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Abstract
Triglyceride (TG) metabolism is a complex and highly coordinated biological pro-
cess regulated by a series of genes, and its dysregulation can lead to the occur-
rence of disorders in lipid metabolism. However, the transcriptional regulatory 
mechanisms of crucial genes in TG metabolism mediated by enhancer–promoter 
interactions remain elusive. Here, we identified candidate enhancers regulating 
the Agpat2, Dgat1, Dgat2, Pnpla2, and Lipe genes in 3T3- L1 adipocytes by in-
tegrating epigenomic data (H3K27ac, H3K4me1, and DHS- seq) with chromatin 
three- dimensional interaction data. Luciferase reporter assays revealed that 11 
enhancers exhibited fluorescence activity. The repression of enhancers using 
the dCas9- KRAB system revealed the functional roles of enhancers of Dgat2 
and Pnpla2 in regulating their expression and TG metabolism. Furthermore, 
transcriptome analyses revealed that inhibition of Dgat2- En4 downregulated 
pathways associated with lipid metabolism, lipid biosynthesis, and adipocyte 
differentiation. Additionally, overexpression and motif mutation experiments 
of transcription factor found that two TFs, PPARG and RXRA, regulate the ac-
tivity of Agpat2- En1, Dgat2- En4, and Pnpla2- En5. Our study identified func-
tional enhancers regulating TG metabolism and elucidated potential regulatory 
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1  |  INTRODUCTION

Adipose tissue, serving as the body's energy reservoir, 
regulates complex processes such as reproduction,1 
inflammation,2 and immune responses,3 maintain-
ing energy balance through triglyceride metabolism.4 
Dysfunctions in enzymes associated with triglyceride 
(TG) synthesis and breakdown disrupt lipid metabolism 
and disturb energy equilibrium, leading to conditions 
such as hyperlipidemia, insulin resistance, fatty liver, 
and glucose metabolism disorders.5,6 These disruptions 
increase the risk of metabolic syndrome, including car-
diovascular diseases and type 2 diabetes.7 TG synthesis 
and breakdown play critical roles in adipose tissue de-
velopment, with enzymes coordinating to regulate TG 
balance within adipose tissue.

The synthesis and breakdown of TGs are regulated 
by a series of genes that encode enzymes involved in 
lipid metabolism. Agpat2 is a key critical gene for TG 
synthesis, encoding 1- acylglycerol- 3- phosphate O- 
acyltransferase 2 (AGPAT2). This enzyme catalyzes 
the binding of fatty acids to glycerol- 3- phosphate, thus 
forming TG. Notably, Agpat2 deficiency impairs TG syn-
thesis and storage and leads to the failure of adipocyte 
differentiation.8 Moreover, Agpat2 mutations can lead 
to congenital generalized lipodystrophy, an autosomal 
recessive genetic disorder, that is characterized by a 
lack of adipose tissue in childhood, severe insulin re-
sistance, hypertriglyceridemia, and hepatic steatosis.9,10 
Diacylglycerol O- acyltransferase (DGAT) 1 and 2 are 
two rate- limiting enzymes that are responsible for cat-
alyzing the final step of TG synthesis.11–14 Mice lacking 
Dgat1 are viable but have reduced TG stores, whereas 
Dgat2 knockout mice die soon after birth and have 
>90% reduction of TGs, indicating that DGAT2 is more 
important than DGAT1 for TG storage.13,15–18 In healthy 
male subjects, oral administration of the DGAT1 inhib-
itor AZD7687 attenuates postprandial TG excursion, al-
though an increased dose of AZD7687 results in nausea, 
vomiting, and diarrhea.19 In addition, the synthesis of 
TG by DGAT1 protects adipocytes from lipid- induced en-
doplasmic reticulum stress during lipolysis.20 Together, 
these findings indicate that DGAT1 and DGAT2 have 
overlapping and different functions in adipocytes. Both 

Pnpla221,22 and Lipe23–26 are crucial genes in the metab-
olism and breakdown of TGs. Pnpla2 encodes the en-
zyme adipose TG lipase (ATGL), which catalyzes the 
first step of TG hydrolysis.27 Mutations in Pnpla2 lead 
to the onset of neutral lipid storage disease with myopa-
thy or TG deposit cardiomyovasculopathy.28 By contrast, 
Lipe encodes hormone- sensitive lipase (HSL),29–31 and 
its mutation or knockout can affect TG breakdown, po-
tentially leading to issues such as fat accumulation, obe-
sity, and fatty liver disease.32–35 Although the functions 
of these genes in TG metabolism have been extensively 
investigated, research into the regulation of their tran-
scriptional expression remains relatively limited.

Enhancers are critical cis- regulatory elements that 
are distributed throughout the mammalian genome; 
they serve as spatial and temporal switches in the regu-
lation of gene expression.36,37 In mammalian cells, active 
enhancers are enriched in histone 3 lysine 27 acetyla-
tion (H3K27ac) and histone 3 lysine 4 monomethyla-
tion (H3K4me1).38–41 Several studies have highlighted 
the specific roles of histone modifications H3K27ac 
and H3K4me1 in the identification of candidate en-
hancers.42,43 H3K27ac is a marker of active regulatory 
elements, distinguishing active enhancers and promot-
ers from their inactive counterparts.41 H3K4me1 is asso-
ciated with regulatory elements linked to enhancers and 
other distal elements, but it is also enriched downstream 
of transcription start sites.42 In contrast, H3K4me3 is 
primarily a marker for promoters and transcription- 
associated regulatory elements.44 Active enhancer re-
gions are typically found in an open chromatin state,45 
which can be detected using an assay for DNase I hyper-
sensitive sites sequencing (DHS- seq)46 and the assay for 
transposase- accessible chromatin with high- throughput 
sequencing (ATAC- seq).47,48 Active enhancers can acti-
vate gene transcription by recruiting transcription fac-
tors (TFs),49,50 RNA polymerase II,51 p300,52 mediator 
complex,53 and other factors.54,55 Research indicates 
that enhancers can modulate gene expression through 
chromatin interactions, thereby influencing lipid me-
tabolism.56–59 Armor et  al.58 identified a liver- specific 
enhancer that regulates the expression of the lipoly-
sis inhibitor G0/G1 switch gene 2 (G0S2) and plays a 
crucial role in maintaining lipid homeostasis through 

mechanisms of TG deposition from enhancer–promoter interactions, providing 
insights into understanding lipid deposition.

K E Y W O R D S

adipogenesis, enhancer, key genes, transcriptional regulation, triglyceride

 15306860, 2025, 2, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202401137R

, W
iley O

nline L
ibrary on [10/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 3 of 22ZENG et al.

the transcriptional activation of HNF4α. Liru Zhang 
et  al.59 discovered that MAE- enhancers regulate lipid 
metabolism- related genes (ACAT1, OXSM, and VAPA). 
Notably, although enhancers play a key role in regu-
lating gene expression, there is as yet relatively limited 
research into enhancers that regulate genes associated 
with TG metabolism.

In the present study, we identified enhancers for 
Agpat2, Dgat1, Dgat2, Pnpla2, and Lipe in 3T3- L1 ad-
ipocytes. We then evaluated the activity of these en-
hancers and investigated their roles in the transcription 
regulation of target gene expression and adipocyte dif-
ferentiation. Transcriptomic analysis indicates that inhi-
bition of enhancer activity affects adipogenesis pathways. 
Additionally, we have demonstrated that Retinoid X 
Receptor α (RXRA) and Peroxisome Proliferator- Activated 
Receptor γ (PPARG) are involved in the activity of three 
functional enhancers. These findings provide insights into 
the molecular determinants of the transcriptional expres-
sion of lipid metabolism- related genes and contribute to 
an enhanced understanding of the roles of enhancers in 
lipid deposition.

2  |  MATERIALS AND METHODS

2.1 | Cell culture and adipocyte 
differentiation

The 3T3- L1 (Mouse embryo preadipocyte)60 and H293T 
(Human embryonic kidney) cell lines were acquired 
from the Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). Both 3T3- L1 and H293T cells were 
cultivated in Dulbecco's modified Eagle medium 
(DMEM) high glucose supplemented with 10% fetal bo-
vine serum (Gibco, USA) and 1% penicillin–streptomy-
cin (Invitrogen, USA) at a temperature of 37°C in 5% 
CO2 environment. To induce adipocyte differentiation in 
3T3- L1 cells, a standard adipogenic MDI cocktail (MDI: 
IBMX, dexamethasone, and insulin) was employed.61 In 
brief, 3T3- L1 cells were seeded in 12- well plates or T25 
flasks. Subsequently, cells were allowed to grow until 
reaching 100% confluence, defined as −2 day (D- 2) of 
3T3- L1 cell differentiation induction. Upon achieving 
confluence, cells were further cultured for 48 h, desig-
nated as 0 day (D0). After 48 h, the MDI mixture (2 μg/
mL dexamethasone, 0.5 mM IBMX, and 10 μg/mL insu-
lin) in DMEM with 10% FBS was added to the cells and 
incubated for 48 h. Subsequently, cells were cultured in 
DMEM containing 10 μg/mL insulin and 10% FBS, with 
medium renewal every 2 days until lipid droplets were 
observed, typically on the 7th- day post- differentiation 
induction.

2.2 | Oil Red O staining and BODIPY 
493/503 staining

To observe the differentiating adipocytes, cells were 
seeded in 12- well plates and cultured. The differentiat-
ing adipocytes were observed by phase contrast imag-
ing using a Leica DMI6000 B inverted microscope. For 
the detection of lipid droplets, Oil Red O and BODIPY 
493/503 staining was performed. For Oil Red O staining 
(OriCell®, USA), cells were washed twice with PBS and 
fixed with 4% paraformaldehyde. Subsequently, prepare 
an Oil Red O working solution by mixing distilled water 
and Oil Red O in a ratio of 2:3. After thorough mixing, 
centrifuge at 250 × g for 4 min. Use the supernatant for 
staining. After removing the Oil Red O solution, the 
cells were washed twice with PBS, and the lipid drop-
lets were visualized using a Leica DMI6000 B inverted 
microscope.

For BODIPY 493/503 staining, the cells were fixed by 
incubating them with 4% paraformaldehyde for 10 min. 
After fixation, the cells were washed three times with 
PBS and then for lipid droplet staining, the fixed cells 
were exposed to 5 μM BODIPY 493/503 (Invitrogen, 
USA) in the dark for 20 min. Following another three 
washes with PBS, to stain the nuclei, the cells were 
treated with DAPI staining solution (Beyotime, China) 
for 3 min at RT. Following three washes with PBS, the 
cells were visualized using a Zeiss Axio Observer 7 in-
verted fluorescent microscope.

2.3 | RNA isolation, cDNA synthesis, and 
quantitative real- time PCR (qRT- PCR)

The total RNA was extracted using TRIzol reagent 
(Invitrogen, USA) following the manufacturer's instruc-
tions. Subsequently, the extracted RNA (1 μg) was reverse- 
transcribed into cDNA using the HiScript III RT SuperMix 
(Vazyme, China). The diluted cDNA served as the tem-
plate for RT- PCR amplification. The RT- PCR amplifica-
tion was conducted on the CFX Connect™ Real- Time 
System (Bio- Rad, USA) utilizing the ChamQ Universal 
SYBR qPCR Master Mix (Vazyme, China). The amplifica-
tion protocol included an initial step at 95°C for 5 min, fol-
lowed by 40 cycles at 95°C for 10 s and 60°C for 30 s. After 
the PCR amplification, a melting curve analysis was per-
formed by heating the samples to 95°C for 15 s, cooling to 
60°C for 1 min, and then raising the temperature to 95°C 
for 15 s to confirm primer specificity. The fold difference 
in gene expression was normalized to the housekeeping 
gene β- actin. All experiments were conducted in tripli-
cate or more for reliable results. The primer sequences for 
qRT- PCR can be found in Table S1.
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2.4 | ChIP- seq and DHS- seq data 
processing and analysis

We retrieved publicly available ChIP- seq and DHS- seq data 
from the EBI ENA database (https:// www. ebi. ac. uk/ ena/ 
brows er/ home). To align the datasets to the mouse refer-
ence genome (mm10), we employed bowtie2 (v2.4.2) with 
default parameters. To ensure reliable data analysis, PCR 
duplicates were eliminated using either Samtools (v1.11) 
or Picard tools (v1.124). MACS2 (v2.2.7.1) was utilized 
for peak calling, employing a q- value cutoff of .05 as the 
threshold. For generating figures, we converted the data to 
bigwig files using the bedGraphToBigWig tool (v4), which 
was subsequently used as input for the tracks. Visualization 
was performed using the IGV software (v2.10.0), utilizing 
the generated bigwig files. Table S2 contains comprehen-
sive information regarding these datasets.

2.5 | Identification of gene activity 
enhancers

We established stringent criteria for identifying the ac-
tive enhancers of genes. Firstly, we integrated active 
chromatin status data, including chromatin immuno-
precipitation sequencing (ChIP- seq) for H3K27ac and 
H3K4me1, along with DHS- seq data. We selected re-
gions simultaneously enriched for peaks in these data-
sets as candidate enhancer regions. Secondly, enhancers 
often contact with the promoters of targeted genes via 
long- range chromatin interaction.62,63 Chromatin in-
teraction data were employed to delineate the interact-
ing relationship between enhancers and target genes. 
Lastly, regions characterized by the chromatin features 
of active enhancers and displaying chromatin interac-
tions with promoters are identified as active enhancers 
of the gene. Detailed information about the identified 
enhancers is provided in Table S3.

2.6 | Construction of vectors and 
luciferase reporter assays

We amplified putative active enhancers from the 
genomic DNA of 3T3- L1 cells and inserted them up-
stream of the luciferase gene in the pGL3 promoter vec-
tor (Promega, USA) at the KpnI site. The integrity of 
the constructs was confirmed through Sanger sequenc-
ing. 3T3- L1 adipocytes were transfected with 95 ng of 
the respective construct and 5 ng of the Renilla vector 
using Lipofectamine 3000 (Thermo Fisher Scientific, 
USA). After 36 h post- transfection, luciferase activity 

was measured on a GloMax 96- well plate luminometer 
(Promega, USA) using the Dual- Glo Luciferase Assay kit 
(Promega, USA) as per the manufacturer's instructions. 
Firefly luciferase activity was normalized to Renilla 
luciferase activity and calculated relative to the empty 
pGL3 promoter vector as a reference. The experiment 
was conducted in triplicate, with at least one repetition. 
Results are presented as the mean and its correspond-
ing standard deviation (mean ± SD). PCR primer se-
quences used for constructing the vectors can be found 
in Table S3.

2.7 | Evolutionary conservation 
analysis of active enhancers

The conservation of active enhancers was evaluated 
using the phastCons method within the UCSC genome 
browser (http:// genom e-  asia. ucsc. edu/ ). To assess con-
servation, placental mammals were analyzed. Each en-
hancer element was assigned a log- odds score (LOD), 
which represents the logarithm of its probability under 
the conserved model minus its probability under the 
nonconserved model. The “score” field provides trans-
formed values ranging from 0 to 1000, while the raw log- 
odds scores are retained in the “name” field. The LOD 
score of phastCons elements serves as a measure of their 
conservation.

2.8 | sgRNA design and plasmid 
construction

For single- guide RNAs (sgRNAs) design, three tools 
were employed: CRISPOR (http:// crisp or. tefor. net/ 
),64 CRISPR- ERA (http:// crisp r-  era. stanf ord. edu/ ),65 
and CHOPCHOP (http:// chopc hop. cbu. uib. no/ ).66 To 
ensure genome- wide sequence specificity, CRISPR 
Finder (https:// wge. stemc ell. sanger. ac. uk/ )67 and Cas- 
OFFinder (http:// www. rgeno me. net/ cas-  offin der/ 
)68 were used to examine all sgRNAs. The selection of 
sgRNA target sites focused on minimizing predicted 
off- target activity while maximizing on- target activ-
ity, employing established algorithms. In cases where 
the designed sgRNA sequence did not begin with a 
“G,” a single “G” nucleotide was added at the start to 
enable efficient transcription from the U6 promoter. 
Oligonucleotides were synthesized, annealed, and 
cloned into the BsmBI- v2 restriction sites of the pLV- 
hU6- sgRNA- hUbC- dCas9- KRAB- T2a- Puro vector using 
the DNA Ligation Kit (Takara, Japan). The sequences of 
all sgRNAs can be found in Table S4.
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2.9 | Lentivirus production, 
transduction and CRISPRi mediated 
repression of enhancers

To produce lentivirus, H293T cells were cultured in T175 
flasks until reaching approximately 70% confluence. 
At this point, cells were co- transfected with 48 μg of the 
pLV- hU6- sgRNA- hUbC- dCas9- KRAB- T2A- Puro lenti-
viral expression plasmid (Addgene, #71236), 35 μg of the 
second- generation packaging plasmid psPAX2 (Addgene, 
#12260), and 12 μg of the envelope plasmid pVSV- G 
(Addgene, #138479) using the calcium phosphate cell 
transfection kit (Beyotime, China). After transfection for 
8–12 h, the medium was replaced with fresh medium. 
Lentivirus- containing supernatants were collected at 24, 
48, and 72 h post- transfection, and then filtered using 
Millex- HV 0.45 μm PVDF filters (Millipore, USA). The 
viruses were further concentrated using 100 kDa Amicon 
Ultra- 15 centrifugal filter units (Amicon, Germany), 
and the titer was determined using a colloidal gold kit 
(Biodragon, China). The concentrated viruses were stored 
at −80°C.

For the infection of 3T3- L1 cells, the cells were plated 
in 12- well plates and allowed to adhere overnight. For 
each enhancer region, we designed two sgRNAs, packaged 
lentiviruses, and infected 3T3- L1 preadipocytes. When 
3T3- L1 cells reached approximately 50–60% confluence, 
they were infected with 1 mL of lentivirus medium con-
taining dCas9- KRAB- Agpat2- E1- sgRNAs, dCas9- KRAB- 
Agpat2- E6- sgRNAs, dCas9- KRAB- Dgat2- E2- sgRNAs, 
dCas9- KRAB- Dgat2- E4- sgRNAs, dCas9- KRAB- Pnpla2- 
E3- sgRNAs, and dCas9- KRAB- Pnpla2- E5- sgRNAs 
(Experimental group) or dCas9- KRAB- Control (Control 
group) at a multiplicity of infection (MOI) of 100 for 12 h. 
After 24 h post- infection, the medium was replaced. At 
48 h post- infection, the cells were selected with 2 μg/mL 
puromycin (Sigma, USA). Through puromycin selection, 
stable expression of the dCas9- KRAB or dCas9- KRAB- 
sgRNAs system was generated in 3T3- L1 preadipocytes. 
The 3T3- L1 cells stably expressing dCas9- KRAB- sgRNAs 
or dCas9- KRAB- Control were induced for adipogenic dif-
ferentiation using a standard MDI cocktail.

2.10 | Measurement of triacylglycerol 
content

Differentiation cells were harvested at various time points 
(0, 2, 7, 15, and 21 days) following lentiviral infection. 
TG content was determined using a colorimetric assay 
(Applygen, China). To remove glycerol, cells were washed 
twice with PBS before being lysed in the standard dilu-
ent. The mixture was split into two portions. Five hundred 

microliters of the mixture were centrifuged at 2000× g for 
10 min, and the supernatant was collected. The absorb-
ance of the dye was proportional to the concentration of 
TG present in each sample, and quantification of absorb-
ance was performed at 550 nm after these reactions. The 
remaining portion of the mixture's protein content was 
measured using the BCA method. All samples were tested 
in duplicate, and TG values were expressed as μmol TG/g 
protein.

2.11 | Measurement of diacylglycerol 
(DAG), glycerol, phosphatidic acid (PA), 
lysophosphatidic acid (LPA), and free fat 
acid (FFA) content

Determination of intermediate product content using 
double antibody one- step sandwich enzyme- linked im-
munosorbent assay (MEIMIAN, China). Cells infected 
with lentivirus were collected after 7 days of differentia-
tion. Set up standard wells and sample wells as the con-
trol group and experimental group respectively, and add 
50 μL of different concentrations of standard to each con-
trol group. The sample solution to be tested is diluted with 
sample diluent at a ratio of 1:4. Add 100 μL of horseradish 
peroxidase (HRP) labeled detection antibody to each well, 
and incubate at 37°C in a water bath or constant tem-
perature incubator for 1 h. Discard the liquid and wash 
thoroughly 5 times. Add 50 μL of substrate A and 50 μL of 
substrate B respectively, and incubate at 37°C in the dark 
for 15 min. Finally, add 50 μL of termination solution and 
measure the OD values of each well at a wavelength of 
450 nm within 15 min to calculate the sample concentra-
tion. When using substrate TMB for color development, 
TMB is converted to blue under the catalysis of peroxidase 
and to the final yellow under the action of acid. The depth 
of color is positively correlated with the concentration of 
intermediate products in the sample.

2.12 | Preparation of Dgat2- En4 KO cells

Used three tools, CRISPOR, CRISPR- ERA, and 
CHOPCHOP, to design four gRNAs targeting the en-
hancer region. All gRNAs were checked for off- target 
effects using CRISPR Finder and Cas- OFFinder. After 
preparing the gRNAs and Cas9 protein into Cas9 RNP 
complexes, we electroporated them into cells and as-
sessed their efficiency using TIDE (Tracking of Indels by 
Decomposition) (http:// shiny apps. datac urato rs. nl/ tide/ ) 
software. The two pairs of gRNAs with the highest cutting 
efficiency (gRNA1 + gRNA2 and gRNA1 + gRNA4) were 
selected for subsequent knockout experiments (Table S5). 
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The 3T3- L1 cells were seeded into T25 flasks and trans-
fected when they reached 70–80% confluence. The cells 
were resuspended in an electroporation buffer at a con-
centration of 106 cells/mL. The prepared cell suspension 
was transferred to an electroporation cuvette, and Cas9 
RNP complexes (gRNA and Cas9 protein) were added. 
Electroporation was performed using NEPA21 (NEPA 
GENE, Japan). After electroporation, a pre- warmed me-
dium was immediately added to the cuvette to aid in 
cell recovery. The cells were transferred back to the T25 
flask for continued culture and subsequent adipocyte 
differentiation.

2.13 | RNA- seq: Library preparation, 
sequencing, and data analysis

Total RNA was used as the starting material for RNA sam-
ple preparations. The NEBNext UltraTM RNA Library 
Prep Kit for Illumina (NEB, USA) was employed to gen-
erate sequencing libraries. The mRNA component was 
isolated from total RNA using poly- T oligo- attached mag-
netic beads. The resulting libraries were sequenced on 
the DNBSEQ- T7 platform, generating 150 bp paired- end 
reads. HISAT2 (v2.2.1) was utilized to align the sequence 
reads to the mouse reference genome (GRCm38/mm10), 
and quantification of gene expression was performed 
using featureCounts from the Rsubread package (v2.8.1). 
Gene expression levels for each sample were calculated as 
TPM values (Table ). Differential analysis was conducted 
using DESeq2, with DEGs defined as genes having a q- 
value ≤.01 (Table S7). Functional enrichment analysis was 
carried out using Metascape, a gene annotation and analy-
sis resource available at http:// metas cape. org/ . GO/KEGG 
terms with p- values ≤.05 were considered significantly 
enriched. Additionally, Gene Set Enrichment Analysis 
(GSEA) was performed using GSEA version 4.2.3 soft-
ware (https:// www. gsea-  msigdb. org/ gsea/ index. jsp) with 
MSigDBv7.5.1.

2.14 | Transcription factor motif 
enrichment analysis

To obtain the sequence data of the predicted enhancers, 
we retrieved the FASTA format sequences of all the en-
hancers from the NCBI database (https:// www. ncbi. nlm. 
nih. gov/ ) using their coordinates. TF motif enrichment 
analysis was performed on the enhancer sequences using 
AnimalTFDB 3.0 (http:// bioin fo. life. hust. edu. cn/ Anima 
lTFDB# !/ tfbs_ predict)69 and the JASPAR 2024 database 
(https:// jaspar. gener eg. net/ ).70 The enhancer sequences 
were provided in FASTA format as input. Enriched TF 

motifs with a p- value less than .05 were identified. The se-
quence logos of the TF- binding site motifs were obtained 
from the JASPAR database.

2.15 | Statistical analysis

Statistical analyses were performed using SPSS Statistics 
19.0. The data presented in the figures represent the 
mean ± SD and were obtained from three independent 
experiments unless specified otherwise. Statistical signifi-
cance was determined at *p < .05.

3  |  RESULTS

3.1 | Identification and 
characterization of active enhancers for 
key genes in TG synthesis and breakdown

TGs have a vital role in lipid droplet formation and con-
tribute to energy storage and adipocyte differentiation. 
First, we investigated the stage at which five key genes in-
volved in TG synthesis and breakdown—namely, Agpat2, 
Dgat1, Dgat2, Pnpla2, and Lipe—begin to play a role dur-
ing adipocyte differentiation and lipid droplet deposition. 
To do this, we performed qRT- PCR at five different time 
points (−2 days [D- 2], 2 days [D2], D4, D6, and D7 after 
differentiation) during the adipogenic differentiation 
of 3T3- L1 preadipocytes. On D2, the expression of these 
five genes was significantly increased (p < .001), and ex-
pression levels remained elevated until D7 (Figure S1A), 
which is in line with previous research.10,71,72 Oil Red 
O and BODIPY staining were then used to evaluate the 
accumulation of TGs during adipocyte differentiation 
(Figure S1B,C). On D2, no discernible lipid staining was 
observed. By D7, almost the entire cellular volume exhib-
ited staining with prominent lipid droplets, which indi-
cates the substantial production and accumulation of TGs 
as well as the successful differentiation of 3T3- L1 preadi-
pocytes (Figure S1B,C). Together, these findings suggest 
that these five key genes play important functional roles 
in adipocyte differentiation and TG metabolism.

Enhancers are crucial cis- regulatory elements in the 
eukaryotic genome and can activate gene expression in a 
temporal and cell- specific manner.36,37 To identify active 
enhancers that regulate the expression of Agpat2, Dgat1, 
Dgat2, Pnpla2, and Lipe, we downloaded and analyzed 
enhancer- associated ChIP- seq and DHS- seq datasets from 
Day 6 and Day 7 of 3T3- L1 differentiation. Using the cri-
teria for active enhancers described in the Section 2, we 
identified 24 candidate active enhancers in 3T3- L1 ad-
ipocytes, comprising six enhancers for Agpat2, six for 
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Dgat1, five for Dgat2, two for Lipe, and five for Pnpla2 
(Figures  1A and S2). BRD4 functions as an epigenetic 
reader, is abundant in active enhancers, and play a cru-
cial role in adipogenesis.73,74 MED1 is a complex subunit 
of the mediator complex and mediates chromatin loops 
between enhancers and promoters.75,76 In ChIP- seq anal-
ysis, both proteins exhibit significant binding at regions of 
24 candidate active enhancers (Figures 1A and S2). These 
results indicate that our candidate regions display charac-
teristics of active enhancers.

Chromatin interactions between genes and enhancers 
are often located within the same TADs.77–79 To delineate 
whether these five genes and their enhancers are located 
within the same TAD, we analyzed publicly available Hi- C 
data from the YUE Lab (http:// 3dgen ome. fsm. north weste 
rn. edu/ ). Given that TAD boundaries are typically con-
served across cell types within the same species,77,80–83 
we depicted the TADs of these genes in five different cell 
types in mice, as illustrated in Figures  1A and S3. The 
24 identified candidate enhancers and their target genes 
were located within the same TAD, exhibiting pronounced 
chromatin interactions (Figures 1A and S3). These results 
suggest that the identified candidate enhancers and genes 
reside within a shared interacting domain.

To experimentally assess the activity of these candidate 
enhancers, we conducted enhancer dual- luciferase re-
porter gene assays in differentiated adipocytes. Eleven of 
the 24 enhancers (Agpat2- En1, Agpat2- En2, Agpat2- En5, 
Agpat2- En6, Dgat1- En1, Dgat2- En2, Dgat2- En4, 
Lipe- En1, Lipe- En2, Pnpla2- En3, and Pnpla2- En5) exhib-
ited significantly higher luciferase activity (p < .05) than 
the PGL3- promoter control group in differentiated adi-
pocytes (Figure  1B). Moreover, Agpat2- En6, Dgat1- En1, 
Dgat2- En2, Pnpla2- En5, and Lipe- En1 had the highest 
transcriptional activity among the enhancers for the re-
spective target genes (Figure 1B). Of these, Lipe- En1 exhib-
ited the strongest transcriptional activity, with a 5.44- fold 
increase in luciferase activity compared with the pGL3- 
promoter vector. To assess the potential impact of differ-
entiation on the expression of active enhancers for these 
five genes, we further performed luciferase reporter gene 
assays to examine their activity during the differentiation 
process of 3T3- L1 adipocytes. Among the 24 enhancers, 
13 (Agpat2- En1, Agpat2- En2, Agpat2- En5, Dgat1- En1, 
Dgat1- En2, Dgat1- En4, Dgat1- En6, Dgat2- En2, Lipe- En1, 
Lipe- En2, Pnpla2- En1, Pnpla2- En3, and Pnpla2- En5) ex-
hibited significantly higher luciferase activity (p < .05) in 
3T3- L1 preadipocytes compared to the pGL3 promoter 
control group (Figure S4). From D2 to D7 of differentiation, 
enhancer activity showed dynamic changes (Figure  S4). 
This suggests that active enhancers potentially regulate 
gene expression in a stage- specific manner during dif-
ferentiation. The increase in activity after differentiation, 

coupled with the differential activity of these enhancers 
between 3T3- L1 preadipocytes and adipocytes, indicates 
that they exert distinct regulatory effects on the expression 
of Agpat2, Dgat1, Dgat2, Pnpla2, and Lipe, with these ef-
fects varying throughout the differentiation process.

Enhancers exhibit evolutionarily conserved se-
quence properties.84,85 We characterized the sequence 
conservation of these active enhancers across species. 
Of the 11 active enhancers, we observed that seven con-
tained at least one conserved element (Figures 1C and 
S5), as measured by log- odds ratio scores from the phast-
Cons program. Pnpla2- En3, Agpat2- En1, Dgat1- En1, 
Dgat2- En2, and Lipe- En2 displayed the highest levels 
of conservation within their respective gene sequences 
(Figures 1C and S5). Together, these results suggest that 
the majority of the identified active enhancers exhibit 
a degree of evolutionary conservation. Studies have 
found that approximately 90% of the identified genetic 
variations are located in non- coding regions, including 
enhancers.86 These genetic variation sites and their as-
sociation with phenotypes are widely used to identify 
gene loci related to traits and diseases.87–89 Investigating 
whether genetic variations at enhancers is therefore 
highly valuable. In this study, we used the Ensembl 
database (https:// useast. ensem bl. org/ index. html) to 
perform single- nucleotide polymorphism (SNP) detec-
tion in active enhancers and assess their association 
with phenotype- related signals. The results showed that 
SNPs were present in all 11 active enhancer regions 
(Figure  S6A,B). Notably, Lipe- En1 and Lipe- En2 were 
found to be associated with disease phenotypes, includ-
ing lipid homeostasis abnormalities, reduced suscep-
tibility to diet- induced obesity, and insulin resistance 
(Figure  S6A). In conclusion, we conducted a compre-
hensive assessment of the transcriptional activity and 
characteristics of the candidate active enhancers.

3.2 | Inhibition of Agpat2 and Dgat2  
enhancers reduces target gene expression  
and suppresses TG accumulation

To investigate the role of these active enhancers in the 
regulation of target gene expression, we used the CRISPRi 
(dCas9- KRAB) system to target the two enhancers with 
the highest fluorescence activity in Agpat2 and Dgat2, with 
two sgRNAs designed for each enhancer (Figure S7A). The 
dCas9- KRAB system is a modified CRISPR/Cas9 genome- 
editing technology that uses a deactivated Cas9 fused to 
the repressor KRAB to repress gene transcription.90,91 We 
used qRT- PCR to assess Agpat2 and Dgat2 expression 
levels before and after differentiation (Figure  2A,B). At 
D- 2, the repression of Agpat2- En1 or - En6 regions did not 
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significantly alter Agpat2 expression compared with the 
dCas9- KRAB control (Figure  2A). Similarly, compared 
with the control group, the groups in which Dgat2- En2 
or - En4 regions were repressed did not show a significant 
change in Dgat2 expression (Figure 2B). From D2 to D7, 
groups in which Agpat2- En1 or - En6 and Dgat2- En2 or 
- En4 regions were inhibited showed significant reduc-
tions (p < .05) in Agpat2 and Dgat2 expression, respec-
tively, compared with the control group. It was also 
noteworthy that Agpat2- En1 repression resulted in a 
more pronounced downregulation of Agpat2 mRNA ex-
pression than Agpat2- En6 repression at D7 (Figure 2A). 
Similarly, compared with that of Dgat2- En2, the repres-
sion of Dgat2- En4 led to a greater reduction in Dgat2 ex-
pression (Figure 2B). Thus, the suppression of these four 
enhancers individually led to impairments in Agpat2 and 
Dgat2 expression. These results indicate that Agpat2- En1, 
Agpat2- En6, Dgat2- En2, and Dgat2- En4 functionally 
regulate the expression of their target genes during adipo-
genic differentiation.

To investigate whether these functional enhancers 
influence TG synthesis and adipocyte differentiation, 
we conducted a study on dCas9- KRAB- Agpat2- En1, 
dCas9- KRAB- Agpat2- En6, dCas9- KRAB- Dgat2- En2, and 
dCas9- KRAB- Dgat2- En4 cells on D7. First, we used qRT- 
PCR to detect the expression of key genes involved in 
lipid metabolism and adipocyte proliferation. Compared 
with the dCas9- KRAB control group, groups in which 
Agpat2- En1, Agpat2- En6, Dgat2- En2, and Dgat2- En4 
were repressed showed significantly (p < .05) reduced ex-
pression of Fabp4, Lpl, Adipoq, Slc2a4, Cebpa, Pparg, and 
Fasn (Figure S7B,C). Next, we performed BODIPY stain-
ing on dCas9- KRAB control, dCas9- KRAB- Agpat2- En1, 
dCas9- KRAB- Agpat2- En6, dCas9- KRAB- Dgat2- En2, and 
dCas9- KRAB- Dgat2- En4 cells on D7. Compared with 
the control, the repression of Agpat2- En1, Agpat2- En6, 
Dgat2- En2, and Dgat2- En4 reduced intracellular lipid 
droplet deposition, thus inhibiting adipocyte differen-
tiation (Figure  2C). Additionally, TG measurements 
demonstrated that inhibiting Agpat2- En1, Agpat2- En6, 

Dgat2- En2, and Dgat2- En4 significantly reduced (p < .05) 
TG deposition (Figure 2D,E). Notably, at D21, the intracel-
lular TG contents of dCas9- KRAB- Agpat2- En1 and dCas9- 
KRAB- Dgat2- En4 cells were 44.83% and 35.42% lower, 
respectively, than that of the control group. Additionally, 
in the cells with inhibited Agpat2- En6, both LPA and PA 
levels were significantly (p < .05) increased (Figure S7D); 
whereas, inhibition of Dgat2- En4 led to a significant 
(p < .05) decrease in DAG levels (Figure S7E). These find-
ings indicate that Agpat2- En1, Agpat2- En6, Dgat2- En2, 
and Dgat2- En4 play a role in regulating lipid droplet for-
mation and adipocyte differentiation. To validate whether 
changes in lipid metabolism during adipocyte differentia-
tion affect not only TG but also other lipid processes, we 
measured the levels of FFA, PA, LPA, and glycerol in 3T3- 
L1 cells on Day 7 of differentiation, following the inhibi-
tion of Agpat2- En6 and Dgat2- En4. The results, shown 
in Figure  S7D,E indicate that inhibition of Agpat2- En6 
leads to a significant increase (p < .05) in PA, LPA, and 
FFA levels, with no significant change in glycerol content 
(Figure S7D). In contrast, inhibition of Dgat2- En4 signifi-
cantly decreased (p < .05) the levels of PA, LPA, FFA, and 
glycerol (Figure S7E). These findings suggest that inhibit-
ing enhancers can affect lipid metabolic pathways.

To investigate whether functional enhancers di-
rectly influence target gene expression and adipocyte 
differentiation, we performed an enhancer knockout 
experiment for Dgat2- En4 in 3T3- L1 cells. First, we suc-
cessfully established a Dgat2- En4 knockout 3T3- L1 cell 
line (Figure  S8A–D). We then assessed the expression 
of the Dgat2 target gene on D7 of differentiation using 
qRT- PCR. Compared to wild- type (WT) 3T3- L1 cells, the 
Dgat2- En4- KO group exhibited a significant downreg-
ulation of Dgat2 expression (p < .01), indicating that the 
activity of Dgat2- En4 directly regulates Dgat2 expression 
(Figure  2F). Furthermore, compared to the WT group, 
the Dgat2- En4- KO group showed a significant reduction 
(p < .05) in the expression of Fabp4, Lpl, Adipoq, Slc2a4, 
Cebpa, and Pparg (Figure 2G). We performed Oil Red O 
and BODIPY staining on Dgat2- En4- KO and WT cells on 

F I G U R E  1  Identification of candidate enhancers for the key genes involved in TG synthesis and breakdown in 3T3- L1 adipocytes. 
(A) Identification of candidate enhancers for Agpat2 in 3T3- L1 adipocytes. Top panel: Hi- C heatmap derived from mouse embryonic 
stem cells (mESCs) displaying six enhancers for Agpat2 and its promoter within the same interaction domain. Bottom panel: ChIP- seq 
profiles for H3K27ac, H3K4me1, H3K4me3, BRD4, MED1, p300, and RNA Pol II marked in 3T3- L1 adipocytes, along with DHS- seq 
profiles for the Agpat2 gene locus in 3T3- L1 adipocytes. Red bars represent Agpat2 enhancers and green bars represent Agpat2 promoters. 
(B) Luciferase reporter assays of candidate enhancers. The pGL3- promoter- enhancer vector was transfected into 3T3- L1 cells that were 
differentiated for 4 days; luciferase activity was measured 2 days post- transfection. The pGL3- promoter was used as a control. Luciferase 
signals were normalized to Renilla luciferase signals. (C) Sequence conservation analysis of Agpat2- En1 and Dgat2- En4 in the selected 
species was conducted using the UCSC Genome Browser. Horizontal red bars represent conserved elements in placental mammals. Element 
conservation was quantified as the logarithm of the ratio score of phastCons program elements. Data are expressed as the mean ± SD of three 
independent experiments, and p- values were calculated using the Wilcoxon Ranksum test (*p < .05, **p < .01).
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Day 7 of differentiation. The results showed that lipid drop-
let deposition was reduced in the Dgat2- En4- KO group 
(Figure S8E,F). These findings suggest that Dgat2- En4 di-
rectly regulates the expression of Dgat2 and plays a role in 
regulating adipocyte differentiation.

3.3 | Inhibition of Dgat2- En4 alters the 
TG metabolism pathway in adipocytes

DGAT2 functions as the rate- limiting enzyme in the final 
step of TG synthesis. To further investigate the impact of 
Dgat2- En4 enhancer inhibition on TG metabolism and 
adipocyte differentiation, we conducted a transcriptome 
analysis of dCas9- KRAB- Dgat2- En4 and dCas9- KRAB 
cells on D7. The RNA- seq analysis revealed a high de-
gree of correlation between replicate samples in dCas9- 
KRAB- Dgat2- En4 and dCas9- KRAB cells (Figure  3A). 
Furthermore, samples from the same groups clustered to-
gether, whereas those from different groups were separate 
(Figure 3B). This finding indicates the existence of distinct 
expression patterns between dCas9- KRAB- Dgat2- En4 
cells and the control group.

Differential expression analysis identified 2184 dif-
ferentially expressed genes (DEGs), comprising 734 
downregulated DEGs and 1450 upregulated DEGs, in 
dCas9- KRAB- Dgat2- En4 cells (Figure  3C, Table  S7). 
Compared with that in the control group, Dgat2 expres-
sion was significantly decreased (p < .01) in dCas9- KRAB- 
Dgat2- En4 cells, consistent with the qRT- PCR results 
(Figure 3D). To determine the impact of Dgat2- En4 inhi-
bition on biological processes and pathways in 3T3- L1 ad-
ipocytes, we performed a functional enrichment analysis 
of the DEGs using Metascape. The downregulated DEGs 
in dCas9- KRAB- Dgat2- En4 cells were significantly en-
riched in terms such as oxidoreductase activity, fatty acid 
metabolic process, fat cell differentiation, and the PPAR 
signaling pathway (Figure  3E). In addition, multiple 

processes related to lipid droplets, including lipid catabolic 
process, lipid biosynthetic process, and neutral lipid met-
abolic process, were significantly enriched (Figure  3E). 
Compared with those in the control cells, genes related 
to TG biosynthesis were significantly downregulated in 
dCas9- KRAB- Dgat2- En4 cells, including Dgat1, Acsl1, 
Agpat2, and Dgat2 (Figure  3F). Consistent with the en-
richment results from Metascape, gene set enrichment 
analysis (GSEA) of expression genes revealed significant 
enrichments in cellular lipid catabolic processes, fatty 
acid metabolism, and regulation of lipid biosynthetic pro-
cesses in dCas9- KRAB cells compared with the findings 
in dCas9- KRAB- Dgat2- En4 cells (Figure  3G). Moreover, 
glycerolipid biosynthesis processes were notably enriched 
in dCas9- KRAB cells (Figure 3G). Together, these results 
suggest that Dgat2- En4 inhibition alters the transcriptome 
of adipocytes, thus suppressing TG synthesis, adipocyte 
differentiation, and lipid biosynthetic pathways. These 
findings underscore the crucial role of Dgat2- En4 in the 
transcriptional regulation and adipogenesis of Dgat2, and 
in lipid generation.

3.4 | Pnpla2- En5 regulate Pnpla2 
expression and TG breakdown

To explore the role of Pnpla2 enhancers in regulating 
Pnpla2 expression, we designed two sgRNAs for each 
enhancer and used the CRISPRi system to target the en-
hancers with the highest fluorescence activity within the 
Pnpla2 locus, which was Pnpla2- En3 and Pnpla2- En5 
(Figure S9A). Changes in Pnpla2 expression levels were 
then assessed by qRT- PCR before and after differentiation. 
On D- 2, cells in which Pnpla2- En3 and - En5 regions were 
inhibited did not show significantly (p > .05) altered Pnpla2 
expression compared with control cells (Figure  4A). 
However, from D2 to D7, cells in which Pnpla2- En3 and 
Pnpla2- En5 regions were suppressed showed a significant 

F I G U R E  2  Inhibition of enhancers for Agpat2 and Dgat2 affects TG accumulation. (A and B) Log2 fold changes in the expression of 
Agpat2 (A) and Dgat2 (B) in dCas9- KRAB- Agpat2- En1, dCas9- KRAB- Agpat2- En6, dCas9- KRAB- Dgat2- En2, and dCas9- KRAB- Dgat2- 
En4 cells compared with the expression in dCas9- KRAB control cells were determined by qRT- PCR at D- 2, D2, D4, D6, and D7. The blue 
dashed line represents a log2 fold change of 0. Error bars correspond to ±1 SD. Significant differences in expression (p < .05, two- sided 
Welch one- sample t- test with Bonferroni correction for multiple testing) are indicated by asterisks. (C) On D7, BODIPY (green) staining 
for lipid droplets and DAPI (blue) staining were performed in 3T3- L1 adipocytes transduced with dCas9- KRAB- Agpat2- En1, dCas9- KRAB- 
Agpat2- En6, dCas9- KRAB- Dgat2- En2, and dCas9- KRAB- Dgat2- En4. Cell differentiation efficiency was determined by counting cells in five 
randomly selected microscopic fields for both dCas9- KRAB and dCas9- KRAB- sgRNA cells; BF, bright field. (D and E) Compared with that 
in the dCas9- KRAB control, TG content was assessed at different time points during the differentiation process in 3T3- L1 cells transduced 
with dCas9- KRAB- Agpat2- En1 and dCas9- KRAB- Agpat2- En6 (D), dCas9- KRAB- Dgat2- En2 and dCas9- KRAB- Dgat2- En4 (E). Cellular TG 
content was normalized to total protein levels. Wilcoxon Ranksum test was used to calculate p- values (*p < .05, **p < .01, ***p < .001). (F) 
Expression of Dgat2 in WT and Dgat2- En4- KO cells was determined by qRT- PCR at D7. Bars show the mean and SD (n = 3; **p < .01). (G) 
At D7, qRT- PCR analysis of key genes involved in lipid metabolism and adipocyte differentiation was conducted in WT and Dgat2- En4- KO 
cells. Bars show the mean and SD (n = 3; *p < .05, **p < .01, ***p < .001).
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decrease in Pnpla2 expression compared with control 
cells (Figure 4A). These results indicate that Pnpla2- En3 
and Pnpla2- En5 dynamically regulate Pnpla2 expression 

during adipogenic differentiation. It was also notewor-
thy that, on D7, the downregulation of Pnpla2 was more 
pronounced in dCas9- KRAB- Pnpla2- En5 cells than in 

F I G U R E  3  Inhibition of Dgat2- En4 and its impact on the transcriptional profile during TG metabolism. (A) Heatmap showing 
hierarchical clustering of Pearson's correlation scores between samples of dCas9- KRAB- Dgat2- En4 and dCas9- KRAB control cells (n = 3; 
***p < .001). (B) Principal component analysis (PCA) plot of normalized RNA- seq data for dCas9- KRAB- Dgat2- En4 and dCas9- KRAB 
control cells, represented as transcripts per million (TPM). The percentage shown on each axis represents the variation explained by the 
principal component. (C) Volcano plot depicting the DEGs (|log2(FoldChange)| ≥ 1 and q- value ≤.01) between dCas9- KRAB and dCas9- 
KRAB- Dgat2- En4 cells. Blue and red dots represent downregulated and upregulated DEGs, respectively, in dCas9- KRAB- Dgat2- En4 versus 
dCas9- KRAB cells. (D) Expression levels of Dgat2 in dCas9- KRAB and dCas9- KRAB- Dgat2- En4 cells, measured in TPM. Bars show the 
mean and SD (n = 3; **p < .01). (E) Functional enrichment analysis of downregulated DEGs in dCas9- KRAB- Dgat2- En4 cells was performed 
using Metascape. The dot size represents the number of genes, and the color bar represents the −log10(p- value). (F) Heatmap displaying 
gene expression levels (z- scores) in dCas9- KRAB and dCas9- KRAB- Dgat2- En4 cells. Genes are hierarchically clustered. (G) GSEA was 
conducted for all expressed genes in dCas9- KRAB control and dCas9- KRAB- Dgat2- En4 cells. Positive normalized enrichment scores (NES) 
indicate enrichment in dCas9- KRAB cells, whereas negative values indicate enrichment in dCas9- KRAB- Dgat2- En4 cells.

(D) (E)

0

100

200

Control Dgat2-En4

300

D
ga
t2

 e
xp

re
ss

io
n 

(T
PM

) 400
✱✱

log2(Fold Change)

−l
og

10
(P

-V
al

ue
)

0

50

100

150

200

−4 0 4

Down
Up

−20

0

20

40

−30 0 30
PC1 (60.782%)

PC
2 

(1
1.

49
1%

)

Dgat2-En4_1
Dgat2-En4_2
Dgat2-En4_3
Control_1
Control_2
Control_3

PCA (A) (B) (C)

Co
nt

ro
l_

1
Co

nt
ro

l_
2

Co
nt

ro
l_

3
Dg

at
2-

En
4_

2
Dg

at
2-

En
4_

1
Dg

at
2-

En
4_

3

Control_1
Control_2
Control_3
Dgat2-En4_2
Dgat2-En4_1
Dgat2-En4_3

0.9 0.95 1

fatty acid oxidation
fatty acid beta−oxidation

regulation of lipid biosynthetic process
lipid droplet

glycerolipid metabolic process
triglyceride metabolic process

lipid homeostasis
triglyceride biosynthetic process

fatty acid catabolic process
cellular lipid catabolic process

acylglycerol biosynthetic process
neutral lipid biosynthetic process

regulation of lipid metabolic process
neutral lipid metabolic process
acylglycerol metabolic process

oxidative phosphorylation
positive regulation of cold−induced thermogenesis

lipid biosynthetic process
regulation of cold−induced thermogenesis

lipid catabolic process
PPAR signaling pathway

fat cell differentiation
fatty acid metabolic process
brown fat cell differentiation

oxidoreductase activity

10 15 20

8
12
16
20

−log10(P-value)

count
20
40
60
80

enrichmentDga
t2-

En4
_1

Dga
t2-

En4
_2

Dga
t2-

En4
_3

Con
tro

l_1

Con
tro

l_2

Con
tro

l_3

Gk

Pnpla3

Dgat1

Lpin1

Pck1

Agpat2

Dgat2

Gnpat

Acsl1

Gpat1

Gpat3

−1.5

−1

−0.5

0

0.5

1

1.5
(F)

dCas9-KRAB-Dgat2-En4-Control

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

(G)

pvalue
1e−10cellular lipid catabolic process

p.adjust
1.152e−09

−0.4

−0.2

0.0

R
un

ni
ng

 E
nr

ic
hm

en
t S

co
re

 cellular lipid catabolic process NES=−2.355694 

−4

0

4

5000 10000Rank in Ordered Dataset

R
an

ke
d 

Li
st

 M
et

ric

pvalue
1e−10fatty acid metabolic process

p.adjust
1.152e−09

−0.4

−0.2

0.0

R
un

ni
ng

 E
nr

ic
hm

en
t S

co
re

fatty acid metabolic process NES=−2.445962 

−4

0

4

5000 10000Rank in Ordered Dataset

R
an

ke
d 

Li
st

 M
et

ric

pvalue
8.029e−05glycerolipid biosynthetic process

p.adjust
0.0002562

−0.3

−0.2

−0.1

0.0

0.1

R
un

ni
ng

 E
nr

ic
hm

en
t S

co
re

 glycerolipid biosynthetic process NES=−1.607291 

−4

0

4

5000 10000Rank in Ordered Dataset

R
an

ke
d 

Li
st

 M
et

ric

pvalue
0.001011regulation of lipid biosynthetic process

p.adjust
0.002519

−0.2

0.0

0.2

R
un

ni
ng

 E
nr

ic
hm

en
t S

co
re

 regulation of lipid biosynthetic process NES=−1.489813 

−4

0

4

5000 10000Rank in Ordered Dataset

R
an

ke
d 

Li
st

 M
et

ric

Dgat2-En4 Dgat2-En4 Dgat2-En4 Dgat2-En4

 15306860, 2025, 2, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202401137R

, W
iley O

nline L
ibrary on [10/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 13 of 22ZENG et al.

dCas9- KRAB- Pnpla2- En3 cells (Figure  4A). Together, 
these findings suggest the functional regulatory role 
of Pnpla2- En3 and Pnpla2- En5 in modulating Pnpla2 
expression.

To elucidate whether Pnpla2- En3 and Pnpla2- En5 af-
fect TG metabolism, we conducted further studies using 
dCas9- KRAB- Pnpla2- En3 and dCas9- KRAB- Pnpla2- En5 
cells on D7. BODIPY staining was performed on D7 for 
dCas9- KRAB control, dCas9- KRAB- Pnpla2- En3, and 
dCas9- KRAB- Pnpla2- En5 cells. Compared with con-
trol cells, cells with Pnpla2- En5 inhibition exhibited 
enhanced lipid droplet formation (Figure  4B); the in-
hibitory effect of Pnpla2- En3 was less pronounced than 
that of Pnpla2- En5. Subsequently, we used ImageJ soft-
ware to quantify lipid droplet diameter, area, and overall 
size distribution in control, dCas9- KRAB- Pnpla2- En3 
and dCas9- KRAB- Pnpla2- En5 cells. Compared with the 
control group, dCas9- KRAB- Pnpla2- En5 cells showed 
an increase in the number of lipid droplets with a diam-
eter of 10–30 μm, while the number of lipid droplets with 
a diameter of 0–5 μm decreased (Figure  4C). These re-
sults suggest that inhibition of Pnpla2- En5 activity leads 
to lipid droplet accumulation, with an increase in large 
droplets and a decrease in small droplets. Furthermore, 
we observed the average lipid droplet area per differen-
tiated cell in the field of view; the average lipid droplet 
area was significantly larger in dCas9- KRAB- Pnpla2- En3 
and dCas9- KRAB- Pnpla2- En5 cells compared to the con-
trol group (Figure 4D). Measurements of TG content on 
Day 21 showed that TG deposition significantly (p < .05) 
increased in cells with Pnpla2- En5 inhibition compared 
to control cells and inhibition of Pnpla2- En3 also led to 
a significant increase in TG levels (Figure 4E), although 
the increase was less pronounced than that observed 
with Pnpla2- En5 inhibition. At the same time, the lev-
els of DAG and FFA in the cells on D7 of differentiation 
were measured, and it was found that both DAG and FFA 
levels were significantly decreased compared to the con-
trol group (Figure S9B). Together, these findings suggest 
that Pnpla2- En3 and Pnpla2- En5 influence lipid drop-
let formation and TG deposition. To investigate whether 
changes in lipid metabolism during adipocyte differenti-
ation also affect other lipid processes, we measured the 
levels of FFA, PA, LPA, and glycerol in 3T3- L1 cells on D7 
of differentiation following inhibition of Pnpla2- En5. The 
results, as shown in Figure S9B, indicated that while PA 
levels remained unchanged, the levels of FFA, LPA, and 
glycerol were significantly decreased in the Pnpla2- En5- 
inhibited cells. These findings suggest that inhibition of 
Pnpla2- En5 affects lipid metabolism pathways.

To further investigate the impact of inhibiting the func-
tionally potent enhancer Pnpla2- En5 on TG metabolism, 
we performed RNA- seq on dCas9- KRAB- Pnpla2- En5 cells 

on D7. There were significant differences in expression 
patterns between dCas9- KRAB- Pnpla2- En5 and con-
trol cells, as evidenced by the high correlations observed 
among replicate samples within dCas9- KRAB- Pnpla2- En5 
and dCas9- KRAB cells (Figure  S9C); samples from the 
same group clustered together, whereas those from differ-
ent groups were separate (Figure S9D). Of the 1416 DEGs 
that were identified in the differential expression analy-
sis, 452 were downregulated and 964 were upregulated 
(Figure 4G, Table S7). To discern the impact of Pnpla2- En5 
inhibition on biological processes and pathways in 3T3- 
L1 adipocytes, functional enrichment analysis was 
conducted on the downregulated genes in dCas9- KRAB- 
Pnpla2- En5 cells using Metascape. There was a significant 
enrichment of terms related to oxidation–reduction, lipid 
droplet metabolism, and TG metabolism (Figure  4H). 
Enriched terms also included the PPAR signaling path-
way and TG metabolic processes. Furthermore, consis-
tent with the enrichment results from Metascape, GSEA 
analysis of dCas9- KRAB- Pnpla2- En5 cells compared with 
dCas9- KRAB cells revealed significant enrichment in the 
regulation of lipid metabolism processes, cellular lipid cat-
abolic processes, and lipid catabolic processes (Figure 4I). 
Together, these results suggest that Pnpla2- En5 inhibition 
alters the transcriptome of adipocytes, thus suppressing 
TG metabolism and lipid metabolic pathways. They also 
indicate the potentially critical role of Pnpla2- En5 in the 
transcriptional regulation of Pnpla2 and in TG hydrolysis.

3.5 | PPARG and RXRA regulate 
Agpat2- En1, Dgat2- En4, and Pnpla2- En5 
activity

TFs can regulate enhancer activity by binding to spe-
cific DNA sequences and can influence gene expres-
sion through chromatin interactions between enhancers 
and promoters.49,92 To investigate the TFs that regulate 
enhancer activity, we performed TF prediction analy-
sis for the three functionally strongest enhancers using 
AnimalTFDB 3.069 and JASPAR 2024. We revealed that 
96 commonly predicted TFs bind to Agpat2- En1, 103 
TFs bind to Dgat2- En4, and 108 TFs bind to Pnpla2- En5 
(Table  S8). Of these, PPARG, CEBPA, RXRA, KLF4, 
PPARA, and SREBF1 were co- predicted to bind to these 
three enhancers, and these TFs possessed high prediction 
scores (Figure  5A). Furthermore, previous studies have 
indicated that these TFs are involved in the processes of 
TG metabolism and adipocyte differentiation—especially 
PPARG,93,94 RXRA,95 and CEBPA.57 Next, we retrieved 
ChIP- seq data for PPARG, RXRA, and CEBPA from 
CistromeDB (http:// cistr ome. org/ db/#/ ) and analyzed 
their enrichment in the Agpat2- En1, Dgat2- En4, and 
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Pnpla2- En5 regions in 3T3- L1- AD. There was significant 
enrichment of PPARG in the Agpat2- En1, Dgat2- En4, 
and Pnpla2- En5 regions. Additionally, RXRA exhibited 
lower but significant enrichment in these enhancer re-
gions, whereas CEBPA had the least enrichment in these 
enhancer regions (Figure 5B). These results suggest that 
PPARG and RXRA might be involved in the regulation of 
Agpat2- En1, Dgat2- En4, and Pnpla2- En5 activity.

To evaluate the impact of PPARG and RXRA on the 
aforementioned enhancer activity, we conducted lucifer-
ase reporter assays by overexpressing PPARG or RXRA in 
H293T cells. Compared with pEGFP- N1 plasmid transfec-
tion, the individual overexpression of PPARG or RXRA 
significantly increased (p < .05) Agpat2- En1, Dgat2- En4, 
and Pnpla2- En5 activity (Figure 5C). Furthermore, com-
pared with PPARG overexpression, RXRA overexpression 
resulted in higher fluorescence activity in Agpat2- En1, 
Dgat2- En4, and Pnpla2- En5 (Figure 5C), suggesting that 
RXRA has a stronger enhancer activity regulatory capacity 
than PPARG. Together, these results indicate that PPARG 
and RXRA binding can enhance the transcriptional activ-
ity of Agpat2- En1, Dgat2- En4, and Pnpla2- En5.

To further investigate whether the critical binding sites 
of PPARG and RXRA TFs affect Agpat2- En1, Dgat2- En4, 
and Pnpla2- En5 activity, we performed a motif analysis of 
TF binding sites using the JASPAR 2024 and AnimalTFDB 
3.0 databases. Three common binding sites for the PPARG 
and RXRA TFs were predicted within the sequences 
of Agpat2- En1, Dgat2- En4, and Pnpla2- En5, denoted 
as Agpat2- En1- motif, Dgat2- En4- motif, and Pnpla2- 
En5- motif, respectively (Figure  5D). Subsequently, we 
constructed deletion mutants for each binding site in 
the pGL3- promoter- Ens plasmids (Figure  5E) and con-
ducted luciferase reporter gene assays in H293T cells 
co- transfected with overexpression plasmids for RXRA 

or PPARG. Upon co- transfection with the PPARG over-
expression plasmid, mutations in the Agpat2- En1- motif 
and Dgat2- En4- motif significantly decreased (p < .05) 
Agpat2- En1 and Dgat2- En4 activity, whereas the mu-
tation in Pnpla2- En5- motif had no significant effect on 
Pnpla2- En5 activity (Figure  5F). Upon co- transfection 
with the RXRA overexpression plasmid, the impact of 
mutations in the Agpat2- En1- motif, Dgat2- En4- motif, 
and Pnpla2- En5- motif on Agpat2- En1, Dgat2- En4, and 
Pnpla2- En5 activity were in line with the results obtained 
with the PPARG overexpression plasmid (Figure  5G). 
These findings suggest that RXRA and PPARG play cru-
cial roles in regulating Agpat2- En1 and Dgat2- En4 activity 
by binding their respective motifs. Overall, our data indi-
cate that the binding of PPARG and RXRA to Agpat2- En1, 
Dgat2- En4, and Pnpla2- En5 plays a critical role in regulat-
ing target gene expression.

4  |  DISCUSSION

TGs are the main form of energy storage in higher eukary-
otes.96 The aberrant synthesis and degradation of TGs can 
lead to metabolic dysregulation, influence adipose tissue 
development, and contribute to the occurrence of meta-
bolic diseases,97 this underscores the crucial importance 
of maintaining a balanced TG metabolism for the growth 
and development of organisms. In  vivo, TG metabolism 
is intricately regulated by a series of synthetic and deg-
radative enzymes. Among these enzymes, the precise ex-
pression of AGPAT2, DGAT1, DGAT2, ATGL, and HSL is 
crucial for the regulation of TG metabolism.

In eukaryotic organisms, gene expression is finely 
regulated to maintain tissue function, with temporal and 
spatial specificity.98 Transcriptional regulation, involving 

F I G U R E  4  Inhibition of Pnpla2- En3 and Pnpla2- En5 affects Pnpla2 expression and TG metabolism. (A) Log2 fold changes in Pnpla2 
expression in dCas9- KRAB- Pnpla2- En3 and dCas9- KRAB- Pnpla2- En5 cells compared with that in dCas9- KRAB control cells were 
determined by qRT- PCR at D- 2, D2, D4, D6, and D7. The blue dashed line represents a log2 fold change of 0. Error bars correspond to ±1 
SD. Significant differences in expression (p < .05, two- sided Welch one- sample t- test with Bonferroni correction for multiple testing) are 
indicated by asterisks. (B) On D7, BODIPY (green) staining for lipid droplets and DAPI (blue) staining were performed in 3T3- L1 adipocytes 
transduced with dCas9- KRAB- Pnpla2- En3 and dCas9- KRAB- Pnpla2- En5; BF, bright field. (C) Distribution of lipid droplets in the dCas9- 
KRAB control, dCas9- KRAB- Pnpla2- En3, and dCas9- KRAB- Pnpla2- En5 cells measured using ImageJ software. Data were collected from at 
least 2000 lipid droplets. (D) Average size of lipid droplets per cell in the dCas9- KRAB control, dCas9- KRAB- Pnpla2- En3, and dCas9- KRAB- 
Pnpla2- En5 cells. Sixty to seventy cells per group were used for the measurements. Wilcoxon Ranksum test was used to calculate p- values 
(*p < .05, **p < .01). (E) Compared with that in dCas9- KRAB control cells, the TG content was assessed at different time points during the 
differentiation process in 3T3- L1 cells transduced with dCas9- KRAB- Pnpla2- En3 and dCas9- KRAB- Pnpla2- En5. Cellular TG content was 
normalized to total protein levels. (F) Expression levels (TPM) of Pnpla2 in dCas9- KRAB and dCas9- KRAB- En5 cells. Bars show the mean 
and standard deviation (n = 3); **p < .01. (G) Volcano plot depicting the DEGs (q- value ≤.01) between dCas9- KRAB and dCas9- KRAB- 
Pnpla2- En5 cells. Blue and red dots represent downregulated and upregulated DEGs, respectively, in dCas9- KRAB- Pnpla2- En5 versus 
dCas9- KRAB cells. (H) Functional enrichment analysis of downregulated DEGs in dCas9- KRAB- Pnpla2- En5 cells was performed using 
Metascape. The dot size represents the number of genes, and the color bar represents the −log10(p- value). (I) GSEA was conducted for all 
expressed genes in dCas9- KRAB control and dCas9- KRAB- Pnpla2- En5 cells. Positive NES values indicate enrichment in dCas9- KRAB cells, 
whereas negative values indicate enrichment in dCas9- KRAB- Pnpla2- En5 cells.
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enhancers,99 promoters,100 transcription factors,101 and 
miRNAs,102 controls various steps in the transcription 
process. For instance, carbohydrate response element 

binding protein (ChREBP) binds to the human Dgat2 
promoter in a glucose- dependent manner, activating 
Dgat2 promoter activity. SP1, as a co- regulatory factor of 
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ChREBP, mediates glucose- induced Dgat2 expression.103 
SCD1 inhibits methylation of the Lipe promoter, reducing 
Lipe gene expression and participating in cardiac lipolysis 
regulation.104 In addition, TFs regulate gene expression by 
binding to specific sequences on regulatory elements.105 
SF- 1 mediates ACTH, increasing the transcriptional 
activity of the Lipe gene.106 HIF- 1 directly regulates 
AGPAT2 expression, affecting lipid droplet synthesis and 
promoting cancer cell survival under hypoxic conditions 
and gemcitabine resistance.107 During adipocyte differ-
entiation, Agpat2 gene expression is induced, essential 
for TAG accumulation. Knockdown of AGPAT2 prevents 
proper induction of C/EBPβ and PPARγ, crucial for adi-
pocyte differentiation.10 miRNAs regulate protein- coding 
genes by binding to mRNA 3′ untranslated regions,108–111 
leading to target mRNA degradation. lncRNA 21686 and 
miR- 146b mimic transfection in chicken liver cells in-
hibits lncRNA 21686, increasing miR- 146b expression, 
decreasing AGPAT2, and regulating lipid metabolism.112 
miR- 370 may play a pathogenic role in hepatic triglycer-
ide accumulation by regulating SREBP- 1c, DGAT2, and 
Cpt1α expression.113

Current research focuses on how these elements reg-
ulate key genes in triglyceride metabolism. Promoters 
initiate transcription near the start site, crucial for gene 
expression.114–116 Enhancers are typically located at distal 
cis- regulatory elements, enhancing the transcription of 
target genes through chromatin interactions, and dele-
tion of enhancers can partially reduce gene expression.117 
Enhancers exhibit temporal and spatial specificity, en-
abling them to regulate the expression of target genes in 
specific tissues or cell types.118,119 In addition to super- 
enhancers regulating multiple genes within the same 
chromatin structure, most typical enhancers achieve pre-
cise control of individual target gene expression through 
specific chromatin loop structures. Although some en-
hancers associated with lipid metabolism have been iden-
tified,57,120–122 the functional enhancers for key genes in 
TG metabolism—and the regulatory mechanisms govern-
ing their expression—remain largely unexplored. In the 
present study, we identified six functional enhancers for 

Agpat2, Dgat2, and Pnpla2, and investigated the impact of 
their inhibition on TG metabolism and adipocyte differen-
tiation. This study identifies 11 active enhancers regulat-
ing key genes involved in triglyceride metabolism (Agpat2, 
Dgat1, Dgat2, Pnpla2, and Lipe) from the perspective of 
enhancers and investigates the regulatory functions of 
six enhancers with the highest activity on target gene ex-
pression. The study shows that inhibiting enhancer activ-
ity downregulates the relative expression levels of target 
genes, affecting adipocyte differentiation and triglyceride 
deposition. Our research demonstrates the ability of en-
hancers to regulate gene expression in lipid metabolism, 
providing new insights and a theoretical basis for studying 
lipid metabolism- related content.

The mechanism by which enhancers regulate gene 
transcriptional expression is currently receiving increased 
attention. Extensive research has demonstrated that TFs 
exert their influence on enhancer activity by binding to 
precise sites within enhancer regions, thus orchestrat-
ing gene expression.49,123,124 In the present study, we ob-
served that PPARG and RXRA overexpression increased 
the transcriptional activity of Agpat2- En1, Dgat2- En4, 
and Pnpla2- En5. Furthermore, compared with the con-
trol group with intact PPARG and RXRA binding sites, 
groups in which the shared binding sites of PPARG and 
RXRA within the enhancer regions were deleted showed 
decreased Agpat2- En1 and Dgat2- En4 activity. These 
findings suggest that PPARG and RXRA have crucial reg-
ulatory roles in Agpat2- En1, Dgat2- En4, and Pnpla2- En5 
activity, which is similar to the results from other studies 
on enhancers involved in adipocyte differentiation and 
lipid metabolism.125–127 Studies have indicated that, during 
3T3- L1 adipogenic differentiation, PPARG and RXRA 
serve as the principal TFs for adipocyte differentiation and 
TG deposition.74,125,128,129 Additionally, our recent research 
has demonstrated that PPARG and RXRA influence the ac-
tivity of a Cebpa enhancer (Cebpa- L1- AD- En2) during ad-
ipogenic differentiation.125 Studies have also revealed that 
the functionality of adipocyte- specific enhancers relies on 
PPARG and RXRA binding.130,131 During adipocyte differ-
entiation, PPARG binds to its own gene loci, including the 

F I G U R E  5  Regulation of Agpat2- En1, Dgat2- En4, and Pnpla2- En5 activity by RXRA and PPARG. (A) Venn diagram showing the 
comparison of shared and unique TFs identified from the enhancer regions Agpat2- En1, Dgat2- En4, and Pnpla2- En5 between AnimalTFDB 
3.0 and JASPAR 2024. (B) ChIP- seq profiles depicting the enrichment patterns of CEBPA, PPARG, and RXRA in the regions of Agpat2- En1, 
Dgat2- En4, and Pnpla2- En5. (C) In H293T cells, the relative luciferase activity of Agpat2- En1, Dgat2- En4, and Pnpla2- En5 was assessed after 
overexpressing PPARG or RXRA. Data are presented as the mean ± SD from three independent experiments. (D) Enrichment analysis of the 
common binding sites of PPARG and RXRA in the regions of Agpat2- En1, Dgat2- En4, and Pnpla2- En5. (E) Schematic diagram illustrating 
the motif sequences of predicted common binding sites for PPARG and RXRA in the regions of Agpat2- En1, Dgat2- En4, and Pnpla2- En5. 
Confirmation of deletion mutations for each motif through Sanger sequencing is also shown. (F and G) In H293T cells, the relative luciferase 
activity of regions Agpat2- En1, Dgat2- En4, and Pnpla2- En5 carrying mutations in common binding sites of PPARG and RXRA (Agpat2- En1- 
motif, Dgat2- En4- motif, and Pnpla2- En5- motif) was assessed after PPARG or RXRA overexpression. Data are presented as the mean ± SD 
from three independent experiments, and p- values were calculated using the Wilcoxon Ranksum test (*p < .05, **p < .01).
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Pparg2 promoter and downstream intergenic enhancer re-
gions. On Day 2 of adipogenesis, 11 280 active enhancers 
bind to the adipogenic TFs PPARG, CEBPA, or CEBPB, 
thus influencing adipogenesis.126,132 Furthermore, Madsen 
et al. used the IMAGE tool in conjunction with RNA- seq, 
ChIP- seq of MED1, and DNase- seq data to predict that 
PPARG can bind to enhancers during adipocyte differen-
tiation.127 Together, these results imply that PPARG and 
RXRA can affect the activity of enhancers specific to adi-
pocyte differentiation and lipid deposition, and are crucial 
TFs in adipocyte differentiation.

In summary, we identified functional enhancers for 
Agpat2, Dgat1, Dgat2, Pnpla2, and Lipe in adipocytes 
and investigated their roles in gene expression regula-
tion and lipid metabolism. Furthermore, we revealed the 
involvement of PPARG and RXRA in the regulation of 
Agpat2- En1, Dgat2- En4, and Pnpla2- En5 activity. These 
findings deepen our understanding of the role of en-
hancers in TG metabolism in adipocytes, provide a the-
oretical basis for further explorations into the molecular 
mechanisms of fat deposition, and offer new perspectives 
for the treatment of lipid- related metabolic disorders such 
as hyperlipidemia, insulin resistance, fatty liver, and glu-
cose metabolism disorders.
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