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Abstract 

 

SUMO-specific proteases (SENPs) play important roles in the control 

of various cellular events. Recent studies have shown that SENP2 

regulates fatty acid metabolism through transcriptional induction of the 

FAO-related enzymes by desumoylation of PPARδ and PPARγ in 

skeletal muscle. SENP2 also plays a critical role in the regulation of 

adipogenesis. 

To investigate the role of SENP2 in adipocytes, I generated adipocyte-

specific SENP2 knockout mice (SENP2-adipoKO) using adiponectin-

cre mice. On the high fat-diet (HFD), SENP2-adipoKO mice had less 

weight gain, lower fat mass, smaller adipocyte size and improved 

glucose tolerance compared to control mice. SENP2-adipoKO mice 

displayed increased oxygen consumption and CO2 production. The 

mRNA levels of BAT-specific genes were higher in the subcutaneous 

WAT (SC-WAT) of SENP2-adipoKO mice. SENP2-adipoKO mice 

also showed increased thermogenic response to cold exposure.   

When I differentiated adipocytes from stromal vascular fraction (SVF), 

brown adipocyte-specific genes were significantly increased in the 

SENP2-adipoKO SVF-derived adipocytes, while Hoxc10 mRNA level 
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decreased in the SENP2-adipoKO SVF-derived adipocytes. Hoxc10 

has been known as a key negative regulator in the process of browning 

of SC fat. Hoxc10 overexpression using AAV-Hoxc10 in the SVF 

decreased Ucp1, Cidea and Elovl3 mRNA levels in the SENP2-

adipoKO SVF–derived adipocytes. Knockdown of C/EBPβ suppressed 

the induction of Ucp1 and Cidea expression by SENP2 KO. Moreover, 

the reduction of Hoxc10 expression by SENP2 KO was restored by 

C/EBPβ knockdown.  

There is a putative C/EBPβ binding site in Hoxc10 promoter. C/EBPβ 

decreased Hoxc10 promoter activity in the presence of UBC9- and 

SUMO-expression vectors, Hoxc10 promoter activity was restored 

when SENP2-expression vector was cotransfected. These results 

suggest that sumoylated form of C/EBPβ efficiently suppresses Hoxc10 

transcription.  

In summary, loss of SENP2 leads to accumulation of sumoylated form 

of C/EBPβ which efficiently represses Hoxc10 transcription and 

eventually contributes to promote browning of white adipose tissue. 

---------------------------------------------------------------------------------------------- 

Keywords: SENP2, browning of white adipose tissue, Hoxc10, C/EBPβ  

Student number: 2012-30580 
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Introduction 

 

Obesity is associated with several metabolic disorders, including type 

2 diabetes. Mammals have two different types of adipose tissue, white 

(WAT) and brown adipose tissue (BAT). WAT is the primary site of 

energy storage, while BAT is involved in energy expenditure through 

thermogenesis [1]. Recently, a distinct type of thermogenic fat cells 

termed “beige adipocytes” has been reported. These beige fat cells exist 

within WAT but have the functional characteristics of classical brown 

adipocytes. They also promote so-called “browning” of WAT and 

energy expenditure [2-6]. How the white-to brown fat transition is 

regulated is an important issue, as thermogenesis plays a significant 

role in regulating body weight and protects against diabetes and obesity 

[7-9]. Therefore, it is an important question of what molecular 

mechanisms regulate the process of browning in WAT. Several positive 

regulators involved in brown fat differentiation and function have been 

identified. Many of these positive regulators of BAT are also involved 

in the browning of WAT [10-12].  

Mice with increased brown or beige fat function resist weight gain, 

but also display improvements in systemic metabolism, including 
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improved glucose tolerance and an increased sensitivity to insulin [13, 

14]. In humans, high levels of brown and beige fat activity also 

correlate with leanness, suggesting that there could be an important 

natural role for brown and beige fat in the human metabolism [15, 16].  

 

Small ubiquitin-like modifier (SUMO) is conjugated to a variety of 

proteins and modulates their localization, stability, and interaction with 

other proteins [17, 18]. SUMO modification (sumoylation) is involved 

in many processes such as cell cycle progression, gene expression, and 

signal transduction [19, 20]. Modification of proteins by SUMO is 

reversible, and SUMO can be removed from its substrate by the 

SUMO-specific protease family members [21]. Six mammalian SENP 

family members have been identified, and they exhibit different cellular 

localization as well as different substrate specificity [18]. SENPs also 

play important roles in the control of various cellular events. Knockout 

of either SENP1 or SENP2 results in embryonic lethality [22, 23], 

suggesting that the regulation of sumoylation is essential for 

developmental processes. It has also been reported that SENP5 

regulates cell division and mitochondrial morphology [24].  

Little is known about the role of SENPs in regulation of energy and 

metabolism. Recent studies have shown that SENP2 regulates fatty acid 
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metabolism through transcriptional induction of the FAO-related 

enzymes by desumoylation of PPARδ and PPARγ in skeletal muscle 

[25]. SENP2 also plays a critical role in the regulation of adipogenesis 

by desumoylation and stabilization of C/EBPβ. Knockdown of SENP2 

mRNA strongly attenuates adipocyte differentiation and caused a 

marked reduction in the level of C/EBPβ protein. Furthermore, 

adipogenesis was significantly inhibited in the SENP2 knockdown 

stable cells when they were implanted into mice [26]. These reports 

establish a critical role of SENP2 in the regulation of adipogenesis. 

 

As I mentioned before, the important question is how the process of 

browning of WAT was regulated. Several transcriptional regulators, 

such as PPARγ and C/EBPβ are involved in white and brown fat 

differentiation and function [27, 28]. Despite the differences between 

BAT and WAT in their functions and developmental origins, many of 

the transcription cascades, including PPARγ and the C/EBPs, are 

important both in white and brown adipocyte differentiation. However, 

the expression and transcriptional activity of these factors are 

differentially regulated. C/EBPβ is expressed at higher levels in BAT 

than in WAT, and it is increased further in response to cold in BAT. 

Loss of C/EBPβ is associated with defective thermogenesis, whereas 
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increasing the amounts of C/EBPβ in white fat cells triggers a brown 

fat transcriptional profile [27, 29, 30]. In WAT, β-adrenergic agonists 

increase the amounts of C/EBPβ through miRNA-mediated degradation 

of HOXC8 (homeobox C8), a repressor of C/EBPβ transcription [31]. 

 

The expression patterns of the homeobox genes (Hox genes) are 

characteristically distinct between BAT and WAT, which implicates an 

important role of Hox genes in the determination of two fat types. Hox 

genes are representative of developmental genes and confer an 

anteroposterior positional identity during embryogenesis. Several Hox 

genes have roles in hematopoiesis, myogenesis, and cardiogenesis, but 

relatively less is known about their roles in adipogenesis. Recent 

studies report that homeobox transcription factors (HOX genes) may 

play a role in the determination of adipose tissue expandability and 

body fat distribution [32, 33]. These studies suggest that HOXC9 and 

HOXC10 may play an important role in the development of obesity, 

adverse fat distribution, and subsequent alterations in whole-body 

metabolism and adipose tissue function [34]. Also, it has been reported 

that HOXC10 is identified as a novel “brake” of brown remodeling in 

inguinal WAT [35]. HOXC10, a member of the homeobox-containing 

transcription factor family, is involved in breast cancer, thyroid cancer, 
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and cervical squamous cell growth [36-38]. HOXC10 is enriched in 

subcutaneous fat compared with visceral fat in humans, which raises 

the possibility of HOXC10 in regulating adipose tissue remodeling [34]. 

It was reported recently that HOXC10 is enriched in SC WAT, which is 

a key negative regulator in the process of browning subcutaneous white 

adipose tissue (SC-WAT). According to reports, overexpression of 

HOXC10 in adipocytes suppresses brown fat genes, whereas the 

depletion of HOXC10 in adipocytes increases the expression of brown 

fat genes. Expression of HOXC10 in mice suppresses cold-induced 

browning in SC-WAT. HOXC10 exerts its effect by suppressing 

PRDM16 expression [39]. These recent studies suggest that HOXC10 

might be a clue to reveal a new mechanism of control of browning. 

SENP2 is closely related to lipid metabolism and plays an important 

role in adipogenesis. I wanted to investigate the role of SENP2 in 

adipocytes by studying in phenotype in adipocyte-specific SENP2-

knockout mice. Further, I also analyzed the characteristic of 

differentiated adipocytes from stromal vascular fraction of white 

adipose tissue.  
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Materials and methods 

 

Generation of Senp2flox/+ mice and adipocyte-specific SENP2- 

knockout mice 

Mice bearing a LoxP-flanked Senp2 allele (Senp2flox/+ mice) were 

generated by the inGenious Targeting Laboratory (Stony Brook, NY, 

USA). Briefly, a BAC clone (C57BL/6, RPC23:255D9 clone) 

containing an 8.36 kb fragment of Senp2 genomic DNA was used to 

generate a targeting vector. Six independent Senp2flox/+ embryonic stem 

cell (ES) clones were identified, which were injected into C57BL/6 

blastocysts to generate chimeric mice. The chimeric mice were bred 

with wild type C57BL/6 mice for germline transmission. Heterozygous 

animals were then crossed with mice expressing flp-recombinase in the 

germline (Flipper mice, from Jackson lab, USA) to delete the FRT-

flanked Neo cassette. Offspring of these mice were heterozygous for 

the desired Senp2flox/+ allele. SENP2 adipocyte specific-knockout mice 

(SENP2-adipoKO) were generated by mating Senp2flox/flox with 

adiponectin-Cre transgenic mice (Jackson lab) (Fig 2).   
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Animal and Metabolic analysis 

All aspects of animal care and experimentation were conducted in 

accordance with the Guide for the Care and Use of Laboratory Animals 

of the National Institutes of Health, and approved by the Institutional 

Animal Care and Use Committee of Seoul National University 

Bundang Hospital, Korea (Permit Number: BA1403-149/013-01). All 

animals were housed at 22-24°C, with a 12:12-h light-dark cycle and ad 

libitum access to standard pelleted chow or high-fat diet, (HFD; 58 kcal% 

fat w/sucrose, D12331; Research Diets, New Brunswick, NJ, USA) and 

water.  

The mice were genotyped at 3 weeks old, and were fed HFD from 7-8 

weeks old for 12 weeks. Body weight was measured weekly, and body 

composition was assessed by dual-energy X-ray absorptiometry (DXA), 

and scanned using LUNAR Prodigy scanner with software version 8.10 

(GE Healthcare, PA, USA) before sacrifice. Oxygen consumption, 

carbon dioxide production, heat production, and locomotor activity 

were measured using Comprehensive Lab Animal Monitoring System 

(CLAMS; Columbus Instruments, Columbus, OH, USA). Food intake 

and water intake were recorded weekly during HFD feeding. 
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For the glucose tolerance test (GTT), mice were given an 

intraperitoneal (i.p.) injection of glucose (1 g/kg body weight) after 16 

h starvation. For the insulin tolerance test (ITT), mice fasted for 6 h 

were injected with human insulin (1 U/kg body weight). Serum glucose 

levels were determined by taking tail blood samples using a OneTouch 

Ultra glucometer (LifeScan, Milpitas, CA, USA). Serum insulin 

(ALPCO, NA, USA), leptin, (Millipore, Billerica, MA, USA) and 

adiponectin (Millipore) were measured by an enzyme-linked 

immunosorbent assay. Triacylglycerol (TG) levels (Cayman Chemical, 

Ann Arbor, MI, USA) and free fatty acid (FFA) levels (Wako 

chemicals, Richmond, VA, USA) were determined using a colorimetric 

assay. Body temperatures were measured rectally using a digital 

thermometer.  

 

Western blot analysis 

Tissue and cells were lysed in RIPA buffer (Millipore) supplemented 

with protease inhibitors (10 μg/ μl aprotinin, 10 μg/ μl luepeptin and 1 

mM PMSF). Protein concentration was measured by BCA reagent 

(Pierce, Rockford, IL, USA). Cell or tissue lysates (15~50 μg of protein) 
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were separated on a sodium dodecyl sulfate (SDS)-polyacrylamide gel. 

Proteins on the SDS-polyacrylamide gel were transferred onto a 

nitrocellulose membrane (GE Healthcare). The membrane was blocked 

with 5 % skim milk in Tween 20-Tris-buffered saline (TBS-T) for 1 h 

at room temperature, and it was incubated with the specific primary 

antibody in 0.1 % TBS-T for overnight at 4 ℃. Hybridized primary 

antibodies were detected using a horseradish peroxidase-conjugated 

species-specific immunoglobulin G antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA). The bands were visualized 

utilizing enhanced chemiluminescence (Pierce, Rockford, IL, USA). 

 

RNA preparation and real-time PCR 

Total RNAs were isolated using TRIzol (Invitrogen, MA, USA) 

according to the manufacturer’s instruction. To prepare cDNA, 10 μl of 

reaction buffer (Invitrogen), 5 μl of 100 mM DTT, 2.5 μl of 10 mM 

dNTP, 1 μl of Oilgo dT, 0.5 μl of RNase inhibitor, 2 μl of RTase, and 1 

μg of RNA were mixed along with RNase free water, which was added 

to 50 μl. The mixture was incubated at 37 ℃ for 1h and at 72 ℃ for 10 

min using PCR system. Expression levels of genes were determined by 
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using SYBR-master mix (Takara, Otsu, Shiga, Japan) and the ABI 

7500 Real-time PCR system (Applied Biosystem, CA, USA). The 

analysis was performed in duplicates and repeated at least three times. 

Relative mRNA expression levels were calculated using the 2-ΔΔCt 

method and normalized to GADHP or β-actin. Primer sequences are 

listed in Table 1.  
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Table 1. Primer sequences 

  Forward Primer Reverse Primer 

Senp2 CAGTCTCTACAATGCTGCCAG CCAGAAGGGGCCACATTC 
Ucp1 ACTGCCACACCTCCAGTCATT  CTTTGCCTCACTCAGGATTGG  
Cidea TGACATTCATGGGATTGCAGA GGCCAGTTGTGATGACTAAGA 
Elovl3 TTCTCACGCGGGTTAAAAATGG GAGCAACAGATAGACCAC 
Dio2 CAGTGTGGTGCACGTCTCCAAT TGAACCAAAGTTGACCACCAG 
Pgc1α ACCTGACACAACGCGGACAG TCTCAAGAGCAGCGAAAGCG 

Prdm16 CAGCACGGTGAAGCCATTC GCGTGCATCCGCTTGTG 
Adipoq CGATTGTCAGTGGATCTGACG CAACAGTAGCATCCTGAGCCC T 
Resistin AAGAACCTTTCATTTCCCCTCCT GTCCAGCAATTTAAGCCAATGTT 
Fabp4 GGGGCCAGGCTTCTATTCC GGAGCTGGGTTAGGTATGGG 

Hsl ACGGCGGCTGTCTAATGT C AAACTACGGTATCCGTTGGCT 
Wdnm1-like 

protein ATGAAGCTAGGAGCCTTCCTTC CTGACACATTGTTCCTCTGGC 

Angiotensiogen GCACCCTGGTCTCTTTCTACC TGTGTCCATCTAGTCGGGAGG 
Trim14 TTGGAAGACGCCGGGGAAAGG GGCCAGTACTTCCTCTTCATCCAG 
Nnmt GGAGCCTTTGACTGGTCCCCA CCTGCTTGATTGCACGCCTCA 
Gpr64 CCACACCAGCCCCATCTGTCC TCCATCTGGGATACTTGGGCTTCC 
Fgf21 TACACAGATGACGACCAAGA GGCTTCAGACTGGTACACAT 

Cox7a1 CAGCGTCATGGTCAGTCTGT AGAAAACCGTGTGGCAGAGA 
Cyc1 CCTGCCACAGCATGGATTATG TGGCCGCATGAACATCTCC 

Hoxc10 CCTCGCAATGTAACTCCGAACT ACCCCGCAGTTGAAGTCACT 
Smad3 GTTGGACGAGCTGGAGAAGG TGCTGTGGTTCATCTGGTGG 
Klf11 GTGCCCCTCAGGTAGACTT CACAAACTTCTTCTCTCCC 

Zfp516 AGCGCTTGGATATCCTCAGTA GAGGGGCCCTGCTGGCACAGT  
Pparγ TCAGGGCTGCCAGTTTCG GTAATCAGCAACCATTGGGTCA 
C/ebpβ ACCTGGAGACGCAGCACAAG CTGCTTGAACAAGTTCCGCAG 

Rip140 AGACCAGAACTTTAACCTCTCG
G CGATGGAATCAGACAGCCTCT 

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 
β-actin GAAGCTGTGCTATGTTGCTCTA GGAGGAAGAGGATGCGGCA 
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H&E staining and Immunohistochemistry 

Tissues were fixed in 4 % formaldehyde and embedded in paraffin. 

Sections were stained with hematoxylin and eosin. 

Immunohistochemistry staining was performed on paraffin sections 

with antibodies to UCP1 (abcam, Cambridge, UK), according to 

standard protocols.  

 

Plasmids and antibodies 

A DNA fragment from -1567 bp to -22 bp (from ATG) of the mouse 

Hoxc10 promoter was inserted into the pGL2-basic vector (Promega, 

Madison, WI) to generate mHoxc10 (-1567) Luc. Further, mHoxc10 (-

908) Luc was constructed by inserting the promoter fragment from -

908bp to -22bp of the mouse Hoxc10 promoter into pGL2-enhancer 

vector. To generate mHoxc10 (−1034 mt) Luc, DNA sequences 

between −1034 bp and −1026 bp of the mHoxc10 (−1567) Luc, 5′ -

TGGAGCAAAG-3′, were changed to 5′- ACCTGCAAAG -3′. This 

was achieved using the Quick-Change site directed mutagenesis Kit 

(Stratagene, La Jolla, CA, USA). 

Antibodies against SENP2, HOXC10, and GAPDH were purchased 
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from Santa Cruz Biotechnology. Antibodies against C/EBPβ and UCP1 

were obtained from abcam and antibody against γ-tubulin was 

purchased from Sigma-aldrich (St Louis, MO, USA). CL316243 was 

also purchased from Sigma-aldrich.  

 

Adipocyte differentiation of stromal vascular fraction cells  

Stromal vascular fraction (SVF) cells were isolated from the SC-WAT 

of 8–12-week-old mice. SC-WAT was excised and minced in digestion 

buffer (100 mmol/l HEPES pH7.4, 120 mmol/l NaCl, 50 mmol/l KCl, 5 

mmol/l glucose, 1 mmol/l CaCl2, 1.5 % BSA-fatty acid free, and 1 

mg/ml collagenase II), and the tissue was incubated at 37 °C with 

shaking for 1 h. Larger particles were removed using a 100 μm cell 

strainer, and 20 ml Hank’s buffered salt solution (HBSS, Gibco Life 

Technolosies, Carlsbad, CA, USA) supplemented with 10 % fetal 

bovine serum (FBS, Gibco Life Technolosies) and 10 mM HEPES was 

added to filtrates. The filtrates were centrifuged at 2500 rpm for 10 min 

to remove floating adipocytes. The pelleted SVF cells were 

resuspended in Dulbecco’s modified Eagle’s medium (DMEM, Gibco 

Life Technolosies) supplemented with 10 % FBS. Adipocyte 
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differentiation of confluent SVF cells was induced after 2 days via 

treatment with DMI [5] in DMEM supplemented with 10 % FBS. Two 

days after treatment, cells were maintained in DMEM supplemented 

with 10 % FBS and  1  μg/ml insulin for additional 5 days. The media 

was changed every 2 days.  

 

Oil Red O staining 

Cells were washed once with PBS, and subsequently fixed for 10 min 

in 4 % formalin. After fixation, lipid droplets were stained by 5 % Oil 

Red O in 60 % isopropanol for 1 h. Cells were washed twice with 

distilled water and observed using a microscope.  

 

siRNA transfection  

Small interfering RNAs (siRNAs) of SENP2, C/EBPβ, PPARγ, PGC1α, 

and PRDM16 were purchased from Dharmacon (Chicago, IL, USA). 

Nonspecific siRNAs (siNS) were purchased from BIONEER (Daejeon, 

Korea). 100 nM of siRNAs or siNS were mixed with RNAiMAX 

(Invitrogen) in 100 μl of serum-free DMEM and incubated for 30 min 
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at room temperature. The complex was treated to the cells with 400 μl 

of serum-free DMEM. After 3 h incubation, 500 μl of DMEM 

supplemented with 10 % FBS was added.  

 

Transient transfection of plasmids and Luc reporter assay 

COS-7 cells were cultured in DMEM supplemented with 10 % FBS. 

COS-7 cells were seeded at 12-well plates and transfected with 0.3 μg 

reporter vectors, 0.01 μg or 0.025 μg expression vector for C/EBPβ WT, 

C/EBPβ K133R, 0.1 μg UBC9, 0.1 μg SUMO,  0.1 μg pRSV-β-

galactosidase using Lipofectamine, and Plus reagent (Invitrogen). 

Luciferase and β-galactosidase activities were measured according to 

the manufacturer’s instruction (Promega).  

 

Statistical Analysis  

Statistical analysis was performed using SPSS version 12.0 (SPSS inc.). 

Statistical significances of the differences were determined by 

Student’s t test for paired samples. P < 0.05 was considered statistically 

significant.  
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Result 

 

SENP2 expression in WAT and BAT 

To examine the difference in expression of SENP2 in tissues, protein 

levels of SENP were examined in gastrocnemius muscle (GM), liver, 

SC-WAT, epididymal WAT (Epi-WAT), and BAT. Immunoblotting 

analysis from these tissues revealed that SENP2 was highly expressed 

in white adipose tissues when compared with brown adipose tissue 

from wild type (WT) mice (Fig 1A). Similarly, mRNA levels of SENP2 

in SC-WAT were significantly higher than those in BAT of WT mice 

(Fig 1B).  
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Figure 1. SENP2 was highly expressed in white adipose tissues 

(A) Protein levels of SENP2 were examined in several tissues of WT 

mice. Tissue lysates (5 μg) were separated by SDS-PAGE and 

immunoblots, with an antibody for SENP2 and γ-tubulin. GM, 

gastrocnemius muscle; Epi-WAT, epididymal white adipose tissue; SC-

WAT, subcutaneous white adipose tissue; BAT, brown adipose tissue. 

(B) Total RNA was isolated from SC-WAT and BAT of WT mice. The 

RNA (1 μg) was subjected to real-time PCR using primers for SENP2 

(n=14). The mRNA level of SC-WAT was expressed as 1, and the 

other was expressed as its relative values. The data are presented as the 

mean ± SEM. *P < 0.01 vs. SC-WAT   
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Generation of adipocyte-specific SENP2-deficient mice 

I generated mice lacking SENP2 in adipocytes (SENP2-adipoKO) by 

mating SENP2 floxed mice with adiponectin-Cre recombinase 

transgenic mice (Fig 2). Immunoblotting analysis from adipose tissues 

revealed that SENP2 expression decreased in white adipose tissues, 

such as Epi-WAT, SC-WAT, and BAT from SENP2-adipoKO mice 

(Fig 3A). Because adipose tissue is composed of adipocytes and 

stromal vascular fraction (SVF), I isolated the adipocytes and SVF 

from SC-WAT and then performed immunoblot analysis using anti-

SENP2 antibodies. The expression of SENP2 was hardly detected in 

adipocytes of SENP2-adipoKO mice, but was similar in SVF between 

control and SENP2-adipoKO mice (Fig 3B). As revealed by real-time 

PCR, Senp2 mRNA expression was almost completely diminished in 

the Epi-WAT, SC-WAT, and BAT (Fig 4). The expression of SENP2 

was similar in the gastrocnemius muscle (GM), liver between control, 

and SENP2-adipoKO mice (Fig 5). These results demonstrate that the 

knockout of SENP2 in the SENP2-adipoKO mice was adipocyte-

specific and efficient.  
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Figure 2. Generation of adipocyte-specific SENP2-knockout mice 

Schematic representation of flox allele and Cre-deleted allele 
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Figure 3. Protein level of SENP2 decreased in adipose tissues of 

SENP2-adipoKO mice  

(A) Protein levels of SENP2 were examined in adipose tissues of WT 

and SENP2-adipoKO (aKO) mice. Tissue lysates (5 μg) were separated 

by SDS-PAGE and immunoblots with an antibody for SENP2 and γ-

tubulin. Epi-WAT, epididymal white adipose tissue; SC-WAT, 

subcutaneous white adipose tissue; BAT, brown adipose tissue. (B) 

Protein levels of SENP2 were examined in adipocytes and stromal 

vascular fraction (SVF) from WT and SENP2-adipoKO mice. 

Adipocytes and SVF were isolated from SC-WAT of WT and SENP2-

adipoKO (aKO). Lysates (5 μg) were separated by SDS-PAGE and 

immunoblots, with an antibody for SENP2 and γ-tubulin.  
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Figure 4. mRNA level of SENP2 decreased in adipose tissues 

Total RNA was isolated from Epi-WAT, SC-WAT, BAT of WT, and 

SENP2-adipoKO (aKO) mice. The RNA (1 μg) was subjected to real-

time PCR using primers for SENP2 (n=12-15/group). The mRNA level 

of WT mice was expressed as 1, and the other was expressed as its 

relative values. The data are presented as the mean ± SEM. *P < 0.01 

vs. WT. 
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Figure 5. The expression of SENP2 was similar in muscle and liver 

of WT and SENP2-adipoKO mice 

Protein levels of SENP2 were examined in the gastrocnemius muscle 

(GM), liver of WT, and SENP2-adipoKO (aKO) mice. Tissue lysates (5 

μg) were separated by SDS-PAGE and immunoblots with an antibody 

for SENP2 and γ-tubulin. 
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Metabolic phenotypes of SENP2-adipoKO mice fed normal chow diet 

Body weights were not different between SENP2-adipoKO mice and 

WT mice when they fed normal chow diet for 15 weeks (Fig 6A). BAT 

mass was significantly lower in SENP2-adipoKO mice compared to 

WT mice while WAT mass was not different between two groups (Fig 

6B). In H&E stain analysis, SC-WAT of SENP2-adipoKO mice 

showed multilocular, smaller adipocytes (Fig 7). There was no 

difference in glucose tolerance and insulin sensitivity between SENP2-

adipoKO mice and WT mice fed normal chow diet (Fig 8). 
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Figure 6. Chow diet fed-SENP2-adipoKO mice do not show 

differences in body weight   

(A) Body weight (n=15-18/group) and (B) fat depots weight (n=12-

15/group) of WT and SENP2-adipoKO (aKO) mice at 15 weeks of age 

are shown. The data are presented as the mean ± SEM. *P < 0.01 vs. 

WT   
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Figure 7. SC-WAT in SENP2-adipoKO mice showed multilocular, 

smaller adipocytes 

Sections of Epi-WAT, SC-WAT and BAT from 15 week-old WT or 

SENP2-adipoKO (aKO) mice fed chow diet were obtained, and then 

subjected to H&E staining. After stain, the slide samples were observed 

using a microscope.    
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Figure 8. Chow-fed SENP2-adipoKO mice do not display 

differences in glucose tolerance and insulin sensitivity 

(A) Glucose tolerance test and (B) insulin tolerance test were 

performed on normal chow diet fed WT or SENP2-adipoKO (aKO) 

mice. (n=10-12/group) (A) For glucose tolerance test, the mice fasted 

for 16 h were injected 1 g/kg of glucose. Then, blood glucose was 

measured using glucometer at the indicated time. (B) For insulin 

tolerance test, the mice fasted for 6 h were injected 1 unit/kg of insulin. 

And then blood glucose was measured using glucometer at the 

indicated time. The data are presented as the mean ± SEM. *P < 0.05 

vs. WT  
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SENP2-adipoKO mice are protected from high fat diet-induced 

obesity and insulin resistance 

To examine the effects of adipocyte-specific depletion of SENP2 on 

HFD induced obesity and insulin resistance, WT and SENP2-adipoKO 

mice were fed with a HFD for 12 weeks. Body weight gain was lower 

in SENP2-adipoKO mice than in WT mice (Fig 9). Despite less weight 

gain in response to HFD feeding, the daily food and water intake of 

SENP2-adipoKO mice was higher than those of WT mice (Fig 10). 

These results suggest that SENP2 may affect energy usage. Also, the 

fat mass of SENP2-adipoKO mice was significantly lower than that of 

WT mice, whereas lean mass and bone mineral contents (BMC) of the 

SENP2-adipoKO mice were similar to that of WT mice (Fig 11). 

Notably, the weights of Epi-WAT, SC-WAT, and BAT of SENP2-

adipoKO mice were significantly lower than those of WT mice (Fig 12). 

The adipocyte size of white adipose tissues in SENP2-adipoKO mice 

significantly decreased when compared with WT mice after 12 weeks 

of HFD (Fig 13). In H&E stain analysis, SC-WAT of SENP2-adipoKO 

mice showed numerous multilocular, smaller adipocytes (Fig 14). In 

contrast of WAT, lipid droplets of BAT were enlarged in SENP2-

adipoKO mice (Fig 13).  
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To explore the role of adipocyte-specific SENP2 deficiency in 

obesity-induced insulin resistance, GTTs and ITTs were performed 

after 12 weeks of HFD. SENP2-adipoKO mice showed improved 

glucose tolerance and improved insulin sensitivity compared with WT 

mice (Fig 15). Serum levels of leptin and adiponectin decreased in the 

SENP2-adipoKO mice (Fig 16). Serum Triglyceride (TG) or free fatty 

acid (FFA) levels were not changed in SENP2-adipoKO mice (Fig. 16). 

 To determine whether SENP2-adipoKO mice also exhibited increased 

energy expenditure, I monitored the metabolic activities of the mice 

using CLAMS. SENP2-adipoKO mice displayed increased O2 

consumption (Fig 17A) and CO2 production (Fig 17B). Heat production 

and respiratory exchange ratio (RER) were also elevated in SENP2-

adipoKO mice compared to WT mice, whereas locomotor activity was 

not different in SENP2-adipoKO mice (Fig 18). Collectively, these 

results showed that SENP2-adipoKO mice were resistant to HFD-

induced obesity, improved glucose tolerance and insulin sensitivity. 

Furthermore, SENP2-adipoKO mice exhibited increased energy 

expenditure.  
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SENP2 depletion promotes browning of WAT  

I isolated RNAs from SC-WAT of SENP2-adipoKO mice fed HFD 

and measured mRNA expression of BAT- and WAT-specific gene by 

real-time PCR. The mRNA levels of BAT-specific genes such as Ucp1, 

CideA, Pgc1α, Dio2, and Elovl3 were higher in the SC-WAT of 

SENP2-adipoKO mice compared to WT mice (Fig 19). However, 

expression of Prdm16, an important transcription factor for BAT 

development, was not increased. In addition, mRNA levels of 

mitochondrial oxidative phosphorylation-related proteins (Cox7a1 and 

Cox8b) were higher in the SC-WAT of SENP2-adipoKO mice than in 

WT mice (Fig 19). The mRNA levels of several adipocyte-rich 

transcription factors were not changed. By contrast, the expression of 

Hoxc10, a negative regulator in browning of white adipose tissues, was 

significantly lower in SC-WAT of SENP2-AdipoKO mice than in WT 

mice (Fig 19). The data suggest that loss of SENP2 in WAT promoted 

browning of WAT.  
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Figure 9. SENP2-adipoKO mice are protected against high fat diet 

(HFD)-induced obesity 

(A) WT and SENP2-adipoKO (aKO) mice were fed a high fat diet 

(HFD). Their body weights were recorded every week for 12 weeks. 

(n=19/group) The data are presented as the mean ± SEM. *P < 0.01 vs. 

WT (B) Representative photograph of 20-week-old WT or SENP2-

adipoKO mice fed HFD for 12 weeks was shown.  
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Figure 10. Food and water intake of SENP2-adipoKO mice was 

higher than that of WT mice  

(A) Food intake as well as (B) water intake of WT and SENP2-

adipoKO (aKO) mice fed HFD for 12 weeks. The data are presented as 

the mean ± SEM. *P < 0.05 vs. WT  
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Figure 11. SENP2-adipoKO mice have reduced fat mass 

Body fat mass and lean mass of WT and SENP2-adipoKO (aKO) mice 

were measured using DXA after feeding the mice HFD for 12 weeks. 

BMD (bone mineral density) and BMC (bone mineral content) were 

measured using DXA after feeding the mice HFD for 12 weeks. The 

data are presented as the mean ± SEM. (n=14–15/group) *P < 0.01 vs. 

WT 
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Figure 12. SENP2-adipoKO mice fed high fat diet showed marked 

decrease in fat mass  

(A) Upper panels show in Epi-WAT, SC-WAT, and BAT depot 

weights in 20 week-old WT or SENP2-adipoKO mice fed HFD for 12 

weeks. The data are presented as the mean ± SEM. (n=14–15 

animals/group) Lower panels show representative fat pads. *P < 0.01 

vs. WT (B) Liver, and GM weights were recorded in the 20 week-old 

WT of SENP2-adipoKO mice fed HFD for 12 weeks. The data are 

presented as the mean ± SEM. (n=14–15 animals/group)  
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Figure 13. The adipocyte size of white adipose tissues in SENP2-

adipoKO mice significantly decreased 

(A) Representative hematoxylin and eosin stained sections from Epi-

WAT, SC-WAT, BAT and liver of 20-week-old WT or SENP2-

adipoKO mice fed HFD for 12 weeks. (B) Adipocyte diameter was 

measured in Epi-WAT and SC-WAT.  
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Figure 14. SC-WAT of SENP2-adipoKO mice showed numerous 

multilocular adipocytes 

Representative hematoxylin and eosin stained sections from SC-WAT 

of 20 week-old WT or SENP2-adipoKO mice fed HFD for 12 weeks 
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Figure 15. Glucose tolerance and insulin resistance improved in 

SENP2-adipoKO mice 

(A) Glucose tolerance test and (B) insulin tolerance test were 

performed in HFD fed WT or SENP2-adipoKO (aKO) mice. 

(n=20/group) (A) For the glucose tolerance test, the mice fasted for 16 

h were injected 1 g/kg of glucose. Then, blood glucose level was 

measured using glucometer at the indicated time. (B) For insulin 

tolerance test, the mice fasted for 6 h were injected 1 unit/kg of insulin. 

Then, blood glucose level was recorded using glucometer at the 

indicated time. The data are presented as the mean ± SEM. *P < 0.05 

vs. WT at corresponding time point  
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Figure 16. Serum levels of leptin and adiponectin decreased in the 

SENP2-adipoKO mice in HFD condition 

Serum insulin, leptin, adiponectin, triglycerides, and free fatty acid 

levels were measured in WT and SENP2-adipoKO (aKO) mice fed 

HFD for 12 weeks.  (n=20-22/group) *P < 0.05 vs. WT   
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Figure 17. Increased energy expenditure in SENP2-adipoKO mice  

(A) O2 consumption rate (VO2) and (B) CO2 consumption rate (VCO2) 

were measured using CLAMS in 20 week-old WT or SENP2-adipoKO 

mice fed HFD for 12 weeks. The data are presented as mean ± SEM.  

(n = 9–12/group) *P < 0.05 vs. WT  
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Figure 18. Heat production and respiratory exchange ratio (RER) 

were also elevated in SENP2-adipoKO mice 

(A) The respiratory exchange ratio (RER) was calculated by measuring 

the volume of CO2 versus the volume of O2 (VCO2/VO2) ratio. (B) 

Heat production and (C) locomotor activity of WT and SENP2-

adipoKO mice were measured by using CLAMS. The data are 

presented as mean ± SEM. (n = 9–12/group) 
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Figure 19. The mRNA levels of BAT-specific genes were higher in 

the SC-WAT of SENP2-adipoKO mice compared to WT mice  

Total RNA was isolated from SC-WAT of WT and SENP2-adipoKO 

(aKO) mice. The RNA (1 μg) was subjected to real-time PCR using 

primers for (A) BAT-related genes, (B) WAT-related genes, (C) 

mitochondria gene and (D) transcription factors gene. (n=14-15/group) 

The mRNA level of WT mice was expressed as 1, and the other was 

expressed as its relative values. The data are presented as the mean ± 

SEM. *P < 0.05 vs. WT. **P < 0.01 vs. WT.  
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Loss of SENP2 in BAT decreases BAT marker gene expression 

Next, I examined the expression of various genes in BAT of WT and 

SENP2-adipoKO mice. In contrast to WAT, mRNA levels of Ucp1, 

Cidea were lower in BAT of SENP2-adipoKO mice than WT mice. 

However, expression of other BAT markers, Elovl3 and Pgc1α 

increased and Hoxc10 also increased in BAT of SENP2-adipoKO mice 

(Fig 20). Expression of WAT-specific genes including resistin and Agt 

increased in SENP2-adipoKO mice (Fig 20), suggesting that SENP2 

depletion weakened BAT function.  

 

Enhanced thermogenesis in SENP2-adipoKO mice 

To investigate the function of SENP2 in the thermogenic adaptation of 

SC-WAT, I exposed SENP2-adipoKO mice and WT mice to 4 ℃ for 3 

h. With cold exposure, SENP2-adipoKO mice maintained their body 

temperature at a significantly higher level than WT mice (Fig 21).  

Under these conditions, SC-WAT mRNA levels for Ucp1, Elovl3, and 

Pgc1α were increased in SENP2-adipoKO mice (Fig 22). UCP1 protein 

was clearly detected in SC-WAT from SENP2-adipoKO mice by both 

Western blotting and immunohistochemistry (Fig 23). Together, the 
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data suggest that SENP2-adipoKO mice enhanced thermogenesis by 

increasing BAT specific gene expression in SC-WAT.   
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Figure 20. Change in mRNA expression of BAT- and WAT-related 

genes in BAT of SENP2-adipoKO mice 

Total RNA was isolated from BAT of WT and SENP2-adipoKO 

(aKO) mice. The RNA (1 μg) was subjected to real-time PCR using 

primers for (A) BAT-related genes and (B) WAT-related genes. 

(n=12/group) The mRNA level of WT mice was expressed as 1, and the 

other was expressed as its relative values. The data are presented as the 

mean ± SEM. *P < 0.05 vs. WT. **P < 0.01 vs. WT 
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Figure 21. SENP2-adipoKO mice maintained their body 

temperature at a significantly higher level after cold exposure  

Rectal temperature was measured in control and SENP2-adipoKO mice 

every 30 min for 3 h after exposure to a 4 °C environment. (n=10-

12/group) *P < 0.05 vs. WT  
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Figure 22. SC-WAT mRNA levels for Ucp1, Elovl3, and Pgc1α 

increased in SENP2-adipoKO mice after cold exposure  

Total RNA was isolated from SC-WAT of WT and SENP2-adipoKO 

(aKO) mice after 3 h cold exposure. The RNA (1 μg) was subjected to 

real-time PCR. (n=10-12/group) The mRNA level of WT mice was 

expressed as 1, and the other was expressed as its relative values. The 

data are presented as the mean ± SEM. *P < 0.05 vs. WT. **P < 0.01 

vs. WT  
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Figure 23. UCP1 expression increased in SENP2-adipoKO mice 

after cold exposure  

(A) Immunoblot protein of UCP1 in SC-WAT of SENP2-adipoKO 

mice and WT mice after 3 h cold exposure. (B) Immunohistochemistry 

staining of UCP1 in paraffin sections of SC-WAT of SENP2-adipoKO 

mice and WT mice after 3 h of cold exposure.  
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Enhanced differentiation of SVF from SC WAT into functional 

beige adipocytes in SENP2-adipoKO mice 

The stromal vascular fraction (SVF) of WAT contains fat progenitor 

cells that have the potential to differentiate into adipocytes. I isolated 

SVF from SC-WAT of WT mice and SENP2-adipoKO mice, followed 

by induction of adipocyte differentiation. Both groups of SVF 

efficiently differentiated into adipocytes, as indicated by Oil Red O 

staining (Fig 24A). Notably, brown adipocyte-specific genes (Ucp1, 

Cidea, Elovl3, Dio2, Pgc1α and Prdm16) significantly increased in the 

SENP2-adipoKO SVF-derived adipocytes compared with WT SVF, 

while Hoxc10 expression significantly decreased in the SENP2-

adipoKO SVF-derived adipocytes (Fig 24B). Immunoblotting analysis 

from SVF-derived adipocytes revealed that SENP2 expression 

decreased in the SENP2-adipoKO SVF-derived adipocyte compared 

with WT SVF. The expression of Hoxc10 was hardly detected in the 

SENP2-adipoKO SVF-derived adipocyte (Fig 26). To examine whether 

SENP2 knockdown in WT SVF-derived adipocyte revealed similar 

characteristic to SENP2-adipoKO SVF-derived adipocyte, siRNA of 

SENP2 was transfected to WT SVF-derived adipocyte. Knockdown of 

SENP2 in WT SVF-derived adipocyte significantly increased brown 
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adipocyte-specific genes (Ucp1, Elovl3), while significantly decreased 

Hoxc10 expression (Fig 25).  

To evaluate the response of SVF-derived adipocytes to β adrenergic 

stimuli, the cells were treated with CL316243 (10 μM), a β3 adrenergic 

receptor agonist for 5 h. UCP1 protein level of the SENP2-adipoKO 

adipocytes increased after CL316243 treatment (Fig 26). Similarly, 

mRNA levels of Ucp1 and Pgc1α increased after CL316243 treatment 

(Fig 27). Taken together, the data demonstrates that SENP2-adipoKO 

SVF-derived adipocyte was supposed to be functional beige adipocyte.  
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Figure 24. Brown adipocyte-specific genes were significantly 

increased in the SENP2-adipoKO SVF-derived adipocytes 

The stromal vascular cells (SVF) were isolated from SC-WAT of WT 

and SENP2-adipoKO mice. (A) Oil Red O staining was performed in 

the differentiated SVF cells from WT and SENP2-adipoKO mice, after 

differentiation for 7 days with classical white adipocyte induction. (B) 

Total RNA was isolated from SVF-derived adipocytes. The RNA (1 

μg) was subjected to real-time PCR. The mRNA level of WT mice was 

expressed as 1, and the other was expressed as its relative values. The 

data are presented as the mean ± SEM. *P < 0.05 vs. WT. **P < 0.01 

vs. WT 

 

 

 

 

 

 

 



５５ 

 

 

 

 

 

Figure 25. Knockdown of SENP2 in WT SVF-derived adipocyte 

increased brown adipocyte-specific genes 

WT SVF-derived adipocytes were transfected with siRNA (100 nM) 

of SENP2 for 2 days. Total RNA was isolated from SVF-derived 

adipocytes, and the RNA (1 μg) was subjected to real-time PCR. The 

mRNA level of siNS transfected cell was expressed as 1, and the other 

was expressed as its relative values. The data are presented as the mean 

± SEM. *P < 0.05 vs. WT. **P < 0.01 vs. WT. 
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Figure 26. UCP1 protein level of the SENP2-adipoKO adipocytes 

was increased after CL316243 treatment  

SVF-derived adipocyte was treated with CL316243 (10 μM) for 5 h. 

Lysates (10-35 μg) were separated by SDS-PAGE and immunoblots 

with an antibody for SENP2, UCP1, Hoxc10, and GAPDH. CL, 

CL316243; WT, WT SVF-derived adipocyte; aKO, SENP2-adipoKO 

SVF derived adipocyte.   
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Figure 27. mRNA levels of Ucp1 and Pgc1α increased after 

CL316243 treatment in SVF derived adipocytes from SENP2-

adipoKO mice 

Total RNA was isolated from SVF-derived adipocytes after 5 h 

CL316243 (CL, 10 μM) treatment and the RNA (1 μg) was subjected to 

real-time PCR. The mRNA level of WT SVF-derived adipocytes was 

expressed as 1, and the others were expressed as its relative values. The 

data are as the mean ± SEM. *P < 0.05 vs. WT, #P < 0.05 vs. KO 

without CL316243  
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Reduction of Hoxc10 by SENP2 KO is necessary for the browning 

of SC-WAT 

Hoxc10 has been known as a key negative regulator in the process of 

browning in SC-WAT [39]. Hoxc10 mRNA level significantly 

decreased in SC-WAT of SENP2-adipoKO mice and in SENP-

adipoKO SVF-derived adipocytes. To examine whether Hoxc10 

reduction is important for the browning SC-WAT of SENP2-adipoKO 

mice, Hoxc10 was overexpressed using AAV-Hoxc10 in the SVF 

culture during differentiation into adipocytes. When AAV-Hoxc10 was 

transfected, Ucp1, Cidea and Elovl3 mRNA levels decreased in the 

SENP2-adipoKO SVF–derived adipocytes, and the mRNA levels were 

similar to those in the cells from WT mice (Fig 28B). These results 

demonstrate that Hoxc10 reduction by SENP2 KO is necessary for the 

browning of SC-WAT. 

 

C/EBPβ mediates Hoxc10 reduction by SENP2 KO 

Several transcription factors involved in browning, such as PPARγ, 

C/EBPβ, PGC1α and PRDM16, can be modified by SUMO. To 

determine whether browning of SC-WAT from SENP2-adipoKO mice 
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is mediated by desumoylation of one of the transcription factors, I 

performed knockdown analysis of them during the SVF differentiation 

into adipocytes. Knockdown of C/EBPβ significantly suppressed the 

induction of Ucp1 and Cidea expression by SENP2 KO. Interestingly, 

the reduction of Hoxc10 expression by SENP2 KO was restored by 

C/EBPβ knockdown (Fig 29). The data suggest that C/EBPβ mediates 

suppression of Hoxc10 expression by SENP2 KO, which results in the 

negative regulation of Ucp1 and Cidea transcription.    
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Figure 28. Overexpression of Hoxc10 inhibit induction of brown 

adipocyte specific gene expression in SENP2-adipoKO SVF-

derived adipocyte 

SVF was isolated from SC-WAT of WT and SENP2-adipoKO mice, 

followed by induction of adipocyte differentiation. Fully differentiated 

SVF-derived adipocytes were infected with AAV-Hoxc10 for 2 days. 

Total RNA was isolated from SVF-derived adipocytes. The RNA (1 

μg) was subjected to real-time PCR using primer for (A) Hoxc10, 

Senp2 and (B) BAT-related gene. The mRNA level of WT SVF-

derived adipocyte without AAV-Hoxc10 infection was expressed as 1, 

and the others were expressed as its relative values. The data are 

presented as the mean ± SEM. *P < 0.05 vs. WT, **P < 0.01 vs. WT, 

#P < 0.05 vs. KO without AAV-Hoxc10 
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Figure 29. The reduction of Hoxc10 expression by SENP2 KO was 

restored by C/EBPβ knockdown 

WT and SENP2-adipoKO SVF-derived adipocytes were transfected 

with siRNA (100 nM) of each transcription factors. Total RNA was 

isolated from SVF-derived adipocytes. The RNA (1 μg) was subjected 

to real-time PCR using primer for (A) Upc1, (B) Cidea, and (C) 

Hoxc10. The mRNA level of WT SVF-derived adipocyte transfected 

siNS was expressed as 1, and the others were expressed as its relative 

values. The data are presented as the mean ± SEM. *P < 0.05 vs. WT 

transfected siNS, #P < 0.05 vs. KO transfected siNS 
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Sumoylated form of C/EBPβ efficiently suppresses Hoxc10 

transcription 

The previous studies showed that C/EBPβ can be sumolyated and 

SENP2 is the major desumoylating enzyme of C/EBPβ-SUMO 

conjugates. C/EBPβ mRNA lev els were n o t ch an ged  by SENP2  KO 

(Fig 19). Therefore, I hypothesized that C/EBPβ, especially sumoylated 

C/EBPβ, could suppress Hoxc10 transcription. To test this hypothesis, I 

generated a reporter construct of the Hoxc10 promoter, containing 

putative a C/EBPβ-binding site, which linked to the luciferase reporter 

gene [mHoxc10 (-1567) –Luc] (Fig 30).  

 When a C/EBPβ expression vector was cotransfected with the 

reporter construct, mHoxc10 (−1567) Luc, the luciferase activity 

slightly decreased, but the luciferase activities were significantly 

reduced in the presence of UBC9- and SUMO-expression vectors. In 

contrast, C/EBPβ K133R, where the sumo conjugation site was mutated, 

did not affect the luciferase activity regardless of the addition of UBC9 

or SUMO (Fig 31A). Hoxc10 promoter activity was restored when 

SENP2-expression vector was cotransfected with C/EBPβ expression 

vector (Fig 32A). I also confirmed desumoylation of C/EBPβ by 

SENP2 using western blot analysis (Fig. 32B). These results suggest 
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that sumoylated form of C/EBPβ efficiently suppresses Hoxc10 

transcription.   

To identify a C/EBPβ binding site on Hoxc10 promoter, I generated a 

deletion of the Hoxc10 promoter region [mHoxc10 (-908) Luc]. 

C/EBPβ repressed the promoter activity of mHoxc10 (−1567) Luc, but 

hardly affected that of mHoxc10 (−908) Luc (Fig 3 3A), indicating that 

there is at least a C/EBPβ acting site between −1567 bp and −908 bp of 

the Hoxc10 promoter. I found a region of DNA sequence similar to the 

consensus binding site of C/EBPβ at −1034/−1026 bp of the Hoxc10 

promoter. To figure out whether C/EBPβ directly binds to the 

sequences between -1034 and -1026 bp, I generated Hoxc10 promoter 

construct having a mutation at this site. When a construct having a 

mutation at this site [mHoxc10 (−1034 mt) Luc] was transfected, the 

promoter activity was not largely affected by C/EBPβ (Figure 33B). 

These results suggest that the C/EBP binding site between −1034 bp 

and −1026 bp of the Hoxc10 promoter mediates the effect of C/EBPβ 

on the promoter activity.  
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In summary, loss of SENP2 leads to accumulation of sumoylated form 

of C/EBPβ that binds to Hoxc10 promoter and represses the promoter 

activity of Hoxc10. So, the expression of Hoxc10 in WAT of SENP2-

adipoKO mice decreased and thereby browning of WAT was promoted 

in SENP2-adipoKO mice (Fig 34).  
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Figure 30. Hoxc10 promoter contain a putative C/EBPβ-binding 

site 

DNA fragment from -1567 bp to -22 bp (from ATG) of the mouse 

Hoxc10 promoter was inserted into the pGL2-basic vector to generate 

mHoxc10 (-1567) Luc. Further, mHoxc10 (-908) Luc was constructed 

by inserting the promoter fragment from -908 bp to -22 bp of the mouse 

Hoxc10 promoter into pGL2-enhancer vector. To generate mHoxc10 

(−1034 mt) Luc, DNA sequences between −1034 bp and −1026 bp of 

the mHoxc10 (−1567) Luc, 5′-TGGAGCAAAG-3′, were changed to 5′- 

ACCTGCAAAG -3 
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Figure 31. Hoxc10 promoter activity was inhibited by C/EBPβ WT 

(A) Luciferase activity was measured in COS-7 cells transfected with 

reporter construct, mHoxc10 (-1567) Luc vector, and C/EBPβ WT or 

C/EBPβ K133R. The data are presented as the mean ± SEM. The value 

of cells transfected with mHoxc10 (−1567) Luc without C/EBPβ  was 

set to 100 and the other values were expressed as relative values. *P < 

0.05 vs without C/EBPβ WT (B) Immunoblot analysis was performed 

with protein lysates of COS-7 cells transfected for luciferase assay. 

Lysates (10 μg) were separated by SDS-PAGE and immunoblots with 

an antibody for C/EBPβ and γ-tubulin. K133R, C/EBPβ K133R (sumo 

conjugation site mutant). 
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Figure 32. Hoxc10 promoter activity was restored when SENP2-

expression vector was cotransfected with C/EBPβ expression vector  

(A) Luciferase activity was measured in COS-7 cells transfected with 

reporter construct, mHoxc10 (-1567) Luc vector, C/EBPβ WT or 

C/EBPβ K133R, and SENP2-expression vector. The data are presented 

as the mean ± SEM. The value of cells transfected with mHoxc10 

(−1567) Luc without C/EBPβ was set to 100 and the other values were 

expressed as relative values. *P < 0.05 vs without C/EBPβ, #P < 0.05 

vs C/EBPβ WT transfected cells (B) Immunoblot analysis was 

performed with protein lysates of COS-7 cells transfected for luciferase 

assay. Lysates (10 μg) were separated by SDS-PAGE and immunoblots 

with an antibody for C/EBPβ, SENP2, and γ-tubulin. 
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Figure 33. C/EBP directly bind the site between −1034 bp and 

−1026 bp of the Hoxc10 promoter 

COS-7 cells were transfected with each construct of the Hoxc10 

promoter, C/EBPβ WT expression vector, and a pRSV-β-galactosidase. 

The data are presented as the mean ± SEM. The value of cells 

transfected with mHoxc10 (−1567) Luc without C/EBPβ was set to 

100, and the other values were expressed as relative values. *P < 0.05 

vs without C/EBPβ 
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Figure 34. A proposed model of transcriptional regulation of 

Hoxc10 by C/EBPβ sumoylation 
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Discussion 

 

There are some reports to show the roles of SENP2 in the skeletal 

muscle and the cancer cell line [25]. However, little is known about the 

role of SENPs in regulation of energy metabolism. Recent studies have 

shown that SENP2 plays an important role in adipogenesis [26]. To 

figure out the role of SENP2 in adipocytes, I generated adipose tissue 

specific SENP2 knockout mice. 

In this study, I demonstrated the important role of SENP2 in 

controlling browning in vivo using SENP2-adipoKO mice. SENP2-

adipoKO mice are lean, with reduced body fat mass, which is resistant 

to diet-induced obesity (Fig 9, 11, 12). These mice also exhibit 

increased energy expenditure and highly expressed BAT-specific 

marker genes in SC-WAT (Fig 17-19). These findings demonstrate that 

SENP2 is involved in the regulation of browning in WAT.  

Interestingly, Hoxc10 mRNA level significantly decreased in SC-

WAT of SENP2-adipoKO mice (Fig 19). When AAV-Hoxc10 was 

transfected to differentiated SVF, the promotion of browning by 

SENP2 is inhibited (Fig 28). These results demonstrate that reduction 

of Hoxc10 by SENP2 KO is necessary for the browning of SC-WAT in 
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SENP2-adipoKO mice. Furthermore, Hoxc10 promoter activity was 

inhibited by C/EBPβ expression, and inhibition of Hoxc10 promoter 

activity was restored by SENP2 cotransfection (Fig 31). The data 

demonstrate that C/EBPβ inhibits Hoxc10 promoter activity, and 

SENP2 was involved in this regulation. These findings show the novel 

role of SENP2 in regulation of browning. 

According to recent reports, Hoxc10 inhibit expression of genes 

involved in browning by suppressing PRDM16 transcription. They 

reported that Hoxc10 directly binds to the regulatory region of 

PRDM16 promoter and suppressed the expression of PRDM16. In this 

study, Hoxc10 significantly decreases in SC-WAT of SENP2-adipoKO 

mice. Despite the decrease of Hoxc10 expression, the expression of 

Prdm16 was not increased in SC-WAT of SENP2-adipoKO mice (Fig 

19). Unlike the Weiping group reported, reduction of Hoxc10 by 

SENP2 KO does not affect the expression of Prdm16 and increases the 

expression of browning related genes such as Ucp1 without activation 

of Prdm16. 

A recent study reported that SENP2 was induced in the early stage of 

adipogenesis. This event plays an essential role in the differentiation of 

adipocyte. Knockdown of SENP2 in 3T3-L1 preadipocyte led to a 
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dramatic attenuation of adipogenesis [26]. However in this study, 

SENP2 knockout led to the promotion of browning WAT rather than 

inhibiting the differentiation of WAT. SVF isolated from SC-WAT of 

SENP2-adipoKO mice or WT mice efficiently differentiated into 

adipocytes. As shown by oil-red-O staining, there was no difference in 

the degree of differentiation between the two groups (Fig 24). It is 

supposed that SENP2 is a key regulator of induction adipogenesis in 

the early stage of differentiation. Additionally, SENP2 plays a role in 

maintaining the white adipose tissue after differentiation.  

However, SENP2-adipoKO mice reduced SC-WAT mass and BAT 

under chow-diet condition. So, it is necessary to consider whether 

SENP2 KO in adipocyte affects adipose tissue formation. SENP2-

adipoKO mice have a 75 % reduction in BAT mass (Fig 6, 12). Slightly 

different from WAT, the size of BAT in SENP-adipoKO was 

significantly smaller than WT mice when both are CD-fed and HFD-

fed. In contrast to WAT, the BAT marker gene Ucp1, Cidea mRNA 

levels were lower in BAT of SENP2-adipoKO mice than WT mice. 

However, expression of other BAT markers, Elovl3 and Pgc1α, 

increased in BAT of SENP2-adipoKO mice. The study for difference in 

expression of these genes in BAT of SENP2-adipoKO mice is needed. 
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Furthermore, the study to demonstrate the role of SENP2 in BAT will 

be necessary.  

As I mentioned before, the BAT mass of SENP2-adipoKO mice 

decreased significantly. Also, BAT marker gene of SENP2-adipoKO 

mice, UCP1 decreased (Fig 20). Although BAT is involved in 

thermogenesis, when put in a 4 °C environment, SENP2-adipoKO mice 

were able to maintain their body temperature. This effect was due to the 

major increased brown fat-like cells in SC-WAT of SENP2-adipoKO 

mice. Currently, research reported that Oga+/- potentiates energy 

expenditure through the enhancement of brown adipocyte 

differentiation from the SVF of SC-WAT. These mice have a reduction 

in BAT mass, but were able to maintain their body temperature when 

put in a cold environment [40]. Another study reported that energy 

expenditure increased in FIGIRKO mice despite a > 85 % reduction in 

brown fat mass. FIGIRKO mice also accumulated newly formed brown 

adipocytes in SC-WAT [41]. These results are attributed to the 

browning of SC WAT. 

 In this study, I focused on Hoxc10 as the key factor of SENP2 

browning effect. However, not only Hoxc10, but also Hoxc8 and 

Hoxc9 were reported to be involved in browning of SC-WAT [31]. 
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Hoxc8 was reported as another negative regulator of browning of WAT. 

Hoxc8 represses C/EBPβ, whereas Hoxc10 inhibit by sumoylated 

C/EBPβ. Different HOX proteins might differentially regulate 

browning of WAT in specific manner. So, it was important to perform 

checks if the other parts of the Hoxc family might be involved in the 

browning process of SENP2-adipoKO mice.  

There are still some homework to be solved in this study. One is that 

whether the sumoylated form of C/EBPβ is a crucial factor in the 

reduction of Hoxc10 and browning of WAT in SENP2-adipoKO mice. 

Promoter assay showed that desumoylation of C/EBPβ by SENP2 

restore inhibition of Hoxc10 promoter activity. However, further study 

to determine whether desumolytion of C/EBPβ by SENP2 is involved 

directly Hoxc10 regulation in the browning of SC-WAT should be 

performed. Another is the study in SENP2-adipoKO mice fed normal 

chow-diet. In this study, almost experiment focused on HFD-fed 

SENP2-adipoKO mice. A comparative study between normal chow-

diet is also required. 

Despite the several remaining questions, the important finding of this 

study is to figure out the novel role of SENP2 in the regulation of 

browning. SENP2-adipoKO mice increase energy expenditure and 



７８ 

 

browning of SC-WAT. These results clearly showed that SENP2 plays 

an important role in browning of SC-WAT. Furthermore, SENP2 could 

be a novel therapeutic target, such as a regulator of browning, for the 

treatment of obesity-linked metabolic disorders. 
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국문초록 

SUMO-specific proteases (SENPs)는 세포 내에서 다양한 현상을 

조절하는데 중요한 역할을 한다. 최근 연구에 따르면 SENP2 는 

골격근에서 PPARδ 와 PPARγ 의 desumoylation 에 의한 FAO 관련 효소의 

전사 유도를 통해 지방산 대사를 조절한다는 것을 보여 주었다. 

SENP2 는 또한 지방 세포 분화의 조절에 중요한 역할을 한다. 

지방 세포에서 SENP2 의 역할을 연구하기 위해 adiponectin-cre 생쥐를 

사용하여 지방 조직 특이적 SENP2 Knockout (SENP2-adipoKO) 생쥐를 

제작하여 실험에 사용하였다. 고지방식 (HFD)에서 SENP2-adipoKO 

생쥐는 정상 (Wild type) 생쥐에 비해 체중 감소, 지방량 감소, 지방 세포 

크기 감소 및 내당능 개선을 보였다. 또한, SENP2-adipoKO 생쥐들은 

증가 된 산소 소비와 이산화탄소 생산을 보였다. SENP2-adipoKO 생쥐의 

백색지방세포에서 갈색지방세포 특이적 유전자의 발현이 증가되었고 

SENP2-adipoKO 생쥐는 4 ℃ 환경에 노출시켰을 때 정상 생쥐에 비해 

체온이 더 높게 나타났다. 

생쥐의 백색지방세포 분리한 stromal vascular fraction (SVF)를 

지방세포로 분화 시켰을 때, SENP2-adipoKO SVF 유래 지방세포에서 

갈색지방세포 특이적 유전자가 유의하게 증가 하였고, 반면 Hoxc10 
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유전자 발현은 감소하였다. Hoxc10 은 피하지방의 갈색지방화 과정에서 

중요한 조절 인자로 알려있다. AAV-Hoxc10 을 사용하여 SVF 유래 

지방세포에 Hoxc10 을 과발현시켰을 때, SENP2-adipoKO SVF 유래 

지방세포에서 Ucp1, Cidea 및 Elovl3 mRNA 발현이 감소 하였다. 

C/EBPβ 의 knockdown 은 SENP2 Knockout 에 의한 Ucp1 및 Cidea 발현의 

증가를 억제한 반면 Hoxc10 발현의 감소는 회복시켰다. 

C/EBPβ 는 Hoxc10 프로모터 활성을 효과적으로 감소시켰으며 SENP2 를 

C/EBPβ 와 함께 transfection 시켰을 때 C/BPBβ 에 의해 억제된 Hoxc10 

프로모터 활성이 회복되었다. 이러한 결과는 SUMOylated 형태의 

C/EBPβ 가 Hoxc10 전사를 효율적으로 억제함을 시사한다. 

요약하면, 지방세포에서의 SENP2 의 손실은 SUMOylated C/EBPβ 의 

축적을 증가시키고 이로 인해 Hoxc10 전사를 효과적으로 억제하여 

백색지방의 갈색지방화를 촉진시킨다. 
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저를 위해 항상 기도해주시는 부모님, 종민이, 그리고 모든 가족들

께 감사 드립니다. 

마지막으로 나의 힘이 되시고 위로가 되시는 하나님 아버지 감사합니다.  

 


	Introduction .
	Material and Methods
	Results
	Discussion .
	References 
	국문초록 


<startpage>11
Introduction . 1
Material and Methods 6
Results 16
Discussion . 73
References  79
국문초록  85
</body>

