mutant of PPARγ were incubated with active cdk kinases in 

kinase assay buffer containing ATP for 15 min at 30°C. Positive controls, either purified 

histone H1 (Millipore) or Rb (Cell Signaling Technology) were used. Several PPARγ 

ligands were pre-incubated with substrates for 30 min before the assay was performed.

Gene expression analysis

Total RNA was isolated from cells or tissues using Trizol reagents (Invitrogen). The RNA 

was reverse-transcribed using ABI reverse transcription kit. Quantitative PCR reactions 

were performed with SYBR green fluorescent dye using an ABI9300 PCR machine. 

Relative mRNA expression was determined by the ΔΔ-Ct method using tata-binding protein 

(TBP) levels.

Animals

All animal experiments were performed according to procedures approved by Beth Israel 

Deaconess Medical Center’s Institutional Animal Care and Use Committee. 4 to 5 week-old 

male C57BL/6J mice were obtained from the Jackson Laboratory. Mice were fed a regular 
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diet (10% kcal fat, D12450B, Research Diets Inc.) or a high fat diet (60% kcal fat, D12492, 

Research Diets Inc.) as indicated. For glucose tolerance tests, mice were intraperitoneally 

(i.p.) injected with 10 mg/kg rosiglitazone or MRL24 for 6 days, and fasted overnight before 

i.p. injection of 2 g/kg D-glucose.

Methods

Cell Culture

3T3-L1 and HEK-293 cells were obtained from ATCC. PPARγ-null mouse embryonic 

fibroblasts (MEFs)21 were cultured in Dulbecco's modified Eagle's medium and 10% fetal 

bovine serum. FLAG-PPARγ and FLAG-PPARγ S273A were subcloned into pMSCV-puro 

retroviral vector (Stratagene). For retrovirus production, Phoenix packaging cells were 

transfected with 10µg retroviral vectors40. After 48h, the viral supernatant was collected and 

filtered. Following infection of the cells with the retrovirus, cells expressing the ectopic 

protein were selected by incubation with 2 µg/ml puromycin. Adipocyte differentiation on 

3T3-L1 or MEFs was induced by treating cells with 1 µM dexamethasone, 0.5 mM 

isobutylmethylxanthine, and 850 nM insulin for 48h and cells were switched to the 

maintenance medium containing 850 nM insulin. Lipid accumulation in the cells was 

detected by Oil Red O staining. The amount of secreted adiponectin into cell medium was 

analyzed by ELISA (Millipore). All chemicals for cell culture were obtained from Sigma 

unless otherwise indicated.

DNA constructs and shRNA of CDK5

HA-WT CDK5, HA-KD CDK5 and Myc-p35 were obtained from Addgene. Murine PPARα 

or PPARδ were subcloned into FLAG-pcDNA3.1 (Invitrogen). The sequence used for 

lentivial shRNA expression vector (pLKO.1; Open Biosystems) targeting CDK5 was 5’-

CGGGAGATCTGTCTACTCAAA-3’. For lentivirus production, HEK-293T cells (ATCC) 

were transfected with 10 µg lentiviral vectors40. Following infection of the cells with the 

lentivirus, cells were selected by incubation with 2 µg/ml puromycin.

In vitro kinase assay

Active cdk5/p35, cdk1/cdc2, cdk2/cyclin A, cdk2/cyclin E or cdk4/cyclin D1 kinases were 

purchased from Millipore or Cell Signaling Technology. In vitro CDK kinase assay was 

performed according to the manufacturer's instructions (Cell Signaling Technology). 

Briefly, 1 µg of immuno-purified WT or S273A mutant of PPARγ were incubated with 

active CDK kinase in kinase assay buffer (25 mM Tris-HCl pH 7.5, 5 mM beta-

glycerophosphate, 2 mM dithiothreitol (DTT), 0.1 mM Na3VO4, 10 mM MgCl2) containing 

20 µM ATP for 15 min at 30°C. Positive control for assay, purified histone H1 (Millipore) 

or Rb (cell signaling technology) were used. Several PPARγ ligands were pre-incubated 

with substrates for 30 min, and the assay was performed. Phosphorylation of substrates after 

SDS–PAGE was analyzed with anti-CDK substrate antibody to detect phospho-Ser in a 

K/R-S-P-K/R motif which is the concensus motif for cdk substrate proteins (Cell Signaling 

Technology).
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Preparation of cell or tissue lysates, immunoprecipitation and immunoblotting

HEK-293 cells expressing CDK5 or PPARγ were collected after transfection. Total cell 

lysates were incubated with FLAG M2 agarose (Sigma) at 4°C. Immunoprecipitates or total 

cell lysates were analyzed with anti-CDK substrate, FLAG or HA (Roche) antibodies. 

Differentiated 3T3-L1 adipocytes were treated with TNF-α (50 ng/ml), IL-6 (50 ng/ml), 

IL-1β (50 ng/ml) or FFAs (400 µM palmitic acid and oleic acid mixtures) for the indicated 

times, and cell lysates were analyzed with phospho-specific or PPARγ antibodies. 3T3-L1 

adipocytes were pre-treated with various PPARγ ligands, and incubated with TNF-α. For 

tissue lysates, WAT from mice was homogenized in RIPA buffer (50 mM Tris pH7.5, 150 

mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS with protease and phosphatase 

inhibitors). For western blotting, a rabbit polyclonal phospho-specific antibody against 

PPARγ Ser273 was produced by New England Peptides with a synthetic phosphopeptide 

corresponding to residues surrounding Ser273 of PPARγ (Ac-KTTDKpSPFVIYDC-amide). 

Total tissue lysates were analyzed with anti-PPARγ, phospho-CDK5 (Y15), CDK5 and p35 

antibodies (Santa Cruz).

Reporter gene assay

HEK-293 cells were transfected with pDR-1 luciferase reporter plasmid, PPARγ, RXRa and 

pRL-renillin using Lipofectamine 2000 (Invitrogen). Following an overnight transfection, 

the cells were treated with rosiglitazone or MRL24 for 24h. The cells were harvested and 

reporter gene assays were carried out using the Dual-Luciferase kit (Promega). Luciferase 

activity was normalized to renillia activity.

Gene expression analysis

Total RNA was isolated from cells or tissues using Trizol reagents (Invitrogen). The RNA 

was reverse-transcribed using ABI reverse transcipton kit. Quantitative PCR reactions were 

performed with SYBR green fluorescent dye using an ABI9300 PCR machine. Relative 

mRNA expression was determined by the ΔΔ-Ct method normalized to tata-binding protein 

(TBP) levels. The sequences of primers used in this study are found in Supplementary Table 

4.

Generation of fat pads in nude mice

PPARγ-null fibroblasts (1 × 107) stably expressing WT or S273A mutant of PPARγ were 

implanted subcutaneously into 7–8 week-old male NCR nude mice (Taconic) according to 

the previous methods (n=5 mice per group)41. 6 weeks after injection, the fat pads were 

isolated for the analysis of gene expression.

Microarray analysis

Total RNA was isolated from PPARγ-null fibroblasts expressing WT or S273A mutant of 

PPARγ or WT cells treated with 1µM rosiglitazone or MRL24 for 24h. Array hybridization 

and scanning were performed by the Dana-Farber Cancer Institute Microarray Core Facility 

using Affymetrix GeneChip Mouse Genome 430 2.0 arrays according to established 

methods42. The array data were analyzed using the DNA-Chip Analyzer (dChip) sofware43. 

The statistical significance of differences in gene expression was assessed by an unpaired t-
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test (p<0.05). Global overlap of genes was statistically assessed using Chi-Square statistics. 

To create refined gene sets regulated by cdk5 phopshorylation of PPARγ, we first calculated 

p-value as well as fold-change of gene expression in WT versus S273A mutant cells, and we 

plotted -log p-value versus log2 fold-change. From this list of genes, we selected 53 genes 

which were changed in magnitude (≥1.4 fold difference) and statistical significance 

(p<0.05). The selected genes were validated in cells or transplanted fat pads using by qPCR, 

the resulting gene set, consisting of 17 genes, was analyzed in WAT of mice using qPCR.

Animals

All animal experiments were performed according to procedures approved by Beth Israel 

Deaconess Medical Center’s Institutional Animal Care and Use Committee. 4 to 5-week-old 

male C57BL/6J mice were obtained from the Jackson Laboratory. Mice were fed a regular 

diet (10% kcal fat, D12450B, Research Diets Inc.) or a high fat diet (60% kcal fat, D12492, 

Research Diets Inc.) as indicated time periods. All mice initiated the HFD at the same age 

(4–5 week old), and harvested them at the indicated HFD time. For glucose tolerant tests, 

mice were intraperitoneally (i.p.) injected daily 10 mg/kg rosiglitazone or MRL24 for 6 

days, and fasted overnight prior to i.p. injection of 2 g/kg D-glucose. Glucose was measured 

in tail vain blood at intervals after glucose injection using a Truetrack glucometer. Serum 

insulin concentrations were determined by ELISA (Crystal Chem).

Human study

We utilized fat biopsies from subjects enrolled in a parallel-group randomized and 

controlled trial to evaluate the effects of rosiglitazone and an exercise program on insulin 

sensitivity and endothelial function in patients with impaired glucose tolerance over a 6-

month period. Consecutive patients referred to the University of Leipzig Heart Center, 

Germany, were invited to participate if they displayed impaired glucose tolerance (2h OGTT 

plasma glucose >7.8 and <11.1 mmol/l)44. Exclusion criteria included diabetes type 1 or 2, 

concomitant medication, unstable angina, coronary artery disease, myocardial infarction 

within preceding 3 months, ejection fraction <40%, significant heart valve disease, severe 

metabolic disorders, severe disorders in lipoprotein metabolism, thyroid disorders, alcohol 

or drug abuse, pregnancy, and participation in another trial. Included patients received 4 mg 

rosiglitazone daily (Avandia; GlaxoSmithKline, London, U.K.) for 6 months. At day 1 and 

after 6 months, patients were clinically examined, euglycemic-hyperinsulinemic clamps 

were performed, and blood samples were obtained. All baseline blood samples were 

collected between 8 and 10 am after an 12 hours overnight fast. Plasma insulin was 

measured with an enzyme immunometric assay for the IMMULITE automated analyzer 

(Diagnostic Products Corporation, Los Angeles, CA, USA). Serum total- HDL-, LDL-

cholesterol, triglycerides, free fatty acids, adiponectin, were measured as previously 

described45. Insulin sensitivity was assessed with the euglycaemic-hyperinsulinaemic clamp 

method using a previously described protocol46. Fat biopsies were analyzed with anti-

phospho-Ser273 and PPARγ antibody. Statistical analyses were performed using SPSS 

statistics 17.0 and Pearson’s two-sided correlation was used for statistical tests. All 

correlations with p<0.05 yielded similar results using Spearman´s rank correlation.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Specific fat cell gene dysregulation by the cdk5-mediated S273 phosphorylation of 
PPARγ

a, In vitro CDK assays performed using cdk5/p35 with either wild type (WT) or S273A 

mutated PPARγ. b, Phosphorylation of PPARγ in differentiated 3T3-L1 adipocytes 

stimulated with TNF-α for the indicated times. c, Phosphorylation of PPARγ in cells 

expressing scrambled or CDK5 shRNA stimulated with indicated cytokines. NT, no 

treatment. d, Staining of PPARγ-null fibroblasts expressing WT or S273A mutant PPARγ 

with Oil-Red-O. e, Gene expression in these cells was analyzed by real-time quantitative 
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PCR (qPCR) for expression of various genes (n=3). f, mRNA expression in transplanted fat 

pads was analyzed by qPCR (n=5) (Error bars are s.e.m.; *p<0.05, **p<0.01).
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Figure 2. CDK5-mediated phosphorylation of PPARγ is increased in fat tissues of high fat diet 
fed mice (HFD)

a, White adipose tissue (epididymal) from mice on HFD for the indicated time was analyzed 

with phospho-S273 PPARγ and PPARγ antibodies. b, Epididymal (Epi.) or inguinal (Ing.) 

fat tissue from 13 weeks HFD mice was analyzed with phospho-S273 antibody.
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Figure 3. Anti-diabetic PPARγ ligands block CDK5-mediated phosphorylation of PPARγ

a, TNF-α-induced phosphorylation of PPARγ in 3T3-L1 adipocytes expressing either WT or 

Q286P mutant of PPARγ treated with rosiglitazone and/or GW9662. b and c, In vitro CDK5 

assay with either rosiglitazone or MRL24. d, Transcriptional activity of a PPAR-derived 

reporter gene in response to rosiglitazone or MRL24 (n=3). e, Microarray analysis of 

differentiated PPARγ-null fibroblasts expressing WT (NT, rosiglitazone or MRL24 treated) 

or S273A mutant PPARγ. f, mRNA expression of genes regulated by the phosphorylation of 
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PPARγ in epididymal fat tissue of mice on either chow or HFD for 13 weeks (n=5). Error 

bars are s.e.m.; *p<0.05, **p<0.01, ***p<0.001.
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Figure 4. Differential HDX MS data for PPARγ-LBD ± rosiglitazone and MRL24

a, Histograms showing the percent reduction in HDX for Helix 3 (IRIFQGCQF), the β-sheet 

region (ISEGQGFMTRE), Helix 12 (QEIYKDLY) and the Helix 2-2’ link region containing 

the site of CDK5 phosphorylation (KTTDKSPFVIYDM). Values are calculated relative to 

the measured %D value for apo PPARγ-LBD (n=4; error bars are s.e.m.; **p<0.01, 

***p<0.001). b, HDX data for the four peptides of interest are plotted over the structures of 

PPARγ-LBD bound with rosiglitazone (left, PDB:2PRG) and MRL24 (right, PDB:2Q5P). 

Percent reduction in HDX relative to unliganded receptor is colored according to the key. 

Red circle indicates Ser273 residue of PPARγ.
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Figure 5. Correlation between the inhibition of phosphorylation and improvement of insulin 
sensitivity by anti-diabetic PPARγ ligands

a, Glucose-tolerance tests in 16-week HFD mice treated with vehicle, rosiglitazone or 

MRL24 (n=10). b, phosphorylation of PPARγ in WAT. c, The expression of gene sets 

regulated by PPARγ phosphorylation in WAT (Error bars are s.e.m.; *p<0.05, **p<0.01, 

***p<0.001). d, Changes of phosphorylation of PPARγ in human fat biopsies which were 

treated with rosiglitazone for 6 months. before, non-treated; after, 6 months treatment. e, 

Correlation between the changes of PPARγ phosphorylation normalized to total PPARγ 
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protein and the changes of glucose infusion rate measured by clamp. The data is presented 

as percent change after 6 months of rosiglitazone treatment.
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