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SUMMARY

S6K1 has been implicated in a number of key metabolic responses, which contribute to obesity. 

Critical among these is the control of a transcriptional program required for the commitment of 

mesenchymal stem cells to the adipocytic lineage. However, in contrast to its role in the cytosol, 

the functions and targets of nuclear S6K1 are unknown. Here, we show that adipogenic stimuli 

trigger nuclear translocation of S6K1, leading to H2BS36 phosphorylation and recruitment of 

EZH2 to H3, which mediates H3K27 trimethylation. This blocks Wnt gene expression, inducing 

the upregulation of PPARγ and Cebpa and driving increased adipogenesis. Consistent with this 

finding, white adipose tissue from S6K1-deficient mice exhibits no detectable H2BS36 

phosphorylation or H3K27 trimethylation, whereas both responses are highly elevated in obese 

humans or in mice fed a high-fat diet. These findings define an S6K1-dependent mechanism in 

early adipogenesis, contributing to the promotion of obesity.

In Brief

Expansion of adipose mass through adipogenesis is the main cause of obesity. Yi et al. report a 

role for S6K1 in the transcriptional regulation of an epigenetic network mediated by histone H2B 

phosphorylation and histone H3 trimethylation. This results in blocking Wnt ligand production 

and promoting adipogenesis.

INTRODUCTION

The worldwide epidemic in obesity is the chief cause of the dramatic increase in a number 

of associated pathologies including diabetes, hyperlipidemia, cardiovascular disease, and 

cancer (Spiegelman and Flier, 2001; Khandekar et al., 2011). It has been suggested that a 

potential target for therapeutic intervention would be inhibiting the recruitment of adipocyte 

precursor stem cells to adipose depots (Tang et al., 2008; Rodeheffer et al., 2008). This step 

is initiated by the commitment of mesenchymal stem cells (MSCs) to the adipocytic lineage, 

which is regulated by a number of extracellular cues, including growth factors, hormones, 
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and nutrients. These extracellular cues coordinate a complex network of transcriptional 

factors, including proliferator-activated receptor-γ (PPARγ) and CCAAT/enhancer binding 

protein-α (C/EBPα) (Rosen and MacDougald, 2006), whose expression is controlled by a 

family of histone methyltransferases and demethylases acting epigenetically through the 

Wnt/β-catenin signaling pathway (Ge, 2012). Normally, activated Wnt/β-catenin signaling 

restrains adipogenesis by suppressing the expression of PPARγ and Cebpa (Rosen and 

MacDougald, 2006), while promoting differentiation of MSCs into myocytes and osteocytes 

(Christodoulides et al., 2009). However, the signaling pathway, by which epigenetic 

modifications mediate adipogenesis is poorly understood.

Previous studies have shown that S6K1, a key downstream effector of the mammalian target 

of rapamycin (mTOR) signaling pathway (Zoncu et al., 2011), plays a critical role in a 

number of key catabolic responses, including protein (Ma and Blenis, 2009), nucleotide 

(Ben-Sahra et al., 2013; Robitaille et al., 2013), and lipid synthesis (Düvel et al., 2010; 

Owen et al., 2012). In the latter case, de novo lipid biosynthesis is mediated by S6K1-

stimulated processing of sterol regulatory element-binding proteins 1 and 2 (SREBP1 and 

SREBP2) (Düvel et al., 2010; Owen et al., 2012), consistent with S6K1-deficient mice being 

lean at birth, exhibiting reduced adipocyte cell size and resistance to high-fat diet (HFD)-

induced obesity (Um et al., 2004). However, unexpectedly, we previously found that when 

such mice were maintained on a HFD, their adipocytes increased in size but not in number. 

The lesion could be traced to an impairment of the ability of mesenchymal stem cells to 

commit to the adipogenic lineage (Carnevalli et al., 2010). Moreover, the lesion was 

associated with a failure to upregulate a number of transcription factors critical for 

adipogenic commitment (Carnevalli et al., 2010). Although no nuclear targets have been 

identified for S6K1, recent studies have shown that the activated kinase translocates to the 

nucleus (Rosner and Hengstschläger, 2011; Rosner et al., 2012), raising the possibility that 

S6K1 may transcriptionally regulate adipogenic commitment through a nuclear mechanism. 

Here, we demonstrate that in response to an adipogenic stimulus, S6K1 translocates to the 

nucleus and phosphorylates histone H2B at serine 36, which is required for EZH2 

recruitment to target gene promoters and subsequent histone H3 trimethylation at lysine 27. 

These epigenetic changes suppress the expression of Wnt6, Wnt10a, and Wnt10b and 

facilitate adipogenic commitment of MSCs. Critically, both phosphorylation of H2B and 

trimethylation of H3 are absent in adipose from S6K1−/− mice, whereas both responses are 

highly elevated in obese humans or in mice maintained on a HFD.

RESULTS AND DISCUSSION

S6K1 Is Required for H3K27 Trimethylation during Adipogenic Commitment

Earlier, we demonstrated that S6K1 plays a key role in the commitment of embryonic stem 

cells to early adipocyte progenitors, a response apparently regulated at the transcriptional 

level (Carnevalli et al., 2010). To analyze the potential role of S6K1 in mediating 

commitment to the adipogenic lineage, we took advantage of 10T1/2 cells, a clonal mouse 

embryo cell line, which can differentiate into distinct mesodermal progenitor cell lineages, 

including adipocytes (Huang et al., 2009; Tang and Lane, 2012) (Figure 1A). We initially 

tested whether S6K1 translocates to the nucleus in 10T1/2 cells treated with the adipogenic 
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stimulus BMP4. The results demonstrated that BMP4 treatment induces the acute re-

localization of S6K1 from the cytoplasm to the nucleus within 30 min, such that by 2 hr 

~50% of the total cellular S6K1 is nuclear (Figures 1B and S1A). The effect of BMP4 is 

abolished by pretreatment with rapamycin, an mTORC1 inhibitor, as is the basal level of 

nuclear S6K1 (Figure 1C). Similarly, serum stimulation of HeLa cells induced a rapid 

increase in S6K1T389p, a marker of S6K1 activation, which was paralleled by the 

translocation of S6K1 into the nucleus and suppressed by rapamycin in a time-dependent 

manner (Figure S1A). Given that site-specific histone methylations play a critical role in 

gene expression during adipogenesis, we screened for epigenetic modifications of histones 

following BMP4 treatment of 10T1/2 cells in the absence or presence of the selective S6K1 

inhibitor, PF-4708671 (Pearce et al., 2010). Of the modifications analyzed, only H3K27 

trimethylation (H3K27me3) was sensitive to PF-4708671 treatment, whereas H3K4 

trimethylation (H3K4me3), H3K36 trimethylation (H3K36me3), and H3 acetylation (H3Ac) 

were unaffected (Figure 1D). Similar results were obtained in HeLa cells (Figure S1B). 

Moreover, by immunofluorescence S6K1 nuclear translocation preceded that of H3K27me3 

(Figure S1C). Consistent with this finding, small interfering RNA (siRNA) depletion of 

S6K1 abolished H3K27me3 in BMP4-treated or serum-treated 10T1/2 or HeLa cells, 

respectively (Figures 1E and S1D). Although EZH2, H3K27 methyltransferase, has been 

shown to be directly phosphorylated and regulated by a number of kinases, including CDK1, 

CDK2, and AKT (Cha et al., 2005; Chen et al., 2010; Kaneko et al., 2010; Wei et al., 2011), 

S6K1 did not phosphorylate EZH2 in vitro (Figure S1E), nor did inhibition of S6K1 by 

PF-4708671 treatment affect the levels of EZH2 or CDK1/2-dependent phosphorylation 

EZH2T345p and EZH2T487p in BMP4- or serum-treated 10T1/2 or HeLa cells, respectively 

(Figures 1F and 1G). Moreover, these results did not appear to be due to loss of the S6K1 

negative feedback loop to AKT (Um et al., 2004), as AKT activation was unaffected by 

either S6K1 depletion or PF-4708671 treatment (Figures 1E and 1F). Taken together, these 

findings suggest an indirect mechanism of S6K1 activation of EZH2-mediated H3K27me3.

S6K1 Phosphorylates H2BS36 and S6K1-Mediated H2B Phosphorylation Induces 
Trimethylation of H3K27

Histones are targets of multiple posttranslational modifications, including phosphorylation, 

leading to subsequent regulation of gene transcription (Tsankova et al., 2007). Although 

S6K1 had minor effects on H2A and H3 phosphorylation in vitro, it strongly phosphorylated 

H2B (Figure 2A), a response ablated by PF-4708671 (Figure 2B). As specific histone 

phosphorylations can regulate posttranslational modifications at other histones (Baek, 2011; 

Shimada et al., 2008; Yang et al., 2012), we analyzed H2B for S6K1 consensus 

phosphorylation motifs and found that the N terminus contains two K/RxRxxS motifs at S32 

and S36 (Flotow and Thomas, 1992). To determine whether these sites are potential S6K1 

phosphorylation sites, two peptides spanning amino acids 27–46, containing the 

phosphorylation motifs, or amino acids 7–26, as a control, were incubated with S6K1. 

Analysis of fluorograms showed that only the 27–46 peptide was phosphorylated by S6K1 

(Figure 2C). Moreover, peptides covering the same amino acids 27–46 but harboring either 

S32A or S38A substitution served as substrates for S6K1, but not the same peptide having a 

S36A substitution (Figure 2D). Consistent with this finding, S6K1 depletion blocked 

phosphorylation of H2B S36 (H2BS36p) in 10T1/2 and HeLa cells (Figures 2E and S2A, 
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respectively). In contrast, depletion of AKT, which shares the RxRxxS consensus 

phosphorylation site motif with S6K1, had no effect on H2BS36p in 10T1/2 (Figure S2B), 

consistent with AKT activation not being affected by either S6K1 depletion or PF-4708671 

treatment (Figures 1E and 1F). These results are compatible with both endogenous and 

ectopically expressed H2B co-immunoprecipitating with S6K1, and no other histones 

(Figures 2F and S2C–S2E), a response that was enhanced by BMP4 stimulation (Figure 2G). 

Moreover, BMP4-induced S6K1 activation, measured by S6K1T389p, closely paralleled that 

of H2BS36p and H3K27me3 (Figure 2H), which were blocked by PF-4708671 treatment 

(Figure 2I). Finally, a phosphomimetic mutant H2BS36D protected BMP4-induced 

H3K27me3 from PF-4708671 treatment (Figure 2J). More importantly, H2BS36D, but not 

H2BS36A, co-immunoprecipitated with EZH2 (Figure 2K). Collectively, the data indicate 

that S6K1-mediated H2BS36p induces H3K27me3, potentially by recruiting EZH2 to H3 

during adipogenic commitment.

S6K1-Mediated H2BS36 Phosphorylation Suppresses the Expression of Wnt Genes 
through the Recruitment of EZH2 during Adipogenic Commitment

As Wnt ligands, particularly Wnt6, Wnt10a, and Wnt10b, are known suppressors of 

adipogenic commitment and their expression is directly repressed by EZH2 during 

adipogenesis (Ge, 2012; Wang et al., 2010), we assessed the role of S6K1 and EZH2 in this 

response (Figure S3A). Reverse transcription-quantitative PCR (qRT-PCR) analysis showed 

that depletion of S6K1 increased Wnt6, Wnt10a, and Wnt10b gene expression during 

adipogenic commitment (Figure 3A). In contrast, depletion of AKT had no effect on Wnt6, 

Wnt10a, and Wnt10b gene expression, consistent with it having no impact on H2BS36p 

10T1/2 (Figure S3B). Moreover, expression of a dominant-negative S6K1 (S6K1-DN) 

induced the upregulation of same set of Wnt genes, whereas a constitutively active S6K1 

(S6K1-CA) suppressed their expression (Figures 3B and S3C). Importantly, chromatin 

immunoprecipitation (ChIP) analysis showed that BMP4 treatment led to the recruitment of 

S6K1 to Wnt6, Wnt10a, and Wnt10b genes promoters, that this was accompanied by 

increased H2BS36p and that both responses were abrogated by rapamycin treatment 

(Figures 3C and 3D). Likewise, Wnt gene expression was suppressed in cells expressing 

gain-of-function H2BS36D variant and induced in cells expressing the loss-of-function 

H2BS36A variant, as compared to control cells (Figure 3E). In addition, PF-4708671-

induced Wnt gene expression was abrogated in H2BS36D-expressing cells (Figure 3F). In 

parallel, we found that BMP4 treatment resulted in increased EZH2 recruitment and 

H3K27me3 at the same Wnt promoters, with both responses blocked by rapamycin 

treatment (Figures 3G and 3H). As with S6K1, H2BS36D-expressing cells exhibited the 

enriched presence of EZH2 and H3K27me3 at Wnt gene promoters, whereas in H2BS36A-

expressing cells both responses were inhibited (Figures 3I and 3J). These differences were 

not due to alterations in the recruitment of wild-type (WT) H2B, H2BS36D, or H2BS36A to 

Wnt gene promoters (Figure S3D), nor did their expression alter S6K1 activity (Figures S3E 

and S3F). It should be noted that the transcription of other EZH2 target genes but not non-

EZH2 target genes were also negatively regulated by S6K1-induced H3K27me3 (Figures 

S3G and S4), further supporting the negative regulation of EZH2 target genes by S6K1-

mediated H2BS36p. Together, the results indicate that S6K1-mediated H2BS36p leads to the 
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recruitment of EZH2, H3K27me3 and the suppression of Wnt gene transcription during 

adipogenic commitment.

S6K1-Mediated H2BS36 Phosphorylation Is Required for Adipogenic Commitment and 
Correlates with BMI

Critical for driving the adipogenic response is the suppression of Wnt genes, which triggers 

the upregulation of transcription factors PPARγ and C/EBPα (Cawthorn et al., 2012; 

Christodoulides et al., 2009). We found that S6K1 depletion during commitment reduced 

PPARγ and Cebpa mRNA levels (Figure 4A). Consistent with this result, ectopic expression 

of S6K1-DN repressed PPARγ and Cebpa expression, whereas transfection with S6K1-CA 

upregulated the transcription of these same genes (Figure 4B). Likewise, expression of the 

H2BS36D mutant during commitment increased PPARγ and Cebpa mRNA levels, whereas 

H2BS36A expression produced the opposite effect (Figure 4C). Critically, the expression of 

the PPARγ and the Cebpa genes in cells transfected with H2BS36D were resistant to 

suppression by PF-4708671 treatment (Figure 4D). Moreover, H2B36D, but not H2B36A, 

promoted the differentiation of the progenitor cells into adipocytes, as determined by the 

expression of adipocyte marker genes Fabp4, Adipsin, Adipoq, and Apoe (Figure 4E). 

Consistent with S6K1 phosphorylation of H2B regulating this response, the differentiation 

of H2B36D-expressing progenitor cells was resistant to PF-4708671 treatment (Figure 4F). 

If S6K1-dependent H2BS36p and H3K27me3 are playing a critical role in adipogenic 

commitment, their levels S6K1−/− would be expected to be reduced in the fat pads of mice. 

To test this, we isolated epididymal white adipose tissue (eWAT) from WT- and S6K1-

deficient mice. As we previously reported (Carnevalli et al., 2010; Um et al., 2004), eWAT 

from S6K1-deficient mice was reduced in mass as compared to eWAT from WT mice 

(Figure 4G). Moreover, the mRNA levels of Wnt6, Wnt10a, and Wnt10b were elevated in 

S6K1-deficient mice as compared to WT mice (Figure 4H). Consistent with these findings, 

the mRNA levels of white adipocyte markers (Adipsin, Fabp4, and PPARγ) were 

significantly reduced in S6K1-deficient mice (Figure 4I). Critically, H2BS36p and 

H3K27me3 were completely absent in eWAT from S6K1−/− mice (Figure 4J), underscoring 

their potential key role in S6K1-mediated adipogenic commitment.

We have previously demonstrated that S6K1 phosphorylation is greatly elevated in adipose 

tissue of mice maintained on HFD versus a normal chow diet (NCD) (Um et al., 2004). 

Given this finding, we asked whether S6K1T389p, H2BS36p, and H3K27me3 were 

associated with obesity in humans. We were able to obtain six human biopsies of abdominal 

subcutaneous adipose tissues, which we stratified based on BMI into either a normal group, 

BMI <23, or overweight group, BMI >23. Immunoblot analysis showed that S6K1T389p, 

H2BS36p and H3K27me3 appeared to be highly elevated in adipose tissues from overweight 

individuals, as compared to adipose tissues of patients of normal weight (Figure 4K). 

Quantification of the immunoblot analyses showed that the level of H2BS36p and 

S6K1T389p appeared strongly correlating with BMI (Figure 4L). To determine whether our 

observations, in the limited number of human samples, were responsible for the 

development of obesity, we analyzed eWAT from mice maintained on HFD versus NCD, for 

10 weeks. The results show, as for S6K1T389p, that both H2BS36p and H3K27me3 were 

elevated in mice maintained on a HFD versus those maintained on a NCD (Figure 4M). 
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Taken together, these data suggest that hyperactivation of S6K1 is a major player in driving 

the obese phenotype through H2BS36p and H3K27me3.

Our studies have uncovered a molecular mechanism by which S6K1 regulates early 

adipogenesis through the direct regulation of gene transcription by the multistep histone 

modifications of H2BS36p and H3K27me3 (Figure 4N). These findings also raise the 

question of whether inhibition of S6K1 would offer a potential therapeutic avenue for the 

treatment of obesity. We recently advocated such an approach for the treatment of insulin 

resistance (Um et al., 2015), as S6K1−/− mice remain exquisitely insulin sensitive even on a 

HFD (Um et al., 2004). Interest in such an approach had been questioned, given that 

transplant patients maintained on rapamycin exhibit impaired glucose tolerance and post-

transplant type 2 diabetes (T2D), attributed to inhibition of mTORC1 (Johnston et al., 2008). 

However, it has recently been demonstrated that the long-term effects of chronic rapamycin 

treatment on insulin resistance are due to the disruption and loss of mTORC2, not to the 

inhibition of mTORC1 (Lamming et al., 2012). Moreover, liver-specific depletion of S6K1 

protects against both HFD-induced hepatic steatosis and systemic whole-body insulin 

resistance (Bae et al., 2012). Thus, direct inhibitors of S6K1, which would bypass mTORC2 

inhibition, may serve as a potential therapeutic route not only to suppress obesity, but to treat 

insulin resistance, the hallmark of T2D.

EXPERIMENTAL PROCEDURES

DNA Constructs and Antibodies

The DNA constructs used in this study were pRK5-myc-S6K1, pRK5-myc-S6K1-CA, 

pRK5-myc-S6K1-DN, and pCDNA-EGFP-H2B. The mutant constructs for H2B were 

generated using site-directed mutagenesis (pCDNA-EGFP-H2B S36D and pCDNA-EGPF-

H2B S36A). Anti-p70 S6K1 (Cell Signaling Technology; #9202, Santa Cruz Biotechnology; 

SC-8418), anti-phospho (T389) p70 S6K1 (Cell Signaling Technology; #9234), anti-S6 

(Cell Signaling Technology; #2217), anti-phospho (S235/236) S6 (Cell Signaling 

Technology; #4856), anti-GFP (Santa Cruz Biotechnology; SC-9996), anti-histone H3 

(Santa Cruz Biotechnology; SC-10809), anti-histone H3 Lys27 trimethylation (Millipore; 

07-449), anti-histone H2B (Abcam; ab18977) anti-histone H2B Ser36 phosphorylation 

(ECM Biosciences; HP4331), anti-tubulin (Santa Cruz Biotechnology; SC-32293), anti-actin 

(Millipore; mab1501), anti-KMT6/EZH2 (Abcam; ab3748), anti-Lamin A/C (Cell Signaling 

Technology; #2032), and anti-PolII (Santa Cruz Biotechnology; SC-900) antibodies were 

used in this study.

Cell Culture and Differentiation

HeLa cells were purchased from the American Type Culture Collection (ATCC) and 

C3H10T1/2 (10T1/2) cells were a generous gift from Jong Sun Kang (Sungkyunkwan 

University). The cells were grown and maintained in DMEM with 10% fetal bovine serum 

(FBS) and 1% penicillin/streptomycin (P/S). For adipogenic commitment to pre-adipocytes, 

10T1/2 cells maintained in DMEM with 10% FBS and 1% P/S were treated for 4 days with 

10 μg/mL BMP4. For terminal differentiation of pre-adipocytes to adipocytes, the cells were 
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incubated in DMEM with 10% FBS, 1% P/S, 0.5 mM 3-isobuyl-1-methylxanthine (IBMX), 

1 μM dexamethasone, and 1 μg/mL insulin.

Inhibition and Knockdown of S6K1

Cells were treated with rapamycin (Calbiochem, 100 nM) and PF-4708671 (Tocris, 20 μM) 

to inhibit S6K1 activity. For S6K1 knockdown, cells were transfected with siRNA targeting 

S6K1 using Lipofectamine 2000 reagent (Life Technologies) according to the 

manufacturer’s protocol. The siRNA sequences targeting S6K1 are as follows: #03 forward, 

5′-GGACCAGCCAGAA GAUGCAGGCUCU-3′; #03 reverse, 5′-

AGAGCCUGCAUCUUCUGGCUGG UCC-3′; #04 forward, 5′-

CACCCUUUCAUUGUGGACCUGAUUU-3′; and #04 reverse, 5′-

AAAUCAGGUCCACAAUGAAAGGGUG-3′. To generate stable cell lines, lentiviral short 

hairpin RNA (shRNA) for S6K1 (5′-GCGACATCTTTCT CAACCTTA-3′) from Open 

Biosystems was used. The lentivirus was obtained from 293FT cells according to the 

manufacturer’s protocol. HeLa cells were seeded onto plates and infected with the S6K1 

shRNA-containing lentivirus. Cells expressing S6K1 shRNA were selected using puromycin 

(2 μg/mL).

In Vitro Kinase Assay

S6K1 kinase assays were performed according to the manufacturer’s protocol (SignalChem; 

#R21-10H). Recombinant histones (1 μg) (BioLab) or peptides (1 μg) were incubated for 1 

hr at 30°C in kinase buffer containing 5 mM MgCl2 and 0.3 mM [γ-32P] ATP (0.5 Ci/mL). 

After the reaction, proteins or peptides were subjected to SDS-PAGE. The gel was stained 

with Coomassie blue R-150 to visual protein bands and then subjected to fluorography for 

24 hr at 70 °C on sensitized AGFA 100 NIF (non-interleaved films).

Immunoblotting and Immunoprecipitation

For immunoblotting, each sample was subjected to SDS-PAGE. Proteins were transferred to 

polyvinylidene fluoride (PVDF) membranes using semi-dry transfer (Bio-Rad). The 

membranes were incubated overnight with the indicated primary antibodies, followed by 

incubation with horseradish-peroxidase-conjugated secondary antibodies for 1 hr (Abcam). 

The signals were detected using chemiluminescence reagents (Intron). For 

immunoprecipitation, the cells were lysed with immunoprecipitation (IP) lysis buffer 

(HEPES 40 mM [pH 7.4] containing 120 mM NaCl, 1 mM EDTA, 50 mM NaF, 1.5 mM 

Na3VO4, 10 mM β-glycerophosphate, 0.3% CHAPSO, and protease inhibitors). The lysates 

were centrifuged for 20 min at 13,000 rpm at 4°C. The specific antibodies were incubated 

with the supernatants overnight at 4°C, followed by incubation with anti-rabbit Ig-IP beads 

(Trueblot) for 1 hr at 4°C. The beads were spun down for 1 min at 2,000 rpm and washed 

with IP wash buffer (IP lysis buffer without CHAPSO). The proteins were eluted by boiling 

for 5 min in Laemmli buffer (Bio-Rad) and subjected to immunoblotting.

Nuclear Fractionation

Cytoplasmic and nuclear extracts were prepared as previously described (Park et al., 2012). 

In brief, cells were suspended in buffer A (10 mM HEPES containing 1.5 mM MgCl2, 10 
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mM KCl, 1 mM EDTA, 1 mM DTT, 0.5 μg/mL leupeptin, 1 mM PMSF, 1 μM pepstatin A, 

and 0.05% NP-40), and cytoplasmic extracts were separated by centrifugation at 4°C at 

3,000 rpm for 10 min. The remained pellet was resuspended in buffer B (20 mM HEPES 

containing 1.5 mM MgCl2, 420 mM KCl, 25% glycerol, 0.2 mM EDTA, 1 mM DTT, 0.5 

μg/mL leupeptin, 1 mM PMSF, and 1 μM pepstatin A) and incubated on ice for 30 min. 

Nuclear extracts were separated by centrifugation at 4°C at 13,000 rpm for 20 min.

Quantitative Real-Time PCR

Total RNA was extracted using Easy-Blue reagent (iNtRON). 1 μg of total RNA was reverse 

transcribed into cDNA using a Reverse Transcription kit (Promega). Quantitative real-time 

PCR was performed using KAPATM SYBR FAST qPCR (KAPABIOSYSTEMS) with a 

CFX96TM or Chromo4TM real-time PCR detector (Bio-Rad). Relative levels of mRNA 

were normalized to the values of GAPDH (HeLa cells) of β-actin (10T1/2 cells and mouse 

eWAT) mRNA for each reaction. The qPCR primer sequences used are as follows: β-actin 
forward, 5′-ACGGCCAGGTCATCACTATTG-3′; β-actin reverse, 5′-TGGA 

TGCCACAGGATTCCA-3′; Wnt6 forward, 5′-GCGGAGACGATGTGGACTTC-3′; Wnt6 
reverse, 5′-ATGCACGGATATCTCCACGG-3′; Wnt10a forward, 5′-

CCACTCCGACCTGGTCTACTTTG-3′; Wnt10a reverse, 5′-TGCTGCTCT 

TATTGCACAGGC-3′; Wnt10b forward, 5′-GCTGACTGACTCGCCCACCG-3′; Wnt10b 
reverse, 5′-AAGCACACGGTGTTGGCCGT-3′; PPARγ forward, 5′-

GCATGGTGCCTTCGCTGA-3′; PPARγ reverse, 5′-TGGCATCTCTGTGT 

CAACCATG-3′; Cebpa forward, 5′-CTCCCAGAGGACCAATGAAA-3′; Cebpa reverse, 

5′-AAGTCTTAGCCGGAGGAAGC-3′; Adipsin forward, 5′-CATG 

CTCGGCCCTACATG-3′; Adipsin reverse, 5′-CACAGAGTCGTCATCCGTCAC-3′; 

Fabp4 forward, 5′-AAGGTGAAGAGCATCATAACCCT-3′; Fabp4 reverse, 5′-

TCACGCCTTTCATAACACATTCC-3′; GAPDH forward, 5′-GAGT 

CAACGGATTTGGTCGT-3′; GAPDH reverse, 5′-TTGATTTTGGAGGGATCTCG-3′; 

DAB2IP forward, 5′-TGGACGATGTGCTCTATGCC-3′; DAB2IP reverse, 5′-

GGATGGTGATGGTTTGGTAG-3′; HOXC4 forward, 5′-TCCC 

TCCCACTGTTAAGGAC-3′; HOXC4 reverse, 5′-GAAATTCACCCAAGCCAGAC-3′; 

HOXA9 forward, 5′-TTGGAGGAAATGAATGCTGA-3′; HOXA9 reverse, 5′-

TGGTCAGTAGGCCTTGAGGT-3′; HOXA11 forward, 5′-CCATT 

GAATCTCCTTTGCCT-3′; HOXA11 reverse, 5′-CACACACGGTGGGTAAGAAC-3′.

Chromatin Immunoprecipitation and Real-Time PCR

Chromatin immunoprecipitation was performed as previously described (Lee et al., 2012). In 

brief, a small portion of the cross-linked, sheared chromatin solution was reserved as the 

input DNA, and the remainder was subjected to immunoprecipitation overnight at 4°C using 

antibodies. After immunoprecipitation, the recovered chromatin fragments were subjected to 

qPCR using primer pairs specific for the target gene promoter. The primer sequences are 

available upon request.

Mice

Mice were maintained on a 12-hr light-dark cycle. Eight- to 10-week-old male mice were 

used for experiments. To induce obesity, mice were fed with normal chow diet or high-fat 
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diet purchased from Daehan biolink for 10 weeks. All animal studies were performed 

according to the guidelines of the Sungkyunkwan University Institutional Animal Care and 

Use Committee (SKKUIACUC).

Human Adipose Tissue

Human abdominal subcutaneous adipose tissue was obtained from adults with diverse BMI 

during liposuction or abdominal plastic surgeries. All protocols and procedures were 

approved by the institutional review board (IRB) at the Catholic Medical Center (CMC).

Statistical Analysis

Statistical significance was analyzed using Student’s t test (two-tailed) and assessed based 

on a p value.
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Highlights

• S6K1 directly phosphorylates histone H2B at S36 during adipogenic 

commitment

• S6K1-mediated H2BS36 phosphorylation promotes H3K27 trimethylation by 

EZH2

• These epigenetic changes suppress Wnt gene expression and drive 

adipogenesis

• H2BS36p and H3K27me3 are elevated in adipose tissue from obese humans 

and mice
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Figure 1. S6K1 Is Required for H3K27 Trimethylation during Adipogenic Commitment
(A) Schematic representation of 10T1/2 cell differentiation into adipocyte.

(B) Immunoblot analysis of cytoplasmic and nuclear extracts from 10T1/2 cells treated with 

BMP4 for the indicated times, with quantification graphs of S6K1 indicated in the left-hand 

panel.

(C) Immunoblot analysis of cytoplasmic and nuclear extracts from 10T1/2 cells treated with 

BMP4 in either the absence or presence of rapamycin (100 nM), which was added for 1 hr 

prior to the addition of BMP4.

(D) Immunoblot analysis of 10T1/2 cells treated with BMP4 for 4 days in the presence or 

absence of PF-4708671 (20 μM).

(E) Immunoblot analysis of 10T1/2 cells expressing S6K1 siRNA (#03) in the presence of 

BMP4 (2 days).

(F) Immunoblot analysis of 10T1/2 cells treated with BMP4 for 1 hr in the presence or 

absence of PF-4708671 (20 μM).

(G) Immunoblot analysis of HeLa cells stimulated with serum for 15 min after pretreatment 

with rapamycin (100 nM) or PF-4708671 (20 μM) for 1 hr.

See also Figure S1.
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Figure 2. S6K1 Phosphorylates H2BS36 and S6K1-Mediated H2B Phosphorylation Induces 
Trimethylation of H3K27
(A) In vitro phosphorylation of recombinant H2A, H2B, H3, or H4 with active S6K1 

and 32P-ATP.

(B) In vitro phosphorylation of H2B with active S6K1 and 32P-ATP after preincubation of 

S6K1 with the indicated concentration of PF-4708671 for 30 min.

(C) In vitro phosphorylation of H2B 7–26 and 27–46 peptides with active S6K1 and 32P-

ATP.

(D) Peptide sequences containing S6K1 target motifs in H2B or single site mutation (top 

panel) and in vitro phosphorylation of the indicated peptides with active S6K1 and 32P-ATP 

(bottom panel).

(E) Immunoblot analysis of 10T1/2 cells expressing S6K1 siRNA in the presence of BMP4 

(2 days).

(F) Immunoblot analysis of S6K1 immunoprecipitates (IP) and whole-cell lysates (WCLs) 

from 10T1/2 cells.

(G) Immunoblot analysis of immunoprecipitates with S6K1 antibody from 10T1/2 cells in 

the presence or absence of BMP4.

(H) Immunoblot analysis of 10T1/2 cells treated with BMP4 for the indicated time.
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(I) Immunoblot analysis of 10T1/2 cells treated with BMP4 in the presence or absence of 

PF-4708671 (20 μM) for the indicated time.

(J) Immunoblot analysis of 10T1/2 cells transfected with or without the GFP-H2BS36D 

vector in the presence of BMP4 and PF-4708671 (20 μM) for 24 hr.

(K) Immunoblot analysis of immunoprecipitates with GFP antibody from 10T1/2 cells 

transfected with GFP-H2B36D or GFP-H2BS36A vectors in the presence of BMP4.

See also Figure S2.

Yi et al. Page 16

Mol Cell. Author manuscript; available in PMC 2017 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. S6K1-Mediated H2BS36 Phosphorylation Suppresses the Expression of Wnt Genes 
through the Recruitment of EZH2 during Adipogenic Commitment
(A) The mRNA levels of Wnt genes in 10T1/2 cells expressing S6K1 siRNA during 

commitment.

(B) The mRNA levels of Wnt genes in 10T1/2 cells expressing WT, constitutively active, 

and dominant-negative S6K1 vectors during commitment.

(C and D) 10T1/2 cells treated with BMP4 or co-treated with BMP4 and rapamycin (100 

nM) for 24 hr, followed by ChIP-qPCR analyses for S6K1 (C) and H2BS36p

(D) antibodies in the promoter regions of the Wnt genes.

(E) The mRNA levels of Wnt genes in 10T1/2 cells expressing GFP-WT H2B, GFP-

H2BS36D, or GFP-H2BS36A vectors during commitment.

(F) The mRNA levels of Wnt genes in 10T1/2 cells expressing the GFP-H2BS36D vector in 

the presence or absence of PF-4708671 (20 μM) during commitment.

(G and H) 10T1/2 cells treated with BMP4 or co-treated with BMP4 and rapamycin (100 

nM) for 24 hr, followed by ChIP-qPCR analyses for EZH2 (G) and H3K27me3 (H) 

antibodies in the promoter regions of the Wnt genes.

(I and J) 10T1/2 cells transfected with GFP-WT H2B, GFP-H2BS36D, or GFP-H2BS36A 

vectors and incubated with BMP4 for 24 hr, followed by ChIP-qPCR analyses for EZH2 (I) 

and H3K27me3 (J) antibodies in the promoter region of the Wnt genes.
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In (A)–(J), data are presented as the mean ± SEM (n = 3). *p < 0.05; **p < 0.01; ***p < 

0.001. See also Figures S3 and S4.
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Figure 4. S6K1-Mediated H2BS36 Phosphorylation Is Required for Adipogenic Commitment 
and Correlates with BMI
(A) The mRNA levels of PPARγ and Cebpa genes in 10T1/2 cells expressing S6K1 siRNA 

during commitment.

(B) The mRNA levels of PPARγ and Cebpa genes in 10T1/2 cells expressing WT, 

constitutively active, and dominant-negative S6K1 vectors during commitment.

(C) The mRNA levels of PPARγ and Cebpa genes in 10T1/2 cells expressing GFP-WT 

H2B, GFP-H2BS36D, or GFP-H2BS36A vectors during commitment.

(D) The mRNA levels of PPARγ and Cebpa genes in 10T1/2 cells expressing GFP-

H2BS36D vector in the presence or absence of PF-4708671 (20 μM) during commitment.
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(E) The mRNA levels of adipocytic marker genes in fully differentiated adipocytes from 

10T1/2 cells expressing GFP-WT H2B, GFP-H2BS36D, or GFP-H2BS36A vectors during 

commitment.

(F) The mRNA levels of adipocytic marker genes in fully differentiated adipocytes from 

10T1/2 cells expressing GFP-H2BS36D vector in the presence or absence of PF-4708671 

(20 μM) during commitment.

(G) Epididymal white adipose tissues (eWAT) from WT and S6K1-knockout (S6K1−/−) 

mice.

(H) The mRNA levels of Wnt genes in eWAT from WT and S6K1−/− mice.

(I) The mRNA levels of adipogenic marker genes in eWAT from WT and S6K1−/− mice.

(J) Immunoblot analysis of eWAT from WT and S6K1−/− mice.

(K) Immunoblot analysis of human abdominal subcutaneous WAT from normal or 

overweight specimens.

(L) Semiquantitative analysis of pS6K1, H3K27me3, and H2BS36p level in individual WAT 

samples.

(M) Immunoblot analysis of eWAT from WT mice fed normal chow diet (NCD) or high-fat 

diet (HFD) for 10 weeks.

(N) Mechanisms of metabolic regulation by S6K1 in the nucleus (1) and the cytoplasm (2).

In (A)–(F), (H), and (I), data are presented as the mean ± SEM (n = 3). *p < 0.05; **p < 

0.01; ***p < 0.001.

Yi et al. Page 20

Mol Cell. Author manuscript; available in PMC 2017 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	SUMMARY
	In Brief
	INTRODUCTION
	RESULTS AND DISCUSSION
	S6K1 Is Required for H3K27 Trimethylation during Adipogenic Commitment
	S6K1 Phosphorylates H2BS36 and S6K1-Mediated H2B Phosphorylation Induces Trimethylation of H3K27
	S6K1-Mediated H2BS36 Phosphorylation Suppresses the Expression of Wnt Genes through the Recruitment of EZH2 during Adipogenic Commitment
	S6K1-Mediated H2BS36 Phosphorylation Is Required for Adipogenic Commitment and Correlates with BMI

	EXPERIMENTAL PROCEDURES
	DNA Constructs and Antibodies
	Cell Culture and Differentiation
	Inhibition and Knockdown of S6K1
	In Vitro Kinase Assay
	Immunoblotting and Immunoprecipitation
	Nuclear Fractionation
	Quantitative Real-Time PCR
	Chromatin Immunoprecipitation and Real-Time PCR
	Mice
	Human Adipose Tissue
	Statistical Analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

