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TET2 is recruited by CREB to promote Cebpb,
Cebpa, and Pparg transcription by facilitating
hydroxymethylation during adipocyte differentiation

Yunjia Liu,1,5 Ting He,1,5 Zhuofang Li,1,5 Zhen Sun,1,5 Shuai Wang,1,3 Huanming Shen,1 Lingfeng Hou,1

Shengnan Li,4 Yixin Wei,1 Bingzhao Zhuo,1 Shanni Li,1 Can Zhou,1 Huiling Guo,1,* Rui Zhang,2,* and Boan Li1,6,*

SUMMARY

Ten-eleven translocation proteins (TETs) are dioxygenases that convert 5-methylcytosine (5mC) to
5-hydroxymethylcytosine (5hmC), an important epigenetic mark that regulates gene expression during
development and differentiation. Here, we found that the TET2 expression was positively associated
with adipogenesis. Further, in vitro and in vivo experiments showed that TET2 deficiency blocked adipo-
genesis by inhibiting the expression of the key transcription factors CCAAT/enhancer-binding protein
beta (C/EBPb), C/EBPa and peroxisome proliferator-activated receptor gamma (PPARg). In addition,
TET2 promoted 5hmC on the CpG islands (CGIs) of Cebpb, Cebpa and Pparg at the initial time point of
their transcription, which requires the cAMP-responsive element-binding protein (CREB). At last, specific
knockout of Tet2 in preadipocytes enabled mice to resist obesity and attenuated the obesity-associated
insulin resistance. Together, TET2 is recruited by CREB to promote the expression of Cebpb, Cebpa and
Pparg via 5hmC during adipogenesis and may be a potential therapeutic target for obesity and insulin
resistance.

INTRODUCTION

5-Hydroxymethylcytosine (5hmC) is a prominent epigenetic modification established by Fe(II)- and a-ketoglutarate-dependent DNA dioxy-

genases belonging to the ten-eleven translocation family, including TET1, TET2, and TET3.1 TETs catalyze the oxidation of 5-methylcytosine

(5mC) to 5hmC and further to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). 5hmC is preferentially enriched in the gene bodies, pro-

moters and enhancers of transcriptionally active genes.2,3 The 5hmC level in the gene body is positively correlated with gene expression in

mouse embryotic stem cells (mESCs),4 mouse brains2 and human tissues,3 suggesting that 5hmC may play roles in transcriptional activation.

The global content of 5hmC varies widely in different tissues, ranging from 0.06% in the spleen to nearly 0.7% in the cerebral cortex.5 Tis-

sue-specific hydroxymethylated regions exist in genes encoding transcription factors essential for differentiation, indicating possible roles of

5hmC in related processes.3 The 5hmC levels on the regulatory regions of genes encoding adipogenic factors increase during development

frompreadipocytes tomature adipocytes, indicating an association between 5hmCand adipogenesis.6–10 Since the expression of adipogenic

factor genes is highly dynamic during adipogenesis,11–15 how these genes are affected by 5hmC is worthy of exploration.

Adipose differentiation is a well-studied process by which preadipocytes are converted into mature adipocytes.16 Key steps in adipose

differentiation have been characterizedby cell culture studieswith establishedpreadipocyte lines, especially 3T3-L1.13,17,18 The differentiation

of 3T3-L1 cells could be induced with a cocktail of insulin, dexamethasone and an agent that activates the cAMP signaling pathway (e.g.,

methylisobutylxanthine, MIX). cAMP-responsive element-binding protein (CREB) is phosphorylated and activated immediately upon induc-

tion.17 Active CREB initiates the transcription of Cebpb which encodes for CCAAT/enhancer-binding protein beta (C/EBPb),17,19 a protein

that acquires DNA-binding activity after phosphorylation by MAPK and GSK-3b and activates the transcription of Cebpa and peroxisome

proliferator-activated receptor gamma (Pparg) at �16 h after the initial cocktail induction18 which encode for C/EBPa and PPARg, respec-

tively. C/EBPa and PPARg transactivate each other in a positive feedback loop20,21 and function together to activate the expression of adipo-

cyte-specific genes.22–26 3T3-L1 preadipocytes overexpressing Cebpb,13 Cebpa,27 or Pparg are able to differentiate into mature adipocytes

even in the absence of hormone inducers. In addition, mouse embryonic fibroblasts (MEFs) from Cebpb�/� mice28 fail to differentiate into
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Figure 1. Expression pattern of TET2 in adipose tissues

(A) Relative mRNA levels of TET family proteins in the SVF or mature adipocytes. Both the SVF and the mature adipocytes were purified from iWAT fat pads of

6-week-old mice. RT‒qPCR was performed using 18S as the internal control. n = 4�8.
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adipocytes, and adipose tissues inCebpa�/�29mice fail to accumulate lipid droplets.Pparg�/� cells failed to develop into adipocytes in vivo.30

In conclusion, the regulation of Cebpb, Cebpa, and Pparg is important for adipocyte differentiation, but whether TET-mediated hydroxyme-

thylation is involved in the early regulation of Cebpb, Cebpa, and Pparg transcription is unclear.

In this study, we found that TET2 expressionwas significantly higher in adipocytes and plays an essential role in adipogenesis by promoting

the expression ofCebpb,Cebpa, and Pparg. TET2 regulated 5hmC levels on the CpG islands (CGIs) ofCebpb,Cebpa, and Pparg at the initial

time point of their transcription, which requires the function of CREB. PdgfRa-cre mice were crossed with Tet2flox/flox mice to generate mice

with depletion of Tet2 in preadipocytes, which inhibited adipocyte enlargement and protected the mice from high-fat diet (HFD)-induced

obesity and insulin resistance. All above data claims a vital role of TET2 in adipocyte differentiation.

RESULTS

Tet2 expression is differentially regulated during adipogenesis

To investigate the potential roles of the three TET familymembers in adipogenesis, we first analyzed themRNA levels of Tet1, Tet2 and Tet3 in

the stromal vascular fraction (SVF), which contains adipocyte precursors and preadipocytes, and themature adipocytes purified from inguinal

white adipose tissue (iWAT). Quantitative reverse transcription polymerase chain reaction (RT‒qPCR) was performed to analyze the mRNA

expression patterns. The results showed that in 6-week-old C57BL/6 male mice, the mRNA levels of Tet2 were upregulated approximately

100-fold in mature adipocytes compared to that of SVF cells, while that of Tet1 was slightly downregulated and that of Tet3 remained un-

changed (Figure 1A). Consistently, the upregulation of TET2 protein levels in mature adipocytes were most significant among these three

proteins (Figure 1B). Moreover, we examined the protein levels of TETs in iWAT from obese ob/ob and wild-type mice. Western blotting

showed that the expression of TET2 wasmuch higher in the iWAT of ob/obmice compared to that of wild-typemice, and TET2 was themajor

TET enzyme expressed in iWAT, while TET1 and TET3 were barely detected in the adipose tissues of either mouse strain (Figure 1C). These

results suggest a positive association between TET2 and adipogenesis.

To test this hypothesis, we first evaluated the expression profile of TET2 by conducting time course experiments using the methylisobu-

tylxanthine, dexamethasone and insulin (MDI) induction model in 3T3-L1 preadipocytes. Interestingly, we observed two peaks in the expres-

sion of TET2 on the first and fifth days after induction (Figure 1D). The expression of TET2 increased after induction, and reached its first peak

at 1 day post-induction (p.i.), followed by a decrease to an almost undetectable level on day 2. It then increased again on day 3, and reached a

second peak on day 5. Further detection of the TET2 expression levels atmore finely divided time points revealed an immediate increase after

induction, peaking at 4–8 h and subsequently declining (Figure 1E).

The expression patterns of C/EBPb, C/EBPa and PPARg, three key adipogenic factors encoded by adipogenic genes Cebpb, Cebpa, and

Pparg,16 were consistent with previous reports.16 In this study, we found that C/EBPb expression increased along with the increasing TET2

expression during the first few hours after induction (Figure 1E), but the expression of C/EBPa and PPARgwere undetectable until day 3, which

was the day that the second wave of TET2 expression began (Figure 1D).

Together, these findings demonstrate the dynamic regulation of TET2 during adipogenesis and among different states of adipocytes,

implying the possibility of TET2 involvement in the regulation of adipogenesis.

TET2 regulates the transcription of Cebpb, Cebpa, and Pparg

The correlations of expression between TET2 and key regulators raised the hypothesis that TET2 may regulate the transcription of Cebpb,

Cebpa, and Pparg. To test this hypothesis, we constructed two stable Tet2-knockout 3T3-L1 cell lines via CRISPR/Cas9, i.e., TET2 KO1 and

TET2 KO2. The specific target sites of the two guide RNAs are depicted in the schematic diagram (Figure S1A). There was no significant dif-

ference in the cell viability between the TET2 KO and control cells during the adipocyte differentiation (Figure S1B).

The MDI cocktail is known to induce expression of several transcription factors, including Kruppel-like factor 4 (Klf4) and Krox20 (also

known as early growth response gene 2, or Egr2). Furthermore, it activatesCreb1 and glucocorticoid receptor (GR), which collaborate to acti-

vate Cebpb and Cebpd.31 It is widely accepted that C/EBPb and C/EBPd are responsible for inducing the expression of key adipogenic tran-

scription factors Cebpa and Pparg, which directly activate the expression of genes associated with adipocyte function.16,31,32 Hence, the

mRNA levels of Creb1, Klf4, Egr2, Cebpb, and Cebpd were detected at 4 h p.i., while those of Cebpa and Pparg were detected on day 5

in both Tet2-knockout cells and control cells during the adipocyte differentiation. According to the RT‒qPCR analysis, the absence of

Figure 1. Continued

(B) The protein levels of TET family proteins were assessed in the SVF andmature adipocytes from iWAT of 6-week-old mice. FABP4 was used as positive controls

for mature adipocytes. The ratio of TET proteins to LaminB was quantified using ImageJ software (right). The numbers 1, 2, and 3 represent three different mice.

(C) The protein levels of TET family proteins in iWAT of WT and ob/obmice at 6 weeks of age were determined by Western blot analysis. Embryonic fibroblasts

from wild-type mouse fetuses at embryonic day (E) 16.5 were used as positive controls, and LaminB was used as the loading control. The numbers 1, 2, and 3

represent three different mice. The ratio of TET proteins to LaminB was quantified using ImageJ software (right).

(D and E) 3T3-L1 preadipocytes were treated withMDI for 24 h (E) and 7 days (D). The protein levels of TET2, C/EBPb, C/EBPa and PPARg in 3T3-L1 preadipocytes

at the indicated times after induction were determined by Western blot analysis. LaminB was used as the loading control. The two lanes of PPARg represent two

isoforms. The three lanes of C/EBPb represent three isoforms. The protein levels of TET2 at the indicated time points were measured three times independently,

and the statistical analysis is presented in the histograms below. The data are presented as the meanG SD. Statistical analysis was performed using Student’s t

test. *, p < 0.05; ns, no significance.
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TET2 results in an approximate 50% decrease in Cebpb mRNA levels and a nearly 90% decrease in Cebpa mRNA levels. Moreover, Pparg

mRNA levels in Tet2-knockout cells were only 1% of those observed in the control cells (Figure 2A). However, the transcription of other tran-

scription factors was not affected by Tet2 knockout (Figures 2A and S1C). Consistently, the protein levels of C/EBPb, C/EBPa and PPARgwere

significantly reduced in Tet2-knockout cells (Figures 2B and 2C).

We also constructed a stable TET2-overexpressing 3T3-L1 cell line with lentivirus. However, themRNA levels ofCebpb,Cebpa, and Pparg

were not increased upon TET2 overexpression (Figure S1D). One possible explanation for this observation could be that the endogenous

levels of TET2 are already sufficient to facilitate the upregulation of the Cebpb, Cebpa, and Pparg expression during adipogenesis.

To further study the effect of TET2 on the transcriptional kinetics of Cebpb, Cebpa, and Pparg during adipocyte differentiation, we used

RT‒qPCR to examine the mRNA dynamics ofCebpb, Cebpa, and Pparg in Tet2-knockout and control 3T3-L1 preadipocytes (Figures 2D and

S1E). ThemRNA levels ofCebpb increased rapidly within 1 h after induction, while those ofCebpa and Pparg started to increase at 1 day after

induction in the 3T3-L1 control cells. These increases were blunted in Tet2-knockout cells, suggesting that the increases inCebpb,Cebpa, and

Pparg mRNA levels require the function of TET2.

Taken together, these results suggest that TET2 promotes the expression of Cebpb, Cebpa, and Pparg during adipocyte differentiation.

TET2 is required for adipocyte differentiation

Since C/EBPa, C/EBPb and PPARg are the three key adipogenic factors, and TET2 is required for their expression, experiments were conduct-

ed to investigate the impact of Tet2 knockout on adipocyte differentiation. The extent of adipogenesis was evaluated by assessing lipid drop-

lets accumulation using Nile red staining. Notably, Tet2-knockout cells exhibited a marked reduction in the accumulation of lipid droplets

compared to control cells (Figure 2E).

To further confirm adipocyte differentiation, we examined the expression of genes that are highly expressed in mature adipocytes and

lowly expressed in preadipocytes, including fatty acid-binding protein 4 (Fabp4), fatty acid synthase (Fasn), fatty acid transport protein 1

(FATP1, also known as Slc27a1), which are involved in lipid synthesis and transport. Additionally, we examined the expression of Adipoq

and Retn, which encode adipokines adiponectin and resistin, as well as glutamate-ammonia ligase (Glul), involved in glutamine synthesis.

The mRNA levels of these genes were significantly decreased in Tet2-knockout cells (Figure 2F). Moreover, the protein level of FABP4 was

examined, and as expected, it was dramatically reduced in Tet2-knockout cells (Figure 2C).

These findings demonstrate the essential role of TET2 in adipocyte differentiation, which is consistent with its involvement in the regulation

of Cebpb, Cebpa, and Pparg expression.

TET2 is essential for the 5hmC at the CGIs of Cebpb, Cebpa, and Pparg that promotes the transcription of these genes

If the enzymatic activity of TET2 is involved in the activation of Cebpb, Cebpa, and Pparg, we hypothesized that we would see enrichment of

5hmC within these loci after induction. Considering that TETs prefer 5mC in a CpG context or in CGIs as their substrates,33 we performed

hydroxymethylatedDNA immunoprecipitation (hMeDIP) experiments to detect 5hmC levels on the CGIs ofCebpb,Cebpa, and Pparg during

adipocyte differentiation. Genomic DNA was extracted from the control and Tet2-knockout 3T3-L1 preadipocytes at specified time points,

followed by sonication and immunoprecipitation using an antibody specific for 5hmC. A DNA fragment amplified from lambda DNA (lDNA)

was added as a spike-in loading control.34 As depicted in Figures 3A–3C and S2A, the 5hmC levels on the CGIs of Cebpb exhibited a sig-

nificant increase within 1 h after induction, but then rapidly declined to the original level by 2 h p.i. in control cells. The 5hmC levels of Cebpa

and Pparg increased after induction, reaching their peak at 1 day p.i., and gradually decreased thereafter, although they remained higher than

the basal levels until 2 days later in control cells. Importantly, the upregulation of 5hmC was abolished in Tet2-knockout cells (Figures 3A–3C

and S2A), indicating that TET2 plays a regulatory role in modulating the 5hmC levels within the CGIs of Cebpb, Cebpa, and Pparg.

Furthermore, global 5hmC levelsmeasured by dot blot analysis were significantly reduced in Tet2-knockout cells compared to control cells

(Figure S2B). Conversely, global 5mC was significantly increased in Tet2-knockout cells compared to control cells (Figure S2C).

Consistent with the hMeDIP results, chromatin immunoprecipitation (ChIP) analysis further demonstrated a significant increase in TET2

occupancy on the CGIs of Cebpb at 1 h and on the CGIs of Cebpa and Pparg at day 1, compared to the pre-induction levels (Figures 3D–

3F). These findings suggest a correlation between the changes in 5hmC mediated by TET2 and the binding of TET2 to these genes.

Collectively, our findings propose that TET2 regulates the 5hmC levels on the CGIs of Cebpb, Cebpa, and Pparg, and these levels are

increased during the initial stages of the transcription of these genes.

Figure 2. TET2 is required for the expression of C/EBPb, C/EBPa and PPARg

(A) 3T3-L1 cells were infected with lentiviruses expressing sgRNAs targeting Tet2, and two single-cell clones were isolated (TET2 KO1 and TET2 KO2). 3T3-L1

preadipocytes infected with lentiviruses expressing an empty vector were used as controls. The mRNA levels of Creb1 and Cebpb at 4 h p.i. and of Cebpa

and Pparg at 5 days p.i. were determined by RT‒qPCR.
(B and C) The expression of TET2, CREB and C/EBPb proteins at 4 h p.i. (C) and the expression of TET2, C/EBPa, PPARg and FABP4 proteins at 5 days p.i. (D) were

determined by Western blot analysis. LaminB was used as the loading control.

(D) Tet2-knockout and control 3T3-L1 cells were treated with MDI for 48 h mRNA was extracted at the indicated time points. The mRNA levels of Cebpb, Cebpa,

and Pparg were determined by RT‒qPCR.
(E) Lipid droplets were stained with Nile Red in control and Tet2-knockout 3T3-L1 cells treated with MDI for 7 days. Scale bar, 200 mm.

(F) The mRNA levels of adipocyte-specific genes were determined at 5 days p.i. by RT‒qPCR. The data in (A), (D) and (F) are presented as the mean G SD.

Statistical analysis was performed using Student’s t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. See also Figure S1.
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TET2 is recruited to the CpG islands of Cebpb, Cebpa, and Pparg by CREB

We have demonstrated the occupancy of TET2 on the CGIs of Cebpb, Cebpa, and Pparg, but how it is recruited to these specific loci is un-

clear. Therefore, we sought to determine the protein responsible for recruiting TET2 to regulate 5hmC levels on the CGIs of Cebpb, Cebpa,

and Pparg. To identify potential TET2-interacting proteins, we conducted an immunoprecipitation (IP) followed by mass spectrometry (IP-

Mass spectrometry) analysis in 3T3-L1 cells stably expressing an FLAG-HA-tagged murine TET2 at 4 h p.i. We identified a large number of

potential TET2-interacting proteins, but only CREB and C/EBPb are known to be associated with adipocyte differentiation (Figure S3A

and Table S1).

Considering that more CREB peptides were enriched by FLAG-HA-TET2 according the mass spectrometry analysis, we first focused on

CREB, a transcription factor known to regulate the transcription of Cebpb during adipocyte differentiation.19 Our endogenous co-IP results

indicated that phospho-CREB could effectively precipitate TET2 at 1 h and 24 h p.i. in 3T3-L1 preadipocytes (Figures 4A and 4B), and the TET2

could also precipitate CREB (Figure S3B), suggesting a potential interaction between CREB and TET2. Then, we assessed whether C/EBPb

was responsible for the recruitment of TET2 since C/EBPb directly binds to the promoters of Cebpa and Pparg and can autoregulate its tran-

scription by binding to its own promoter.35 However, no endogenous association was detected between TET2 and C/EBPb in 3T3-L1 cells at

24 h after induction (Figure S3C). Additionally, exogenous coIP experiments were performed in HEK293T cells using TET2 andC/EBPb expres-

sion constructs, and no interaction between TET2 and C/EBPb was observed (Figure S3D). These results suggest that CREB is the major pro-

tein responsible for recruitment of TET2 to the CGIs of Cebpb, Cebpa, and Pparg.

TET2 shares a highly conserved C-terminal region and a less conserved N-terminal region with other two TET family members.36 The

C-terminus of TET2 consists of a Cysteine-rich domain and a double stranded b helix domain (DSBH), also known as the CD domain, which

constitute the catalytic domain and are essential for enzymatic activities of TET enzymes.37 To identify the specific CREB binding region within

Figure 3. TET2 is essential for 5hmC at the CGIs of Cebpb, Cebpa, and Pparg

(A–C) Tet2-knockout and control 3T3-L1 cells were treated withMDI for 48 h. Genomic DNAwas extracted at the indicated time points. 5hmC levels at the CGIs of

Cebpb (A), Cebpa (B) and Pparg (C) were determined by hMeDIP-qPCR. A fragment amplified from lDNA was added as a spike-in control. The data were

normalized to the spike-in control.

(D–F) 3T3-L1 cells were treatedwithMDI for 1 h (D) and 1 day (E and F). The enrichment of TET2 on theCGIs ofCebpb (D),Cebpa (E) and Pparg (F) was determined

before and after induction by ChIP-qPCR assays. The data are presented as themeanG SD of three biological replicates. Statistical analysis was performed using

Student’s t test. *, p < 0.05; ***, p < 0.001; ****, p < 0.0001. See also Figure S2.
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TET2, we co-transfected several FLAG-tagged deletionmutants of murine TET2 along with an HA-taggedmurine CREB in HEK293T cells and

performed Co-IP experiments using an anti-Flag antibody. The results demonstrated a strong interaction between CREB and the CD domain

as well as the region 492–1041 ofN-terminal, which adjacent to theCDdomain of TET2 (Figures 4C and 4D), suggesting that these two regions

were required for TET2 to bind CREB protein.

To explore the potential role of CREB in recruiting TET2 to the CGIs of Cebpb, Cebpa, and Pparg, we first sought to determine whether

CREB binds to these regions. Through an analysis of putative CREB binding sites within these regions using the JASPAR database, we iden-

tified several potential CREB binding sites (Figure S4A). This finding suggests that CREBmay possess the ability to bind to the loci of Cebpb,

Cebpa, and Pparg. To experimentally validate this hypothesis, we performed ChIP experiments using an anti-CREB antibody in 3T3-L1 pre-

adipocytes. The binding of CREB to these regions was increased after induction (Figure 5A), consistent with the TET2 binding pattern (Fig-

ure 3B). Furthermore, publicly available ChIP-seq data (GEO: GSE76619)38 also demonstrated significant binding of phospho-CREB to these

regions (Figure S4C).

Additionally, we identified the loci of Ebf2, Cebpd, Klf5 and Med1 as phospho-CREB binding sites from ChIP-seq data (GEO:

GSE76619) (Figure S5A). To address whether these loci could be affected by TET2, we next performed ChIP-qPCR experiments in control

and Tet2-knockout 3T3-L1 cells. As shown in Figure S5B, TET2 was found to bind to the loci of Ebf2 and Cebpd, while no binding was

observed at the loci of Klf5 andMed1. Furthermore, RT-qPCR results indicated that mRNA levels of Ebf2 were decreased in Tet2-knockout

cells, while the mRNA levels of Cebpd, Klf5 and Med1 remained unaffected by TET2 deficiency (Figure S5C). These findings suggest that

not all the loci of CREB association in the adipogenesis process are influenced by TET2, and there may be other factors involved in the

regulation of these genes.

Figure 4. TET2 interacts with CREB

(A and B) 3T3-L1 cells were treated for 1 h (A) and 1 day (B). Cell lysates were prepared and immunoprecipitated with an antibody against phospho-CREB. The

endogenous binding of phospho-CREB and TET2 was analyzed by Western blotting.

(C) Schematic representation of FLAG-tagged murine TET2 truncation mutants.

(D) 293T cells were transiently transfected with expression vectors for HA-CREB and a series of FLAG-TET2 fragments. Cell lysates were subjected to IP with

magnetic beads covalently coupling with anti-FLAG antibody, followed by Western blotting. *, non-specific banding. See also Figure S3.
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To validate whether CREB is essential for TET2 recruitment to the CGIs ofCebpb,Cebpa, and Pparg, we generated stableCreb1-knockout

3T3-L1 cell lines via CRISPR/Cas9 (Figure S4B) and performedChIP assays using an anti-TET2 antibody. The results demonstrated a significant

reduction in TET2 enrichment on the CGIs ofCebpb, Cebpa, and Pparg upon CREB depletion (Figure 5B). Furthermore, to assess the impact

of CREB on the 5hmC levels within the CGIs of Cebpb, Cebpa, and Pparg, we performed hMeDIP-qPCR experiments in control and Creb1-

knockout cells. The results showed a reduction in the 5hmC levels on these regions inCreb1-knockout cells at the initial stage of transcription

(Figure 5C). Taken together, these results suggest that CREB plays a critical role in recruiting TET2 to the CGIs of Cebpb, Cebpa, and Pparg,

thereby regulating their 5hmC levels and expression.

Figure 5. TET2 is recruited to the CGIs of Cebpb, Cebpa, and Pparg by CREB

(A) 3T3-L1 preadipocytes were treated with MDI for 1 h (left) and 1 day (middle and right). The enrichment of CREB on the potential CREB binding sites ofCebpb

(left), Cebpa (middle) and Pparg (right) was determined by ChIP-qPCR assays.

(B)Creb1-knockout and control 3T3-L1 cells were treated with MDI for 1 h (left) and 1 day (middle and right). The enrichment of TET2 on the CGIs ofCebpb (left),

Cebpa (middle) and Pparg (right) was determined by ChIP-qPCR assays.

(C) Creb1-knockout and control 3T3-L1 cells were treated with MDI for 1 h (left) and 1 day (middle and right). Genomic DNA was extracted at the indicated time

points. The 5hmC levels at the CGIs of Cebpb (left), Cebpa (middle) and Pparg (right) were determined by hMeDIP-qPCR assays. A fragment amplified from

lDNA was added as a spike-in control. The data were normalized to the spike-in control. The data are presented as the mean G SD of three biological

replicates. Statistical analysis was performed using Student’s t test. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. See also Figures S4 and S5.
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Mice with TET2 deficiency in preadipocytes show a significant decrease in adipogenesis and resistance to diet-induced

obesity

In vitro studies have demonstrated that TET2 deficiency inhibits adipocyte differentiation, so we aimed to further investigate the role of TET2

in adipogenesis in vivo. PdgfRa-Cre directs recombination in the vast majority of adipose precursor cells (APCs).39,40 We generated mice in

which TET2 was conditionally depleted in APCs by PdgfRa-Cre. The resulting PdgfRa-Cre;Tet2flox/flox mice are henceforth referred as

Tet2PdgfRa�/� mice. Littermates lacking the Cre gene (Tet2flox/flox) were used as wild-type controls. Tet2PdgfRa�/� mice pups were obtained

at the expected Mendelian ratio, and all survived beyond 6 weeks after birth without any obvious development defects (Figures S6A–

S6C). The food and water intake, the movement and the size of adipose tissues in control and Tet2PdgfRa�/� mice were also comparable

(Figures S6D and S6E).

To confirm the successful downregulation of Tet2 in adipocyte precursors, we examined mRNA levels of Tet2 in mature adipocytes from

iWAT of control and Tet2PdgfRa�/�mice. The results demonstrated a dramatically reduction in the expression of Tet2mRNA in the adipocytes

of Tet2PdgfRa�/� mice, indicating effective knockout of Tet2 in the adipocyte precursors from which these mature adipocytes originated (Fig-

ure 6A). We also examined the expression levels of Cebpb, Cebpa, and Pparg, and found that their mRNA levels were also significantly

reduced in Tet2PdgfRa�/� mice (Figure 6A). Furthermore, we assessed mRNA levels of Fabp4, Fasn, Slc27a1, Adipoq, Retn, and Lep, which

encode proteins involved in adipocyte function. While the mRNA levels of Lep remained unchanged, the mRNA levels of all the other genes

were significantly reduced in Tet2PdgfRa�/� mice (Figure 6A).

Since the body weight showed no significant differences between control and Tet2PdgfRa�/� mice until 14 weeks of age fed a normal diet

chow (NCD) (Figure S7A), to investigate the impact of TET2 depletion in adipose precursor cells on adipogenesis, we administered high fat

diet (HFD) (60% calories from fat) to these two groups from 3 weeks of age. The body weights of the two groups began to significantly diverge

after 8 weeks of HFD feeding (Student’s t test: p = 0.0001), with Tet2PdgfRa�/�mice gaining less weight on the HFD (Figure 6B), as mirrored by

the smaller body size of Tet2PdgfRa�/� mice (Figure 6C). Body composition analysis showed decreased fat mass and fat percentage but not

lean mass in Tet2PdgfRa�/� mice (Figure 6D). These differences were also mirrored by the decreased volumes of iWAT and epididymal WAT

(eWAT) depots in Tet2PdgfRa�/� mice (Figure 6E). H&E staining of iWAT and eWAT sections revealed a significant decrease in adipocyte vol-

ume in the Tet2-deficient fat depots (Figure 6F). These findings suggest that the depletion of TET2 in adipose precursor cells in mice leads to

the downregulation of adipogenic genes and inhibits the enlargement of mature adipocytes under high-fat diet conditions.

To further confirm that the impairment of adipocyte is due to the loss of TET2 in adipocyte precursors, we isolated the SVF cells from iWAT

of control and Tet2PdgfRa�/� mice for in vitro culture. The 5hmC levels on the CGIs of Cebpb, Cebpa, and Pparg were reduced significantly in

the Tet2PdgfRa�/� group (Figure S7B). Then Oil red staining was performed to visualize lipid droplets on day 7 after induction. The results

demonstrated a significant reduction in the accumulation of lipid droplets in the Tet2PdgfRa�/� group compared to the control group

(Figure S7C).

Since high-fat diet induced obesity may cause ectopic fat deposition and exert some unfavorablemetabolic modulations, first, the livers of

both genotypes were isolated and subjected to histologic section and H&E staining. We found that the lipid accumulation was largely

reduced in livers of Tet2PdgfRa�/� mice (Figure S8A), while the levels of alanine aminotransferase (ALT) and aspartate aminotransferase

(AST) were not changed (Figure S8B). Moreover, the levels of total cholesterol were significant reduced in Tet2PdgfRa�/� mice compared

to the control mice, although there were no significant differences in other blood markers (Figure S8C). In addition, the Tet2PdgfRa�/�

mice demonstrated improved glucose tolerant and insulin sensitive than controls (Figure S8D).

Collectively, these data indicate that depletion of TET2 in adipose precursor cells inmice leads to the downregulation of adipogenic genes

and inhibits the enlargement of mature adipocytes during HFD induced obesity.

DISCUSSION

5hmC is an epigenetic modification that plays a crucial role in regulating the transcription of genes involved in development and differenti-

ation. Previous studies have explored the role of TET family proteins, responsible for ‘‘writing’’ 5hmC, in adipogenesis.8,10 Y Yoo and his col-

leagues8 have demonstrated that Tet1 and Tet2 knockdown impaired the lipid droplet accumulation in differentiated 3T3-L1 cells. They also

exhibited a downregulation of Pparg transcription upon Tet2 knockdown. However, the underlyingmechanism throughwhich TET family pro-

teins facilitate Pparg expression remained unclear. In this study, we provide compelling evidence showing a positive correlation between

TET2-mediated 5hmC and the transcription of key transcription factors during the early stage of adipogenesis. We observed a significant

increase of TET2 expression in response to adipocyte differentiation induction.Moreover, depletion of TET2 both in vitro and in vivo impedes

adipogenesis by blocking the expression of Cebpb, Cebpa, and Pparg during the early stage of adipocyte differentiation. Further investiga-

tion found that TET2-mediated 5hmC upregulation on the CGIs of the three genes occurs at the initial of their transcription. In addition, we

identified CREB as a crucial factor responsible for recruiting TET2 to regulate the 5hmC of these genes, providing valuable insights into the

mechanism underlying 5hmC formation during adipogenesis.

5hmC is an epigenetic modification that positively regulates gene expression.2–4 Existing evidence suggests that 5hmCmay play a role in

transcription by remodeling and organizing the chromatin structure. For instance, methyl-CpG-binding protein 2 (MeCP2) binds to 5hmC-

enriched regions, facilitating the chromatin accessibility.2 Additionally, the Nucleosome Remodeling and Deacetylase (NURD) complex con-

tainingMBD3 preferentially binds to 5hmC, and antagonizes the ATP-dependent nucleosome remodeling complex to regulate the transcrip-

tion of 5hmC-marked genes.41 Considering that TET2 is a ‘‘writer’’ of 5hmC, we sought to investigate whether TET2 regulates these genes via

5hmC. Herein, we observed a synchronous increase in TET2-mediated 5hmC along with the gene expression of Cebpb, Cebpa, and Pparg.
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Moreover, depletion of TET2 blunted the upregulation of 5hmC levels in the loci of these genes inducedby adipogenic differentiation cocktail

and decreased their mRNA levels. In addition, 5mC is an epigenetic modification known to repress gene expression either by recruiting pro-

teins involved in gene repression42–46 or by inhibiting the binding of transcription factor(s) to DNA.47 5mC is converted by TET family proteins

to 5hmC and further to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), which can be removed by base excision repair (BER) pathway.

Therefore, 5hmC also serves as an intermediate in the process of 5mC removement. A previous study has elucidated the pivotal role of

another 5hmC ‘‘writer’’ TET3 in adipogenesis.10 TET3 is recruited by C/EBPd to promote the expression of adipogenic genes via removing

5mC. Within our study, we have revealed that TET2 is recruited by another transcription factor CREB to facilitate the 5hmC levels on Cebpb,

Cebpa, and Pparg loci. Due to the distinct distribution of CREB binding sites and C/EBP motifs, the collaboration between TET2 and TET3

enables the regulation of a broader spectrum of gene expression. Moreover, their binding to target loci occurs at varying time points. The

enrichment of TET3 on the locus of Pparg peaks before induction (D0), whereas TET2 binds to the Pparg locus at a later time point (D1). TET3

binds to the locus of Adipoq at 2 days post-induction, a time point at which TET2 protein levels were barely detectable. The temporal and

spatial complementarity between TET2 and TET3 enables a finely orchestratedmanipulation of gene expression during the process of adipo-

cyte differentiation.

TET2 can also facilitate the transcription activity in a catalytic-independent manner. For instance, TET2 enhances the association between

O-GlcNAc transferase (OGT) and Host Cell Factor 1 (HCF1) and facilitates the glycosylation modification of the latter, a component of SET1/

COMPASS, thereby promoting SET1/COMPASS-mediated trimethylation of H3K4,48 which is positively correlated with gene activation.31,48

Our study confirmed the interaction between OGT and TET2 by IP-mass spectrometry analysis. However, we did not detect any interaction

between TET2 and any of the components of SET1/COMPASS complex at 4 h after induction. Hence, we can exclude the involvement of this

mechanism in the early stage of adipocyte differentiation.

Most studies on the role of CREB in adipogenesis have focused on its function as a transcription factor. A previous study has reported that

knockdown ofCreb1, along with its closely related factorAtf1, resulted in amoderate reduction inCebpb expression and a substantial reduc-

tion in bothCebpa and Pparg expression.49 These findings align with the expression patterns observed in Tet2-knockout cells, prompting our

interest in exploring whether the diminished expression of the three genes upon Tet2 knockout could be attributed to disruptions in Creb1

expression or CREB binding to these target genes. However, our data showed that the expression level of Creb1 and the occupancy of CREB

on chromatin (data not shown) were not impaired upon TET2 knockout, ruling out this possibility. Instead, our study proposes another role of

CREB in modulating 5hmC levels on the loci of Cebpb, Cebpa, and Pparg, providing new insights into the mechanism by which CREB reg-

ulates the expression of Cebpa and Pparg during adipogenesis.

To further validate the mechanism in vivo, we used a Tet2PdgfRa�/� mouse model in which Tet2 is conditionally knocked-out in APCs. This

enables a focused exploration of TET20 influence on adipogenesis, particularly within the context of adipocyte differentiation. Our observa-

tions revealed a significant reduction in both the adipose tissue size and adipocyte dimensions in Tet2PdgfRa�/� mice fed an HFD. To further

validate the contribution of TET2 deficiency to this phenotype, we isolated primary SVF cells from iWAT of both control and Tet2PdgfRa�/�

mice. Both the 5hmC levels on the CGIs of Cebpb, Cebpa, and Pparg and their mRNA levels as well as other adipogenic genes were signif-

icantly decreased. Furthermore, upon standardMDI induction, lipid droplet accumulation was notably diminished in the Tet2PdgfRa�/� group.

Collectively, these findings robustly validate the pivotal role of TET2 in adipocyte differentiation. Furthermore, the leaner Tet2 conditional

mice fed an HFD exhibited enhanced insulin sensitivity than control mice, emphasizing the impact of TET2 on HFD-induced obesity.

In conclusion, our study further clarifies the important role of TET2 in adipocyte differentiation and elucidates a mechanism by which TET2

regulates gene expression during adipocyte differentiation, providing a potential target for obesity treatment.

Limitations of the study

In our study, we have successfully demonstrated a positive correlation between the upregulation of 5hmCand the initiation of transcription for

the three adipogenic transcription factor genes. This provides the basis for proposing a mechanism that TET2 regulates these genes via

5hmC.However, it’s important to acknowledge that direct evidence supporting thismechanism is lacking. This gap exists because the specific

‘‘reader(s)’’ responsible for recognizing 5hmC and exerting the regulation of transcription in this process have not been identified. This needs

further exploration in the future.

Furthermore, the Pdgfra-Cre can also target other cell types, such as glial cells,50 in which TET2 is also highly expressed.51 Despite this

caveat, it is currently the most widely used Cre transgenic mouse tool that targets preadipocytes. To validate the importance of TET2 in adi-

pogenic differentiation of preadipocytes, we isolated primary SVF cells to perform in vitro adipocyte differentiation induction, and observed

Figure 6. Mice with TET2 deficiency in preadipocytes show a significant decrease in adipogenesis and resistance to diet-induced obesity

(A) The mRNA levels of Tet2 and the three key transcription factor genes Cebpb,Cebpa, Pparg, as well as lipogenic genes and genes encoding adipokines were

analyzed by qPCR in mature adipocytes isolated from iWAT of 6-week-old C57BL/6 mice (n = 5).

(B and C) Growth curves of body weight (B) and a representative image (C) of Tet2flox/flox and Tet2PdgfRa�/� mice fed an HFD (n = 8).

(D) Fat mass, lean mass, and their ratios to body weight were analyzed in Tet2flox/flox and Tet2PdgfRa�/� mice fed an HFD for 17 weeks by EchoMRI (n = 15).

(E) Representative images of iWAT and eWAT (upper) and the tissue weight (lower) in 22-week-old Tet2flox/flox and Tet2PdgfRa�/� mice fed an HFD.

(F) Representative H&E staining images of iWAT and eWAT from 22-week-old Tet2flox/flox and Tet2PdgfRa�/� mice fed an HFD. Scale bar, 100 mm. The histograms

below represent the average diameters of adipocytes in each group. The data are presented as the meanG SD of three biological replicates. Student’s t test, *,

p < 0.05, **, p < 0.01; ns, no significance. See also Figures S6–S8.
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reduced lipid droplet accumulation in Tet2-knockout group. However, the potential impact of Tet2 deficiency in other cell types on the lean

phenotype and physiological indices in Tet2PdgfRa�/� mice cannot be completely rule out.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-TET1 Abcam Cat#ab157004; RRID: AB_3073779

Rabbit polyclonal anti-TET2 Abcam Cat#ab124297; RRID: AB_2722695

Rabbit polyclonal anti-TET3 Abcam Cat#Ab139805; RRID: AB_3073778

Rabbit polyclonal anti-CREB proteintech Cat#12208-1-AP; RRID: AB_2245417

Mouse monoclonal anti-CREB Santa Cruz Cat#sc-374227; RRID: AB_10989935

Rabbit monoclonal anti-phospho-CREB (Ser133) CST Cat#9198; RRID: AB_2561044

Rabbit polyclonal anti-C/EBPb Santa Cruz Cat#SC-150; RRID: AB_2260363

Rabbit polyclonal anti-C/EBPa Santa Cruz Cat#SC-61; RRID: AB_631233

Mouse monoclonal anti- C/EBPb Abcam Cat#Ab15050; RRID: AB_301598

Rabbit polyclonal anti-PPARg Proteintech Cat#16643-1-AP; RRID: AB_10596794

Rabbit polyclonal anti-FABP4 Proteintech Cat#12802-1-AP; RRID: AB_2102442

Rabbit polyclonal anti-5hmC Active motif Cat#39791; RRID: AB_2630381

Mouse monoclonal anti-5mC Active motif Cat#39649; RRID: AB_2687950

Rabbit polyclonal anti-Flag Sigma-Aldrich Cat#F7425; RRID: AB_439687

Rabbit polyclonal anti-HA CST Cat#3724; RRID: AB_1549585

Goat polyclonal anti-LaminB Santa Cruz Cat#SC-6216; RRID: AB_648156

Bacterial and virus strains

LentiCRISPRv2-CREB-1 plasmid This paper N/A

LentiCRISPRv2-CREB-2 plasmid This paper N/A

LentiCRISPRv2-TET2-1 plasmid This paper N/A

LentiCRISPRv2-TET2-2 plasmid This paper N/A

pLV-CS2.0-FLAG-HA-TET2 This paper N/A

Chemicals, peptides, and recombinant proteins

Type II collagenase Sigma Cat#C6885

polyethylenimine Polysciences Cat#23966-1

Polybrene Sigma Cat#H9268

TurboFect transfection reagent Thermo Cat#R0531

TRIzol Invitrogen Cat#15596026

IP lysis buffer Beyotime Cat#P0013

UltraSYBR Mixture CWBIO Cat#0957

Dexamethasone Sigma-Aldrich Cat#D1756

IBMX Sigma-Aldrich Cat#I5879

Rosiglitazone MCE Cat#HY-17386

Insulin (human) MCE Cat#HY-P0035

Nile Red Sigma Cat# 72485

DAPI Beyotime Cat#C1002

Oil Red O Sangon Cat# A600395

Methylene blue trihydratee Yuanye Cat#S19043

Critical commercial assays

Cell-counting-kit-8 (CCK8) assay kit APExBIO Cat#K1018

BCA assay kit Thermo Scientific Cat#23227

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

hematoxylin-eosin kit Boster Cat#AR1180

ChIP Assay Kit Beyotime Cat#P2078

53 All in One kit Abm Cat#G490

Nonesterified free acids assay kit Nanjing Jiancheng Cat#A042-2-1

Alanine aminotransferase assay kit Nanjing Jiancheng Cat#C009-2-1

Aspartate aminotransferase assay kit Nanjing Jiancheng Cat#C010-2-1

Total cholesterol assay kit Nanjing Jiancheng Cat#A111-1-1

Triglyceride assay kit Nanjing Jiancheng Cat#A110-1-1

Resistin Assay Kit Nanjing Jiancheng Cat#H175

Adiponectin Assay Kit Nanjing Jiancheng Cat#H179

Experimental models: Cell lines

Mouse: 3T3-L1 cell Laboratory of Qi-qun Tang;

Qi-Qun Tang and M. Daniel Lane. 199918
N/A

HEK 293T cell ATCC Cat# CRL-3216

Experimental models: Organisms/strains

Tet2flox/flox mice Jackson Laboratory strain #: 017573

PdgfRa-Cre mice Jackson Laboratory strain #: 013148

PdgfRa-Cre;Tet2flox/flox mice. This paper N/A

Oligonucleotides

Primers for genotyping, see Table S2 This paper N/A

Primers for RT-qPCR, see Table S3 This paper N/A

gRNA sequences for CRISPR/Cas9, see Table S4 This paper N/A

Primers for ChIP and hMeDIP RT-qPCR, see Table S5 This paper N/A

Recombinant DNA

pLV-FLAG-TET2 This paper N/A

pLV-FLAG-TET2 (1-491) This paper N/A

pLV-FLAG-TET2 (1-1041) This paper N/A

pLV-FLAG-TET2 (492-1041) This paper N/A

pLV-FLAG-TET2 (1042-1921) This paper N/A

pLV-FLAG-TET2 (1042-1237) This paper N/A

pLV-FLAG-TET2 (1238-1921) This paper N/A

pLV-HA-CREB This paper N/A

pLV-HA-C/EBPb This paper N/A

FH-Tet2-pEF Addgene Cat#41710; RRID: Addgene_41710

lDNA Thermo Scientific Cat#SD0021

Software and algorithms

ImageJ_v1.8.0 ImageJ, NIH https://imagej.net/ij/download.html

GraphPad Prism 8.3.0 GraphPad Software, LLC https://www.graphpad.com/

Integrative genomics viewer Broad Institute and the Regents of the

University of California

https://igv.org/app

Peaks Studio X software Bioinformatics Solutions Inc. https://www.bioinfor.com/

Other

High-fat diet Research Diets Cat#D12492i

Centrifugal filter units (100 KDa) Millipore Cat#UFC910096

Anti-Flag Magnetic Beads MCE Cat#HY-K0207;

Protein A/G magnetic beads MCE Cat#HY-K0202
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RESOURCE AVAILABILITY

Lead contact

Further information should be directed to and will be fulfilled by the lead contact, Boan Li (bali@xmu.edu.cn).

Materials availability

All plasmids and mouse line generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANTS DETAILS

Cell lines

3T3-L1 preadipocytes were kindly donated by Qi-Qun Tang, Fudan University Shanghai Medical College. HEK 293T cells were purchased

from the American Type Culture Collection (ATCC). Primary SVF cells were isolated from iWAT. The 3T3-L1 preadipocytes were cultured

in high-glucose DMEM with 10% FBS at 8% CO2 and 37�C. HEK 293T cells were cultured in high-glucose DMEM with 10% FBS at 5% CO2,

37�C. SVFs from WAT were maintained in high-glucose DMEM, 1% penicillin/streptomycin and 20% FBS at 8% CO2, 37
�C. The cell lines

were authenticated by Short Tandem Repeat analysis. The cell lines were tested for mycoplasma contamination routinely.

For differentiation, confluent 3T3-L1 cells or SVF cells were cultured for an additional two days and induced to differentiate by treatment

with a cocktail of methylisobutylxanthine (0.5 mM), dexamethasone (1 mM) and insulin (10 mg/mL) for 2 days. After 2 days, the cocktail was

removed and replacedwith insulin (10 mg/mL), and the cells were incubated for another 2 days. Then, the cells were cultured in general growth

medium until harvest.

Mice

Tet2flox/flox mice and PdgfRa-Cre mice were purchased from Jackson Laboratory and kept under specific pathogen-free conditions at 22�C
with a 12 hours light-dark cycle and free access to food and water. 3-month-old Tet2flox/flox mice were mated with PdgfRa-Cremice, and the

offspring (first generation) were genotyped to select PdgfRa-Cre;Tet2flox/+ mice, which were then (8-10 weeks) backcrossed with Tet2flox/flox

mice to generate PdgfRa-Cre;Tet2flox/flox mice. Male mice were used for all experiments. The animal studies were approved by the Institu-

tional Animal Care and Use Committee of Xiamen University. All animal care was conducted in accordance with institutional guidelines.

The primers used for genotyping are shown in Table S2.

METHOD DETAILS

Isolation of adipose SVF and mature adipocytes

Inguinal adipose depots of 6-week-old C57BL/6 mice were minced and digested with digestion solution (3 mg/mL type II collagenase, 3%

BSA in HBSS) for 1 hour at 37�C. The mixture was gently pipetted several times and centrifuged at 2300 rpm for 7 min at 4�C. The suspended

adipocytes and the precipitated SVF were collected and lysed by TRIzol for subsequent RNA extraction and qPCR analysis.

Quantitative reverse transcription PCR

Total RNA was extracted from cells or tissues with TRIzol. First-strand cDNA was synthesized using a 53 All in One kit. An UltraSYBR Mixture

and a PCR machine were used for the qPCR experiments. All experiments were performed in triplicate. The primers used in RT‒qPCR are

shown in Table S3.

Western blot analysis

Cells or tissues were lysed in 2% SDS lysis buffer (2% SDS, 50 mM Tris-HCl, pH 6.8) with the proteinase inhibitor cOmplete and PMSF. The

lysates were sonicated briefly and boiled at 100�C for 10 min. The protein concentrations of the samples were quantified with a BCA assay

kit. The samples were separated by SDS‒PAGE and transferred to PVDF membranes. The membranes were sequentially incubated with

blocking buffer (5% skim milk in TBST) for 60 min at room temperature, incubated with primary antibodies overnight at 4�C, incubated
with secondary antibodies for 1 hour at room temperature and subjected to chemiluminescence imaging. All experiments were repeated

three or more times.

Cell-counting-kit-8 (CCK-8) assay

Tet2-knockout and control 3T3-L1 preadipocytes (13104) were placed into 96-well dishes for 4 days. Ten microliters of CCK-8 reagent were

added to each well and incubated for 2 hours at 37�C, followed by absorbance readings at 450 nm at indicated time points.
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Nile red staining

Stock solutions of Nile Red (50 mg/mL, 2503) and DAPI (5 mg/mL, 10003) were prepared and stored protected from light. The cells were

washed with PBS twice and fixed with 4% formaldehyde solution for 20 min. The fixed cells were stained with working solution (3% BSA,

0.2 mg/mL Nile Red, 5 mg/mL DAPI) for 10 min at room temperature away from light. The cells were washed with PBS to remove the extra

solution and then photographed. All experiments were performed in triplicate.

Plasmids, lentivirus production and lentivirus-mediated gene transfer

For construction of CRISPR/Cas9 lentivirus plasmids, the gRNA sequences targeting Tet2 and Creb1, which were designed at http://crispr.

mit.edu/, were cloned into a lentiCRISPRv2 vector. The gRNA sequences are shown in Table S4. For construction of the C/EBPb expression

plasmid, the CDS of the canonical isoform LAP was cloned into a pLV-CS2.0-HA-puro lentivirus vector. For construction of the TET2 expres-

sion plasmid, the sequence of FLAG-HA-TET2 was amplified from FH-Tet2-pEF which was a gift from Anjana Rao and cloned into a pLV-

CS2.0-bsd lentivirus vector. For generating truncation mutations, fragments of pLV-CS2.0-FH-TET2 were PCR amplified and spliced by

ligation-independent cloning. For construction of the CREB expression plasmid, Creb1 cDNA was PCR amplified and cloned into the

pLV-CS2.0-HA-puro vector.

Lentiviruses were generated by co-transfecting target plasmids with the helper plasmids pVSV-G and pHR into HEK293T cells using

TurboFect transfection reagent. For lentivirus-mediated gene transfer in 3T3-L1 preadipocytes, the lentiviruses were collected 48 hours after

transfection and concentrated with centrifugal filter units. The cells were treated with Polybrene 1 hour before infection at 20%-30%

confluence.

hMeDIP

The protocols used for hMeDIP have been described in a previous study.52 Genomic DNA was purified from 3T3-L1 cells and primary SVF

cells, and dissolved in TE buffer (pH 8.0). Two micrograms of genomic DNA from each sample were sonicated. A fragment amplified from

lDNA was purified by agarose gel electrophoresis and gel extraction. The primers used to generate the fragment from lDNA were 5’-

GTGAGGTGAATGTGGTGAAGT-3’ (forward primer) and 5’- TCGCAGAGATAAAACACGCT-3’ (reverse primer). A total of 0.75 micrograms

of sonicated genomic DNA and 5 nanograms of fragment amplified from lDNA were diluted in 300 mL of TE buffer for each sample. One

microgram of IgG or antibody specific to 5hmC was added to each sample. Seventy microliters of protein A/G magnetic beads pre-blocked

with 3% BSA in 13 IP buffer were added to pull down antibody–DNA complexes. Enrichment of the target regions was determined by qPCR

using SYBR Green reagent. The primers used in hMeDIP-qPCR are shown in Table S5.

ChIP

ChIP was performed using a ChIP Assay Kit. 3T3-L1 cells were trypsinized to a single-cell suspension and then cross-linked with 1% formal-

dehyde at 37�C for 10 min. Chromatin samples were immunoprecipitated with 10 mg of IgG or antibody specific to TET2 or CREB and protein

A/G magnetic beads pre-blocked with 3% BSA. Enrichment of the target regions was determined by qPCR using SYBR Green reagent. The

primers used in ChIP-qPCR were the same as those used in hMeDIP.

Co-IP

For endogenous co-IP experiments, cells were washed with PBS three times and lysed in IP lysis buffer with the proteinase inhibitor cOmplete

and PMSF for 15 min at 4�C. The lysates were sonicated briefly and centrifuged at 13000 rpm and 4�C for 10 min. The supernatants were pre-

cleared by incubating with pre-blockedmagnetic protein A/G beads for 1 h at 4�C. The antibody against phospho-CREB or homologous IgG

was added to the precleared samples, and the samples were incubated overnight at 4�C. The pre-blocked magnetic beads were added, and

the samples were incubated for an additional 1 hour at 4�C. Then, the beads were washed with IP buffer three times and subjected to SDS‒
PAGE for analysis with appropriate antibodies. For exogenous co-IP, FH-TET2-pEF purchased fromAddgene and/or anHA-C/EBPb construct

was transfected into HEK293T cells. Cells were collected at 24 hours after transfection, and co-IP was performed as described for endogenous

co-IP. Antibodies against TET2 andC/EBPbwere used in co-IP. For determining TET2-CREB interaction, expression vectors for HA-CREB and

different truncation mutants of FLAG-TET2 were transiently transfected into HEK293T cells. Cells lysates were subjected to co-IP with 10 mL

pre-blocked anti-FLAG magnetic beads.

IP-mass spectrometry

To identify proteins bound to TET2, 3T3-L1 cells stably expressing FLAG-HA-TET2 were harvested from ten 150 mm dishes at 4 hours after

induction. Subcellular fractionation and lysis of cell nucleus were as described.53 Cells were washedwith DPBS twice and centrifuged for 3min

at 3003g, 4�C.Cell pellets were resuspendedwith 5 times the cell pellet volume (CPV) of hypotonic buffer (10mMTris-Cl (pH 7.3), 10mMKCl,

1.5 mM MgCl2, 0.007% (v/v) 2-mercaptoethanol and protease inhibitor cocktail) and then centrifuged for 3 min at 800 3 g, 4�C. Cell pellets
were resuspended with one CPV of hypotonic buffer and incubated for 10 min on ice, then sheared with Dounce homogenizer to release

nuclei. The content of homogenizer was centrifuged for 10 min at 1000 3 g, 4�C. The nuclear pellets were washed with hypotonic buffer

and then subjected to immunoprecipitation (IP) experiments. The binding proteins were denatured using SDS and separated by SDS-

PAGE gel electrophoresis. After staining of gel with Coomassie blue, the lanes were excised into 1 mm3 1 mm dice. The segments between
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40-50 kDwere collected as one sample (YJ-2), while the others were collected as another sample (YJ-3). Excised gel segments were subjected

to in-gel trypsin digestion and dried. Samples were analyzed on a nanoElute (Bruker) coupled to a timsTOF Pro (Bruker) equipped with a

CaptiveSpray source. Peptides were dissolved in 10 mL 0.1% formic acid and were auto-sampled directly onto a homemade C18 column

(35 cm 3 75 mm i.d., 1.9 mm 100 Å). Samples were then eluted for 60 min with linear gradients of 3–35% acetonitrile in 0.1% formic acid at

a flow rate of 300 nL/min. Mass spectrometry data were acquired with a timsTOF Pro mass spectrometer (Bruker) operated in PASEF

mode. The raw files were analyzed by Peaks Studio X software against Uniprot database. The data from both samples were merged during

the analysis.

Body weight, body composition

Body weight of 3-week-old mice was monitored weekly for 17 weeks. Body composition of 20-week-old mice was measured with an

EchoMRI-100H.

Food and water intake and movement measurements

6-week-oldmicewere housed individually inmetabolic cages of a small animalmetabolismmeasurement and analysis systemwith free access

to food and water. Food and water intake and movement were monitored every 30 min for each mouse over a period of 5 days.

Hematoxylin and eosin (H&E) staining

Pieces of iWAT, eWAT and liver from 20-week-old mice fed an HFD were fixed with 4% paraformaldehyde in PBS for 24 hours at room tem-

perature and then subjected sequentially to dehydration in a 50%, 75%, 85%, 95% and 100% alcohol gradient for 5 hours. Then, they were

cleared in xylene, paraffin-embedded, and sectioned at a thickness of 5 mm. The sections were deparaffinized, rehydrated, and stained

with an H&E kit.

Blood analysis

Blood was sampled from 20-week-old mice’s eyes and natural coagulation in ambient temperature for 2 hours, then centrifugate at 2000 rpm

for 20 min. The supernatant serum was collected carefully and tested for total cholesterol, free fatty acid, triglyceride, AST, ALT, adiponectin

and resistin following the instruction.

Glucose tolerance test (GTT)

20-week-old mice were fasted for 16 hours prior to the test. At baseline, the blood glucose levels were measured. Glucose was intraperito-

neally injected at Time 0 (1 g/kg). The blood glucose levels were measured and recorded at 15 min, 30 min and 60 min.

Insulin tolerance test (ITT)

20-week-old mice were fasted for 6 hours prior to the test. At baseline, the blood glucose levels were measured. Insulin was intraperitoneally

injected at Time 0 (0.5 U/kg). The blood glucose levels were measured and recorded at 15 min, 30 min and 60 min.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each experiment was repeated at least three times. The results of representative experiments are shown unless stated otherwise. Statistical

comparisons were performed by unpaired two-tailed Student’s t test. A normal distribution was assumed. All statistical tests were performed

with GraphPad Prism 8 software. The differences were considered statistically significant at p < 0.05 and reported as follows (*p < 0.05,

**p < 0.01, ***p < 0.001; ****p < 0.0001; ns, no significance). Investigators were not blinded to group allocation during experiments.

ll
OPEN ACCESS

iScience 26, 108312, November 17, 2023 19

iScience
Article


	ISCI108312_proof_v26i11.pdf
	TET2 is recruited by CREB to promote Cebpb, Cebpa, and Pparg transcription by facilitating hydroxymethylation during adipoc ...
	Introduction
	Results
	Tet2 expression is differentially regulated during adipogenesis
	TET2 regulates the transcription of Cebpb, Cebpa, and Pparg
	TET2 is required for adipocyte differentiation
	TET2 is essential for the 5hmC at the CGIs of Cebpb, Cebpa, and Pparg that promotes the transcription of these genes
	TET2 is recruited to the CpG islands of Cebpb, Cebpa, and Pparg by CREB
	Mice with TET2 deficiency in preadipocytes show a significant decrease in adipogenesis and resistance to diet-induced obesity

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Inclusion and diversity
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participants details
	Cell lines
	Mice

	Method details
	Isolation of adipose SVF and mature adipocytes
	Quantitative reverse transcription PCR
	Western blot analysis
	Cell-counting-kit-8 (CCK-8) assay
	Nile red staining
	Plasmids, lentivirus production and lentivirus-mediated gene transfer
	hMeDIP
	ChIP
	Co-IP
	IP-mass spectrometry
	Body weight, body composition
	Food and water intake and movement measurements
	Hematoxylin and eosin (H&E) staining
	Blood analysis
	Glucose tolerance test (GTT)
	Insulin tolerance test (ITT)

	Quantification and statistical analysis




