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1. Introduction 

1.1. Background of the study: 

 Obesity is a global pandemic that is highly responsible for the 

elevation of non-communicable diseases including hyperlipidemia, type 

2 diabetes, cancer, and cardiovascular disease (1-2). The prevalence 

of obesity is a worldwide problem, with 13% of the adult population 

reported as being clinically obese (3). It is mainly characterized by 

abnormal lipid accumulation as a result of adipocyte hyperplasia 

(significant rise in fat cell number) and hypertrophy ( in fat cell 

size) (4,5). A wealth of information illustrates that excessive 

preadipocyte differentiation causes accumulation and storage of high 

fat, mainly in the form of triglyceride (TG), in mature adipocytes, 

which resultantly leads to irregular development of the adipose tissue 

and thereby the burgeoning of obesity (6,7). Evidence also strongly 

indicates that numerous factors such as environmental and nutritional 

values, genetic and endocrine abnormalities are closely linked to the 

induction of obesity (8,9).  

 White adipose tissue (WAT) in the human body was earlier considered 

as only an energy storage organ. However, WAT is currently recognized 

as an endocrine organ that controls energy metabolism and homeostasis 

(10) by secreting not only more than 600 bioactive factors known as 

adipokines but also different kinds of fatty acids and metabolites 

(11). Among them, adipokines largely influence adipocyte 

differentiation, metabolism, and function (12,13). 
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 Preadipocyte differentiation, also known as adipogenesis, is a 

tightly controlled process that takes place in the form of 

morphological biochemical, and cellular parameters (7). This process 

transforms fibroblast-like preadipocytes into differentiated (or 

mature) adipocytes filled with numerous lipid droplets (LDs) (14,15). 

Diverse adipogenic transcription factors, including CCAAT/enhancer-

binding proteins (C/EBPs), peroxisome proliferator-activated 

receptors (PPARs), and signal transducer and activator of 

transcription (STAT) family proteins, plays a key role in preadipocyte 

differentiation (16-19). 

 Preadipocyte differentiation also involves lipogenesis and LDs 

maturation/stabilization, which requires fatty acid synthase (FAS), 

acetyl-CoA carboxylase (ACC), and perilipin A (20-23). Increasing 

evidence further indicates that several protein kinases, including 

protein kinase A (PKA), cAMP-activated protein kinase (AMPK), 

extracellular signal-regulated protein kinase-1/2 (ERK-1/2), p38 

mitogen-activated protein kinase (MAPK), and protein kinase C (PKC), 

participate in the regulation of preadipocyte differentiation (21,24-

27).  

 Lipolysis is a process in which triglyceride’s ester bonds are 

cleaved, resulting in the generation of free fatty acids and glycerol 

molecules (28). Hormone-sensitive lipase (HSL) is a master regulator 

in the mobilization of fatty acids from stored TG and is 

phosphorylated (activated) by PKA, ERK-1/2, and cAMP in adipocytes 

(29,30). Thus, inhibition of excessive adipogenesis and/or promotion 

of lipolysis during preadipocyte differentiation or in mature 

adipocytes could be a therapeutic option against obesity. 
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 Homeodomain-interacting protein kinase-2 (HIPK-2) is a member of the 

HIPKs family with serine/threonine kinase activity, which is composed 

of HIPK-1, HIPK-2, HIPK-3, and HIPK-4, and highly conserved in 

vertebrates (31). HIPK-1 to 3 were originally discovered by their 

ability to bind homeobox factors (31) while HIPK-4 was identified by 

the human genome sequence based on the high homology with the other 

three members (32). HIPK-2 is well characterized and regulates several 

transcriptional coactivators, corepressors, and kinases, which affect 

the expression of multiple genes that are involved, cell survival, 

proliferation, response to DNA damage, apoptosis, invasion, hypoxia, 

differentiation, and development (31, 33-36). 

 It has been well documented that HIPK-2 directly binds to several 

partners including Transformation-related protein (Trp53), C-terminal 

binding protein 1 (Ctbp1), MYB proto-oncogene (c-Myb), p300, High-

mobility group protein HMG-I/HMG-Y (Hmga1), Zyxin, Histone H2B (H2B), 

Proprotein convertase 2 (Pc2), β-catenin, E3 ubiquitin-protein 

ligase SIAH2 (Siah2), and methyl CpG binding protein 2 (MeCP2) (37,38). 

Importantly, recent evidence illustrates that HIPK-2 directly 

interacts with CCAAT-enhancer-binding protein-β (C/EBP-β) in mouse 

3T3-L1 preadipocytes, and silencing of HIPK-2 expression disrupts 

adipocyte differentiation of 3T3-L1 cells, addressing a physiological 

C/EBP-β-dependent differentiation process with functional 

cooperation of C/EBP-β and HIPK-2 (39). Previously, it also has been 

reported that HIPK-2 plays an important role in the differentiation 

and development of white adipocytes, and HIPK-2 knockout mice have 

reduced white adipose tissue mass and increased insulin sensitivity, 

pointing out its involvement in white adipocyte differentiation and 

development as well as insulin signaling in this white adipocyte (40). 
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 While these better-understood responses exist, there is still a 

limited study about the role and expression regulation of HIPK-2 in 

white and brown adipocyte differentiation, and/or lipolysis. Besides, 

there is currently a limited number of commercially available HIPK-2 

inhibitors. 

 

1.2. Aims of the study: 

This research was aimed to: 

1. To delineate the molecular and signaling mechanisms of how HIPK-2 

is up-regulated during white and brown preadipocyte differentiation. 

2. To understand the function of HIPK-2 in white preadipocyte 

differentiation and lipolysis in mature white adipocytes. 

3. To understand the function of HIPK-2 in brown preadipocyte 

differentiation.  

4. To develop novel HIPK-2 inhibitor(s) and characterize its effects 

and action mechanism in white preadipocyte differentiation and 

lipolysis in mature white adipocytes. 

5. To develop novel HIPK-2 inhibitor(s) and characterize its effects 

and action mechanism in brown preadipocyte differentiation. 
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2. Materials and methods 

2.1. Drugs and chemicals: 

 Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), 

and penicillin/streptomycin mixture were bought from Welgene Inc. 

(Daegu, Republic of Korea). CX-4945 was acquired from Selleckchem 

(Houston, TX, USA). Control shRNA and HIPK-2 shRNA were bought from 

Santa Cruz Biotechnology (Delaware, CA, USA). 3‐isobutyl‐1‐

methylxanthine (IBMX), dexamethasone, and insulin were purchased from 

Sigma (St. Louis, MO, USA). Western Bright TM enhanced 

chemiluminescence (ECL) was purchased from Advansta Corporation (San 

Jose, CA, USA). Antibodies used in this study are mentioned in Table 

1. 

 

2.2. Cell culture: 

 Murine 3T3‐L1 preadipocytes (CL-173TM, ATCC, Manassas, VA, USA) and 

immortalized brown preadipocytes were grown in DMEM (high glucose) 

complemented by 10% heat-inactivated fetal calf serum (FCS, Gibco, 

Gaithersburg, MD, USA) and 1% penicillin-streptomycin cocktail at 37 

ºC in a 5% CO2 incubator. 
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2.3. Differentiation of 3T3-L1 and immortalized brown 

preadipocytes: 

 

 Both 3T3‐L1 white and brown preadipocytes were cultured in DMEM 

containing 10% fetal calf serum and penicillin/streptomycin mixture 

and maintained up to the contact inhibition stage for 2 days. 

Differentiation of 3T3-L1 was stimulated by adding induction media 

containing 10% FBS along with mixtures of hormones (MDI) such as 0.5 

mM IBMX (M), 0.5 µM dexamethasone (D), and 5 µg/mL insulin (I) with 

or without drugs (CX-4945 and KMU-011-401) at the indicated 

concentrations. After 48 h of MDI-induction, DMEM supplemented with 

10% FBS and 5 µg/mL insulin with or without drugs (CX-4945 and KMU-

011-401) at the indicated concentrations was replaced for the next 3 

day. After day (D) 5, cells were nourished every day with DMEM 

supplemented with 10% FBS in the presence or absence of drugs (CX-

4945 and KMU-011-401) until D8.  

 Differentiation of brown preadipocytes was stimulated by replacing 

media with DMEM having 10% FBS and a mixture of different stimulators 

such as 0.5 mM IBMX, 0.5 µM dexamethasone, 1 µg/mL insulin, 0.125 mM 

indomethacin (Sigma, St. Louis, MO, USA), and 1 nM T3 (Sigma, St. 

Louis, MO, USA) with or without CX-4945 and/or KMU-011401. After 2 

days, differentiation media was changed with DMEM having 10% FBS, 1 

µg/mL insulin, and 1 nM T3 with or without drugs (CX-4945 and KMU-

011-401). After D5, media was replaced every day with DMEM with 10% 

FBS in the presence or absence of drugs (CX-4945 and KMU-011-401) 

until the D7.  
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2.5. Oil Red O staining: 

 On day seven or eight of differentiation conditioned brown or 3T3-

L1 adipocytes were rinsed with phosphate-buffered saline (PBS) with 

10% formaldehyde at room temperature (RT). Later, fixed cells were 

washed with 60% isopropanol and dried. A working solution of Oil Red 

O was layered onto the cells. After 1 h, stained cells were washed 

with distilled water, and stored intracellular lipid droplets were 

visualized using an inverted microscope (Nikon, Tokyo, Japan).  

 

2.6. Cell survival assay: 

 Both 3T3-L1 or brown preadipocytes were cultivated under the above-

mentioned differentiation conditions in 24-well plates. On D7 or D8 

of differentiation, control or HIPK-2 inhibitors (CX-4945 and KMU-

011-401, KMU-011-402, KMU-011-403, KMU-011-404, KMU-011-323) treated 

3T3-L1 or brown adipocytes, which are not be stained with trypan blue 

dye, were counted under a microscope, respectively. The cell count 

assay was done in triplicates. Data are mean ± standard error (SE) 

of three independent experiments. 
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2.7. Measurement of intracellular triglyceride (TG) 

content: 

 

 On D7 or D8 of differentiation, intracellular TG content in control 

or HIPK-2 inhibitors (CX-4945 and KMU-011-401-404,323)-treated 3T3-

L1 or brown adipocytes were quantified using AdipoRed reagent kit 

(Lonza, Basel, Switzerland), according to manufacturer’s protocol, 

respectively. Fluorescence intensity was quantified with excitation 

and emission at 485 and 572 nm, respectively, using Victor3 (Perkin 

Elmer, CT, USA). 

 

2.8. Quantification of glycerol content: 

 On D8, fat accumulated 3T3-L1 adipocytes were placed in serum-free 

media for 2 h and later incubated with CX-4945 (15 µM) or isoproterenol 

(ISO, 20 µM) for an additional 3 h and 24 h, respectively. At 

designated periods, the culture medium was saved, and glycerol content 

was quantified using free glycerol reagent (Sigma, St. Louis, MO, USA) 

as per the manufacturer’s instructions. 

 

2.9. Preparation of whole-cell lysates: 

 At the designated periods, 3T3-L1 cells were homogenized in RIPA 

buffer (Sigma, St. Louis, MO, USA) followed by centrifugation at 
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12,074 ×g for 20 min. Cell extract was collected and concentration 

was evaluated by bicinchoninic acid (BCA) protein assay kit (Thermo 

Scientific, Rockford, IL, USA). 

 

2.10. Immunoblot analysis: 

 Proteins (50 µg) were subjected to SDS-polyacrylamide gel 

electrophoresis. Following electrophoresis, resolved proteins were 

transferred onto polyvinylidene difluoride membrane (PVDF, Millipore, 

Bedford, MA, USA) by electroplating. Membranes blocked with 5% skim 

milk prepared in TBST (1×) and subsequently incubated with specific 

antibodies listed in Table 1 at 4 ºC. After overnight incubation, 

membranes were washed three times with TBST (1×) followed by 

horseradish peroxidase-conjugated secondary antibodies for 2 h at RT. 

Next, immunoblots were rinsed three times with TBST (1×) and protein-

antibody complexes were visualized using enhanced chemiluminescence 

(ECL) reagents (Advansta, CA, USA). Actin and total S6 proteins were 

used as an equal protein loading control. 

 

2.11. Quantitative real-time RT-PCR: 

 Total RNA was obtained from control or HIPK-2 inhibitors (CX-4945 

and KMU-011-401)-treated 3T3-L1 cells using RNAiso Plus (TaKaRa, 

Kusatsu, Shiga, Japan). The isolated RNA (3 µg) was converted to cDNA 

using a random hexadeoxynucleotide primer and reverse transcriptase. 



- 10 - 
 

SYBR green (TaKaRa, Kusatsu, Shiga, Japan) was employed to 

quantitatively determine transcript levels of genes with 

LightCyclerâ96 Machine (Roche, Mannheim, Germany). PCR reactions were 

run in triplicate for each sample, and transcript levels of each gene 

were normalized to the level of 18S rRNA. Primer sequences used in 

this study are listed in Table 2. 

 

2.12. Quantification of intracellular ATP levels: 

 Intracellular ATP level during differentiation of 3T3‐L1 

preadipocytes in the presence or absence of CX-4945 or 2‐deoxyglucose 

(2‐DG) were measured with ATPLite‐1step kit from PerkinElmer (CT, USA) 

according to the manufacturer’s instructions.  

 

2.13. Stable transfection of HIPK-2 short‐hairpin RNA 

(shRNA): 

 

 3T3-L1 preadipocytes were transfected with control or HIPK-2 shRNA 

(1 µg) using Lipofectamine TM 2000(Invitrogen, USA) according to the 

manufacturer’s instructions. Later, stably transfected cells were 

selected by 1 μg/mL puromycin. Control or HIPK-2 shRNA-transfected 

3T3-L1 cells were differentiated as above indicated differentiation 

conditions.  
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2.14. Statistical analysis: 

 All data are expressed as mean ± standard error (SE) of at least 

three independent experiments. Statistical significance between 

different groups was evaluated by one-way ANOVA followed by Dunnett's 

post hoc test using SPSS 11.5 software (SPSS, Inc). P<0.05 was 

considered to indicate statistical significance.  
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Table 1. Antibodies used for immunoblot analysis. 

Antibodies Dilution 

used 

Source Catalog 

no. 

Primary antibodies    

HIPK-2 1:500 Santa Cruz Biotechnology Sc-100383 

C/EBP-α 1:2,000 Santa Cruz Biotechnology sc-61 

PPAR-γ 1:2,000 Santa Cruz Biotechnology sc-7272 

p-STAT-3 (Y705) 1:2,000 Santa Cruz Biotechnology sc-8059 

STAT-3 1:2,000 Santa Cruz Biotechnology sc-8019 

p-PKA 1:2,000 Santa Cruz Biotechnology sc-32968 

PKA 1:2,000 Santa Cruz Biotechnology sc-98951 

Perilipin A 1:2,000 BioVision #3948-200 

FAS 1:2,000 BD Bioscience #9452 

S6 1:2,000 Cell signalling #2217 

p-AMPK (T172) 1:2,000 Cell signalling #2535 

AMPK 1:2,000 Cell signalling #2793 

p-ACC (S79) 1:2,000 Cell signalling #3661 

ACC 1:2,000 Cell signalling #3662 

p-LKB-1(S334) 1:2,000 Cell signalling #3482 

LKB-1 1:2,000 Cell signalling #3037 

p-HSL (S563) 1:2,000 Cell signalling #4139 

p-HSL (S660) 1:2,000 Cell signalling #4126 

p-ERK-1/2 1:2,000 Cell signalling #9101 

ERK-1/2 1:2,000 Cell signalling #9102 

HSL 1:2,000 Cayman chemical #10006371 

β-Actin 1:10,000 Sigma A5441 

Secondary antibodies    
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Goat anti-rabbit 

IgG-HRP 

1:5,000 

 

Jackson ImmunoResearch 

Laboratories 

111-035-

045 

Goat anti-mouse-IgG-

HRP 

1:5,000 

 

Jackson ImmunoResearch 

Laboratories 

115-035-

062 
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Table 2. Sequences of primers used for real-time PCR analysis.  

Gene Forward Reverse 

HIPK-1 TAAACGACCTCGGAGACTGC GAGGGCTGAGATCACTGCAT 

HIPK-2 CACAGGCTCAAGATGGCAGA CCATACCTTCGTACACGGGG 

HIPK-3 ATCGAAGCAGAACTGCACCA CCAAAAGTGCCACGACCAAG 

C/EBP-α TTACAACAGGCCAGGTTTCC GGCTGGCGACATACAGTACA 

PPAR-γ AGGCCGAGAAGGAGAAGCTGTTG TGGCCACCTCTTTGCTCTGCTC 

FAS TTGCTGGCACTACAGAATGC AACAGCCTCAGAGCGACAAT 

Perilipin A CTTTCTCGACACACCATGGAAAC CCACGTTATCCGTAACACCCTTCA 

Adiponectin ACGACACCAAAAGGGCTCAG CGTCATCTTCGGCATGACTG 

Leptin GACCGGGAAAGAGTGACAGG AGAGCAATCTGACACCAGCC 

Resistin TGTAAGCTGCAGGTCGCTTC CTCTGGAGCTACAGGAACGG 

18S rRNA GGTGAAGGTCGGTGTGAACG GGTAGGAACACGGAAGGCCA 
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3. Results 

3.1. HIPK-2 expression is highly elevated during 3T3-L1 

preadipocyte differentiation:  

 

 The experimental protocol for 3T3-L1 preadipocytes differentiation 

is depicted in Figure 1A. Intracellular lipid accumulation during the 

differentiation of 3T3-L1 preadipocyte was primarily investigated 

using Oil Red O staining. On the day (D) 8 of differentiation, there 

was a high accumulation of intracellular lipid droplets (LDs) in 3T3-

L1 cells, compared with undifferentiated cells on D0 (Figure 1B, upper 

panels). Light microscopic images also confirmed the storage of lipid 

droplets in 3T3-L1 cells on D8 of differentiation (Figure 1B, lower 

panels). Next, the protein expression levels of HIPK-2 during 3T3-L1 

preadipocyte differentiation were measured using Western blot 

analysis. As shown in Figure 1C, there was a time-dependent elevation 

of HIPK-2 protein expression during 3T3-L1 preadipocyte 

differentiation, compared with that on D0. Triplicate experiment also 

confirmed the significant induction of HIPK-2 protein expression in 

3T3-L1 cells on D8 of differentiation, compared with that on D0 

(Figure 1D). Densitometry results of Figure 1D are depicted in Figure 

1E. Next, the mRNA levels of HIPK-1, 2, and 3 were analyzed during 

the process of 3T3-L1 differentiation using real-time qPCR. As shown 

in Figure 1F, HIPK-2 mRNA expression was significantly increased on 

D2, D5, and D8 of 3T3-L1 preadipocyte differentiation, compared with 

that on D0. However, mRNA level of HIPK-1 was not significantly up-
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regulated on all the times tested but HIPK-3 mRNA expression was 

elevated significantly D8 of 3T3-L1 preadipocyte differentiation, 

compared with them on D0.  

 

3.2. p38 MAPK, JNK-1/2, PKB, and PKC are crucial for the 

up-regulation of HIPK-2 expression during 3T3-L1 

preadipocyte differentiation:  

 

 To understand signaling mechanism(s) or factor(s) responsible for 

the induction of HIPK-2 mRNA expression during 3T3-L1 preadipocyte 

differentiation, 3T3-L1 preadipocytes were induced to differentiate 

in the absence or presence of PD98059 (a MEK-1/2 (ERK-1/2) inhibitor), 

SB203580 (a p38 MAPK inhibitor), SP600125 (a JNK-1/2 inhibitor), 

LY294002 (a PI3K/PKB inhibitor), vitamin E (an antioxidant) or 

GF109203X (a PKC inhibitor) for 5 days. As shown in Figure 2A, notably, 

treatment with either SB203580, SP600125, LY294002, and GF109203X 

greatly suppressed the up-regulation of HIPK-2 expression in 3T3-L1 

cells on D5 of differentiation.  However, treatment with PD98059 or 

vitamin E did not influence the up-regulation of HIPK-2 expression on 

D5 of 3T3-L1 preadipocyte differentiation. As depicted in Figure 2B, 

treatment with SB203580, SP600125, LY294002, and GF109203X strongly 

blocked the storage of fat in 3T3-L1 cells on D5 of differentiation. 
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3.3. Knock-down of HIPK-2 leads to less lipid accumulation 

and TG content during 3T3-L1 preadipocyte differentiation:  

 

 To directly confirm the biological role of HIPK-2 up-regulation in 

the process of 3T3-L1 preadipocyte maturation, 3T3-L1 preadipocytes 

that were stably transfected with short hairpin RNA (shRNA) of control 

or HIPK-2 were generated. As exhibited in Figure 3A and B, compared 

with control shRNA-transfected 3T3-L1 cells, there was a much lower 

expression of HIPK-2 at the mRNA expression on D2 or D5 and protein 

levels at D5 or D8 in HIPK-2 shRNA-transfected cells of 

differentiation, pointing out the    HIPK-2 shRNA transfection 

efficiency. As shown in Figure 3C (upper panels), there was no lipid 

accumulation in both control and HIPK-2 shRNA-transfected 3T3-L1 cells 

on D0. Notably, the knock-down of HIPK-2 led to a strong suppression 

of fat storage compared to control on D8 of differentiation (Figure. 

3C, upper panels). Light microscopy further demonstrated much less 

lipid accumulation in HIPK-2 shRNA-transfected 3T3-L1 cells compared 

with control on D8 of differentiation (Figure. 3C, lower panels). 

 Moreover, there was less TG content in HIPK-2 shRNA-transfected 3T3-

L1 cells compared with control on D8 of differentiation, (Figure 3D). 

Cell count analysis was next performed to see whether the gene 

silencing of HIPK-2 influences the growth of 3T3-L1 cells. Evidently, 

there was no difference in cell survival between control and HIPK-2 

shRNA-transfected 3T3-L1 cells on D8 of differentiation, illustrating 

knock-down of HIPK-2 did not affect these cell growth (Figure 3E).  
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3.4. Knock-down of HIPK-2 leads to the reduced expression 

and phosphorylation levels of C/EBP‐α, PPAR‐γ, and STAT‐

3 during 3T3-L1 preadipocyte differentiation:  

 

 To further elucidate the molecular mechanisms by which knock-down of 

HIPK-2 leads to less fat storage and TG content in the process of 

3T3-L1 preadipocyte differentiation, the expression as well as 

activity (phosphorylation) of key adipogenic transcription factors, 

such as C/EBPs, PPARs, and STATs, were measured from control or HIPK-

2 shRNA-transfected 3T3-L1 cells on D2, D5, and D8 of differentiation. 

As shown in Figure 4A, there was a decreased expression of C/EBP-α 

with high molecular weight (MW) on D2 and with low MW on D5 and D8 in 

HIPK-2 shRNA-transfected 3T3-L1 cells, compared with control shRNA-

transfected cells. There was also a decreased phosphorylation of STAT-

3 on D5 and D8 in HIPK-2 shRNA-transfected 3T3-L1 cells, compared 

with control shRNA-transfected cells. Total protein expressions of S6 

and STAT-3, which was used as a loading control, was not changed. 

Results of real-time qPCR analyses, as shown in Figure 4B, further 

demonstrated the reduced mRNA expression of C/EBP-α and PPAR-γ in 

HIPK-2 shRNA-transfected 3T3-L1 cells, compared with control.  
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3.5. Knock-down of HIPK-2 leads to the reduced expression 

of FAS and perilipin A during 3T3-L1 preadipocyte 

differentiation: 

 

 Next, the expression of FAS, an enzyme responsible for fatty acid 

synthesis (20), and perilipin A, a LD-binding and stabilizing protein 

(22), was determined from control or HIPK-2 shRNA-transfected 3T3-L1 

cells on D2, D5, and D8 of differentiation. As shown in Figure 5A, 

there was a decreased expression of FAS and perilipin A on D5 and D8 

in HIPK-2 shRNA-transfected 3T3-L1 cells, compared with control shRNA-

transfected cells. Total protein expression of S6 was not changed. 

Data of real-time qPCR analyses, as shown in Figure 5B, also showed 

the reduced mRNA expression of FAS and perilipin A in HIPK-2 shRNA-

transfected 3T3-L1 cells, compared with control shRNA-transfected 

cells. 

 

3.6. Knock-down of HIPK-2 causes the reduced expression of 

adiponectin, leptin, and resistin during 3T3-L1 

preadipocyte differentiation: 

  

 Next, the effect of HIPK-2 knock-down on the expression of adipokines, 

such as adiponectin, leptin, and resistin, which are responsible for 

the pathogenesis of obesity and type 2 diabetes (11-13], was measured 

during 3T3-L1 preadipocyte differentiation. Notably, depicted in 

Figure 6A-C, there was a decreased mRNA expression of adiponectin and 

leptin on D5 and D8 in HIPK-2 shRNA-transfected 3T3-L1 cells, compared 
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with control shRNA-transfected cells. Also, there was a reduced mRNA 

expression of resisitin on D2, D5, and D8 in HIPK-2 shRNA-transfected 

3T3-L1 cells, compared with control.  

 

3.7. CX-4945, an inhibitor of HIPK-2, strongly inhibits 

lipid accumulation and reduces TG content during 3T3-L1 

preadipocyte differentiation: 

 

 Of note, it has been recently demonstrated that CX-4945 strongly 

makes several interactions with the residues in the ATP-pocket of 

HIPK-2 and blocks its catalytic activity (41), suggesting CX-4945 as 

an inhibitor of HIPK-2. Next, using CX-4945, investigated its effects 

on fat storage and TG content during 3T3-L1 preadipocyte 

differentiation. As shown in Figure 7A (upper panels), compared with 

the mock-treated 3T3-L1 cells, CX-4945 strongly inhibited lipid 

accumulation in a concentration-dependent manner in 3T3-L1 cells on 

D8 of differentiation. Evidently, CX-4945 at 15 and 20 µM caused the 

maximal suppression of lipid accumulation. Furthermore, light 

microscopy observations also confirmed the CX-4945’s lipid-

decreasing effect (Figure 7A, lower panels). As further shown in 

Figure 7B, CX-4945 also markedly reduced TG content in a dose-

dependent manner in 3T3-L1 cells on D8 of differentiation. Apparently, 

CX-4945 at 15 and 20 µM caused the maximal reduction of TG content. 

Of note, results of cell count analysis demonstrated that CX-4945 at 

the dosages implemented was not toxic to 3T3-L1 cells at the time 

tested; rather, CX-4945 at 20 µM significantly (p<0.0105) enhanced 
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the cell survival compare to control and there was no significant 

difference (p<0.8589) in cell survival at 15 µM compare to 20 µM 

(Figure 7C). Because of maximal suppressive impacts on lipid 

accumulation and TG content without any cytotoxicity, 15 µM of the 

CX-4945 was selected for further studies. 

 

3.8. CX-4945 decreases expression of C/EBP-α and PPAR-γ 

during 3T3-L1 preadipocyte differentiation: 

  

 To delineate the underlying mechanisms by which CX4945-mediated less 

lipid accumulation and TG content during 3T3-L1 preadipocyte 

differentiation, we examined whether CX-4945 (15 µM) affects the 

expression/activity (phosphorylation) of key adipogenic molecules, 

such as C/EBPs, PPARs, on D2, D5, and D8 of differentiation. As shown 

in Figure 8A, there was a decreased expression of C/EBP-α with high 

molecular weight (MW) on D2 or D8 and with low MW on D5 and D8 in 

CX4945-treated 3T3-L1 cells, compared with vehicle control (DMSO; 

0.1%). Furthermore, CX-4945 strongly blocked expressions PPAR-γ on 

D2, D5, and D8. Expression of total S6, which was used as a loading 

control, was consistent. Results of real-time qPCR analyses, as shown 

in Figure 8B, further demonstrated the reduced mRNA expression of 

C/EBP-α and PPAR-γ in CX-4945 treated 3T3-L1 cells, compared with 

vehicle control cells. Triplicate experiments also affirmed the 

capability of CX-4945 to impede the expressions of C/EBP-α and PPAR-

γ on D8 (Figure 8C). Densitometry results of Figure 8C were exhibited 

in Figure 8D. Expression of total S6, which was used as a loading 

control, was consistent. 
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3.9. CX-4945 reduces expression of FAS and perilipin A 

during 3T3-L1 preadipocyte differentiation: 

 

 Next, we explored the effect of CX-4945 on expressions of FAS,  an 

enzyme responsible for fatty acid synthesis (20), and perilipin A, a 

LD-binding and stabilizing protein (22) on D2, D5, and D8 of 

differentiation. As shown in Figure 9A, CX-4945 (15 µM) greatly 

suppressed the expression of FAS and perilipin A on D5 and D8 of 3T3-

L1 differentiation compared to vehicle control cells. Expression of 

total S6, which was used as a loading control, was consistent. 

Moreover, real-time qPCR analysis data, as shown in Figure 9B, 

exhibited the reduced mRNA expression of perilipin A in CX-4945 

treated 3T3-L1 cells on D2, D5, and D8 of differentiation, however, 

mRNA expressions of FAS was unchanged or slightly increased during 

the differentiation of 3T3-L1 preadipocytes. Triplicate experiments 

also affirmed the capability of CX-4945 to impede the expressions of 

FAS and perilipin A on D8 (Figure 9C). Densitometry results of Figure 

9C were exhibited in Figure 9D. Expression of total S6, which was 

used as a loading control, was consistent. 

 

3.10. CX-4945 down-regulates expression of leptin, 

adiponectin, and resistin during 3T3-L1 preadipocyte 

differentiation: 
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 Next, Adipocytokines including adiponectin, leptin, and resistin are 

mainly secreted from adipose tissue. Recent studies have indicated 

the important aspect of adipokines in obesity and other related 

diseases (11-13). Herein, determined the expressions of adiponectin, 

leptin, and resistin after the treatment with CX-4945 (15 µM) during 

3T3-L1 preadipocytes differentiation. Crucially, as exhibited in 

Figure 10A-C, CX-4945 strongly decreased the mRNA expressions of 

adiponectin, leptin, and resistin on D5 and D8 of 3T3-L1 preadipocytes 

differentiation compared with vehicle control.  

 

3.11. CX-4945 increases phosphorylation of AMPK, LKB‐1, and 

ACC during 3T3-L1 preadipocyte differentiation: 

  

 AMPK is a key controller of energy metabolism, and its activation 

(phosphorylation) leads to inhibition of adipogenesis (42). Therefore, 

we investigated whether treatment of CX-4945 could modulate AMPK 

phosphorylation in differentiating 3T3-L1 cells. Notably, exhibited 

in Figure 11A, CX-4945 (15 µM) strongly induced phosphorylation 

(activation) of AMPK compare to vehicle control on D5 and D8 of 3T3-

L1 differentiation. Total AMPK expressions were not affected by CX-

4945. ACC is a well-known subsequent molecule of AMPK and it is 

responsible for the synthesis of fatty acids (43). Herein, treatment 

with CX-4945, highly induced the phosphorylation (inactivation) of 

ACC on D5 and D8 of 3T3-L1 preadipocyte differentiation. Total ACC 

expressions were also induced by CX-4945 on D5 and D8 of treatment 

during 3T3-L1 differentiation. Considering that liver kinase B-1 (LKB-

1) is a crucial kinase to induce phosphorylation of AMPK (44), further 
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determined whether LKB-1 protein is expressed and activated 

(phosphorylated) in differentiating 3T3-L1 cells and is regulated by 

CX-4945. In control cells, on D2, there were much-elevated levels of 

phosphorylated LKB-1, however, on days 5 and 8 of differentiating 

3T3-L1 cells, its expression was strongly declined. Markedly, at D2 

and D8 of differentiation, LKB-1 phosphorylation was strongly induced 

in CX-4945-treated cells, compared with the control. Total expression 

levels of LKB-1  was not affected by CX-4945 on all tested times of 

differentiation. Expression of total S6, which was used as a loading 

control, was consistent. As exhibited in Figure 11B, triplicate 

experiments also affirmed the capability of CX-4945 to induce 

phosphorylation of AMPK, ACC, and LKB-1 on D8. Expression of total 

S6, which was used as a loading control, was consistent. The 

densitometry results of Figure 11B are exhibited in Figure 11C. 

 

3.12. CX-4945 decreases intracellular ATP content during 

3T3-L1 preadipocyte differentiation: 

  

 Phosphorylation (activation) of AMPK is affected by variations in 

the intracellular AMP/ATP ratio (45). Therefore, next, we determined 

in case CX-4945 could affect intracellular ATP levels during 3T3-L 

preadipocytes differentiation. As depicted in Figure 12A-C, treatment 

of CX-4945 (15 µM) significantly reduced cellular ATP content compared 

to vehicle control on D5 and D8 of 3T3-L1 cells differentiation. 

Similarly, 2-deoxyglucose (2-DG) as a positive control, lowered 

cellular ATP contents on D2, D5, and D8 of adipocyte differentiation.  
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3.13. CX-4945 increases glycerol release and 

phosphorylation of HSL, ERK1/2, and perilipin A in 

differentiated 3T3‐L1 adipocytes: 

 

 Next, we determined the effect of CX-4945 on lipolysis in 

differentiated 3T3-L1 adipocytes. Herein, the lipolytic effect of CX-

4945 was evaluated by glycerol contents in the culture medium from 

the conditioned cells. As a positive control, Isoproterenol (ISO) was 

used (46). The experimental scheme and timescale for measurement of 

glycerol content and hormone-sensitive lipase (HSL) phosphorylation 

are depicted in Figure 13A. As shown in Figure 13B, ISO largely 

stimulated glycerol release at 3 and 24 h of treatment while CX-4945 

also strongly stimulated glycerol release at 3 h which was further 

enhanced at 24 h of treatment compared to the positive control in 

differentiated 3T3-L1 adipocytes. Furthermore, ISO greatly enhanced 

the HSL phosphorylation at S563 and S660 (Figure 13C). CX-4945 greatly 

increased HSL phosphorylation on S563 and S660. Total HSL and actin 

expressions remained consistent. It has been well documented that 

activation of ERK1/2, perilipin A, and protein kinase A (PKA) 

regulates the process of lipolysis (47-50). As depicted in Figure 13D, 

CX-4945 induced phosphorylation (activation) of ERK1/2 at 3 and 24 h 

of treatment in differentiated 3T3-L1 cells. Interestingly, CX-4945-

induced an electrophoretic shift (hyperphosphorylation) of expression 

of perilipin A. Phosphorylation or expression of PKA was not changed 

by the treatment with ISO or CX-4945 at 3 or 24 h in differentiated 

3T3-L1 cells. Total ERK-1/2 and actin, as a loading control, remained 

consistent.  
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3.14. PD98059 greatly blocks the CX-4945-induced lipolysis, 

glycerol release, and phosphorylation of HSL, ERK1/2, and 

perilipin A in differentiated 3T3‐L1 adipocytes: 

 

 In order to evaluate the potential role of the ERK1/2 activation in 

lipolysis, PD98059, a specific MEK1/2 inhibitor, was used to inhibit 

activation of the MEK signaling. As shown in Figure 14A, CX-4945 or 

ISO strongly stimulated the release of glycerol in differentiated 3T3-

L1 cells. Notably, combined incubation of PD98059 significantly 

blocked the glycerol releasing effects of CX-4945 and ISO in 

differentiated 3T3-L1 cells. As exhibited in Figure 14B, at 

mechanistic levels, treatment of PD98059 strongly reduced the basal 

as well as CX-4945-induced ERK-1/2 phosphorylation without changing 

total ERK protein expression (Figure 14C). Furthermore, PD98059 

downregulated the CX4945-induced phosphorylation of HSL at S563 and 

reversed electrophoretic shift (hyperactivation) of perilipin A 

expressions in differentiated 3T3-L1 cells. Total HSL and actin 

expressions were consistent.  

 

3.15. KMU-011401, a novel HIPK-2 inhibitor, strongly blocks 

lipid accumulation and TG content during 3T3-L1 

preadipocyte differentiation: 

 

 Due to the very limited commercial availability of HIPK-2 inhibitors, 

a series of novel HIPK-2 inhibitors (KMU-011401, KMU-011402, KMU-
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011403, KMU-011404, and KMU-011323) were synthesized by medicinal 

chemistry and tested for their suppressive effects at a final 

concentration of 10 µM on lipid storage and TG content during 3T3-L1 

preadipocyte differentiation. As depicted in Figure 15A (upper panels), 

KMU-011401, KMU-011402, KMU-011403, KMU-011404, and KMU-011323 

greatly blocked fat storage during 3T3-L1 preadipocyte 

differentiation. Light microscopic images also confirmed the lipid-

lowering effects of each of these chemicals (Figure 15A, lower panels). 

However, light microscopic images showed that KMU-011403 at 10 µM was 

cytotoxic to 3T3-L1 cells on D8. In fact, KMU-011403-induced 

cytotoxicity was easily visible even on D2 of differentiation (data 

not shown). Further, results of AdipoRed assay revealed that KMU-

011401, KMU-011402, KMU-011403, KMU-011404, and KMU-011323 

significantly reduced TG content in 3T3-L1 cells on D8 of 

differentiation (Figure 15B). Data of cell count analysis demonstrated 

that KMU-011401, KMU-011402, KMU-011404, and KMU-011323 did not change 

the growth of 3T3-L1 cells on D8 of differentiation, whereas KMU-

011403 significantly reduced the number of cells survived (Figure 

15C). These results point out that KMU-011403’s lipid-reducing effect 

seen herein was related to its cytotoxicity.  

 Overall, based on the facts that KMU-011401 at 10 µM strongly blocked 

lipid accumulation and decreased TG content with no cytotoxicity 

(along with most healthy cell morphology) during adipocyte 

differentiation, KMU-011401 was selected for further studies. The 

concentration-dependent effects of KMU-011401 on lipid accumulation 

and TG content during 3T3-L1 preadipocyte differentiation was next 

investigated. As shown in Figure 15D (upper panels), compared with 

the mock-treated 3T3-L1 cells, KMU-011401 strongly inhibited lipid 
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accumulation in a dose-dependent manner in 3T3-L1 cells on D8 of 

differentiation. Apparently, KMU-011401 at 1 to 10 µM caused the 

strong inhibition of lipid accumulation. The KMU-011401’s lipid-

reducing effects were also confirmed by light microscopy (Figure 15D, 

lower panels). As also shown in Figure 15E, KMU-011401 markedly 

reduced TG content in a concentration-dependent manner in 3T3-L1 cells 

on D8 of differentiation. Similarly, KMU-011401 at 5 or 10 µM caused 

the maximal reduction of TG content. Of interest, results of cell 

count analysis showed that KMU-011401 at the doses applied was not 

cytotoxic to 3T3-L1 cells at the time tested (Figure 15F). CX-4945 

(15 µM) was used for comparative results. Because of maximal 

suppressive effects on lipid accumulation and TG content with no 

cytotoxicity, the concentration of 5 µM of KMU-011401 was selected 

for further studies. 

 

3.16. HIPK-2 expression is significantly increased during 

brown preadipocyte differentiation: 

 

 The experimental protocol for the differentiation of brown 

preadipocytes into adipocytes is depicted in Figure 16A. Intracellular 

lipid accumulation during brown preadipocyte differentiation was 

initially determined by Oil Red O staining. Comparative to 

undifferentiated brown preadipocytes, there was high lipid 

accumulation in brown adipocytes on D7 of differentiation (Figure 16B, 

upper panels). Light microscopic images also demonstrated an increased 

lipid accumulation in brown adipocytes on D7 of differentiation 
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(Figure 16B, lower panels). Next, the mRNA expression of HIPK-2 during 

the differentiation of brown preadipocytes into adipocytes was 

determined using real-time qPCR. As shown in Figure 16C, there was a 

time-dependent increase in HIPK-2 mRNA expression during brown 

preadipocyte differentiation. 

 

3.17. p38 MAPK and PKC are crucial for the induction of 

HIPK-2 expression during brown preadipocytes 

differentiation:  

 

 In a way to understand molecular signaling mechanism(s) or factor(s) 

culpable for the elevation of expressions of HIPK-2 during 

differentiation of brown preadipocyte, we executed a pharmacological 

inhibition study using SB203580 (a p38 MAPK inhibitor), PD98059 (a 

MEK-1/2 (ERK-1/2) inhibitor), SP600125 (a JNK-1/2 inhibitor), 

LY294002 (a PI3K/PKB inhibitor), vitamin E (an antioxidant) or 

GF109203X (a PKC inhibitor). Strikingly, as depicted in Figure 17A, 

treatment with either SB203580, LY294002, and GF109203X strongly 

repressed the elevation of HIPK-2 expression on D7 of brown 

preadipocyte differentiation, without cytotoxicity (Figure 18A). 

However, although treatment with SP600125 strongly suppressed the 

induction of HIPK-2 expression on D7 of brown preadipocyte 

differentiation, the drug was highly cytotoxic to these cells. As 

shown in Figure 17B, treatment with either SB203580, LY294002, or 

GF109203X strongly blocked the lipid accumulations on D7 of in brown 

preadipocyte differentiation. 
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3.18. CX-4945 potently repressed lipid accretion and 

triglyceride (TG) synthesis during brown preadipocytes 

differentiation: 

  

 Next, we examined that the pharmacological inhibition of HIPK-2 using 

CX-4945 affects lipid accumulation and TG content during brown 

preadipocyte differentiation. As depicted in Figure 18A (upper panels), 

compared with the mock-treated brown cells, CX-4945 firmly decreased 

lipid accumulation in a concentration-dependent manner on D7 of 

differentiation. Notably, CX-4945 at 5, 10, 15, and 20 µM caused the 

maximal suppression of lipid accumulation. The CX-4945’s lipid-

reducing effect was also confirmed by light microscopy (Figure 18A, 

lower panels). As further shown in Figure 18B, CX-4945 also markedly 

reduced TG content in a dose-dependent manner in brown cells on D7 of 

differentiation. Of note, results of cell count analysis demonstrated 

that CX-4945 up to 15 µM was not cytotoxic to brown cells, however, 

CX-4945 at 20 µM significantly reduced the cell survival (Figure 18C). 

  

 3.19. KMU-011401 dose-dependently decreased lipid 

accumulation and triglyceride (TG) content during brown 

preadipocytes differentiation:  

 

 Next, examined the effect of KMU-011401, a novel HIPK-2 inhibitor on 

lipid accumulation and TG content during brown preadipocyte 

differentiation. As shown in Figure 19A (upper panels), KMU-011401 
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strongly reduced lipid accumulation in a concentration-dependent 

manner on D7 of differentiation. Notably, KMU-011401 at 5 and 10 µM 

greatly caused the maximal suppression of lipid accumulation. The 

KMU-011401’s lipid-reducing effect was also confirmed by light 

microscopy (Figure 19A, lower panels). As further shown in Figure 19B, 

KMU-011401 firmly reduced TG content in a dose-dependent manner in 

brown cells on D7 of differentiation. Of note, results of cell count 

analysis demonstrated that KMU-011401 at the doses applied was not 

cytotoxic at D7 of brown cell differentiation (Figure 19C).  
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Figure 1. Lipid accumulation and expression of HIPK-2 during 3T3-L1 

preadipocyte differentiation. (A) Experimental scheme of 

3T3-L1 preadipocyte differentiation. (B) Determination of 

lipid droplets (LDs) accumulation on day 0 (D0), D2, D5, 

and D8 of 3T3-L1 preadipocyte differentiation by Oil Red 

O staining (upper panels) and by phase-contrast image 

(lower panels). (C) 3T3-L1 preadipocytes were 

differentiated with induction medium and harvested at D0, 

D2, D5, and D8, respectively. At each time point, whole-

cell lysates were prepared and analyzed by immunoblot 

analysis with respective antibodies. (D,E) Western blot 

analysis in triplicate experiments on D8 (D) and the 

densitometry data of D (E). (F) Total cellular RNA was 

extracted and analyzed by real-time qPCR with respective 
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primers. Data are mean ± SE (n=3). *p < 0.05 compared to 

the value of vehicle control. 
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Figure 2. Effects of SB203580, PD98059, SP600125, LY294002, vitamin 

E or GF109203X on the expression of HIPK-2 on D5 of 3T3-L1 

preadipocyte differentiation. (A,B) 3T3-L1 preadipocytes 

were differentiated with induction medium in the absence 

(control; 0.1 % DMSO) or presence of SB203580 (a p38 MAPK 

inhibitor), PD98059 (a MEK-1/2 (ERK-1/2) inhibitor), 

SP600125 (a JNK-1/2 inhibitor), LY294002 (a PI3K/PKB 

inhibitor), vitamin E (an antioxidant) or GF109203X (a PKC 

inhibitor) at designated concentrations, and harvested at 

day 5 (D5). Total cellular RNA was then extracted and 

analyzed by real-time qPCR with respective primers (A) and 

cellular lipid contents were assessed phase-contrast images 

after the treatment (B). Data are mean ± SE (n=3). *p<0.05 

compared to the value of vehicle control. 
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Figure 3. Effects of gene silencing of HIPK-2 on expression of HIPK-

2, lipid accumulation, TG content, and cell survival during 

3T3-L1 preadipocyte differentiation. (A,B) 3T3-L1 

preadipocytes were stably transfected with 1 µg of control 

or HIPK-2 shRNA. Conditioned cells were differentiated with 

an induction medium containing MDI, insulin, and FBS, and 

harvested at day 0 (D0), D2, D5, and D8, respectively. At 

each time point, total cellular RNA and protein were 

extracted and analyzed by real-time qPCR (A) or Western 

blotting (B), respectively. Data are mean ± SE (n=3) of 

three independent experiments. *p<0.05 vs. control at 

respective day. (C,D,E) After-above mentioned conditions, 

lipid droplets accumulation in control or HIPK-2 shRNA-

transfected cells on D8 was measured by Oil Red O staining 

(upper panels) and by phase-contrast image (lower panels) 



- 36 - 
 

(C), cellular TG content by AdipoRed assay (D) or cell 

survival (E) by cell count analysis on D8 of adipocyte 

differentiation. Data are mean ± SE (n=3). *p<0.05 vs. 

control (D8). 
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Figure 4. Effects of gene silencing of HIPK-2 on expression and/or 

phosphorylation of C/EBP-α, PPAR-γ, and STAT-3 during 

3T3-L1 preadipocyte differentiation. (A) 3T3-L1 

preadipocytes were stably transfected with 1 µg of control 

or HIPK-2 shRNA. Control or HIPK-2 shRNA-transfected cells 

were differentiated with an induction medium containing 

MDI, insulin, and FBS, and harvested at day 0 (D0), D2, D5, 

and D8, respectively. At each time point, whole-cell 

lysates were prepared and analyzed by immunoblot analysis 

with respective antibodies. (B) After the above-mentioned 

conditions, at each time point, total cellular RNA was 

prepared and analyzed by real-time qPCR with respective 

primers. Data are mean ± SE (n=3). *p<0.05 vs. control at 

respective day. 
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Figure 5. Effects of gene silencing of HIPK-2 on expression of FAS 

and perilipin A during 3T3-L1 preadipocyte differentiation. 

(A) 3T3-L1 preadipocytes were stably transfected with 1 µg 

of control or HIPK-2 shRNA. Control or HIPK-2 shRNA-

transfected cells were differentiated with an induction 

medium containing MDI, insulin, and FBS, and harvested at 

day 0 (D0), D2, D5, and D8, respectively. At each time 

point, whole-cell lysates were prepared and analyzed by 

immunoblot analysis with respective antibodies. (B) After 

the above-mentioned conditions, at each time point, total 

cellular RNA was prepared and analyzed by real-time qPCR 

with respective primers. Data are mean ± SE (n=3). *p<0.05 

vs. control at respective day. 
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Figure 6. Effects of gene silencing of HIPK-2 on expression of leptin, 

adiponectin, and resistin during 3T3-L1 preadipocyte 

differentiation. (A,B,C) 3T3-L1 preadipocytes were stably 

transfected with 1 µg of control or HIPK-2 shRNA. Control 

or HIPK-2 shRNA-transfected cells were differentiated with 

an induction medium containing MDI, insulin, and FBS, and 

harvested at day 0 (D0), D2, D5, and D8, respectively. At 

each time point, total RNA was extracted and analyzed by 

real-time qPCR with respective primers. Data are mean ± SE 

(n=3). *p<0.05 vs. control at respective day. 
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Figure 7. Effects of CX-4945, an inhibitor of HIPK-2, on lipid 

accumulation and cell survival during 3T3-L1 preadipocyte 

differentiation. (A) 3T3-L1 preadipocytes were induced to 

differentiate with an induction medium containing MDI, 

insulin, and FBS in the presence or absence of different 

concentrations of CX-4945 up to D8 of differentiation. On 

D8, cellular lipid contents were assessed by Oil Red O 

staining (upper panel) and phase-contrast images (lower 

panel) of the cells after the treatment. (B,C)  On D8, 

cellular TG contents (B) and cell survival assay (C) were 

performed, respectively. Data are mean ± SE (n=3). *p<0.05 

vs. control (D8). 
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Figure 8. Effects of CX-4945, an inhibitor of HIPK-2, on expression 

of C/EBP-α and PPAR-γ during 3T3-L1 preadipocyte 

differentiation. (A,B) 3T3-L1 preadipocytes were induced 

to differentiate with an induction medium containing MDI, 

insulin, and FBS in the presence or absence of CX-4945 (15 

µM), and harvested on D2, D5, and D8, respectively. At each 

time point, whole-cell lysates or total RNA was extracted 

and analyzed by immunoblot analysis (A) and real-time qPCR 

(B), respectively. Data are mean ± SE (n=3). *p<0.05 vs. 

control at respective day. (C,D) Western blot analysis in 

triplicate experiments on D8 (C) and densitometry data of 

(C) in (D). *p<0.05 vs. control (D8). 
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Figure 9. Effects of CX-4945, an inhibitor of HIPK-2, on expression 

of FAS and perilipin A during 3T3-L1 preadipocyte 

differentiation. (A,B) 3T3-L1 preadipocytes were induced 

to differentiate with an induction medium containing MDI, 

insulin, and FBS in the presence or absence of CX-4945 (15 

µM), and harvested on D2, D5, and D8, respectively. At each 

time point, whole-cell lysates or total RNA was extracted 

and analyzed by immunoblot analysis (A) and real-time qPCR 

(B), respectively. Data are mean ± SE (n=3). *p<0.05 vs. 

control at respective day. (C,D) Western blot analysis in 

triplicate experiments on D8 (C) and densitometry data of 

(C) in (D). *p<0.05 vs. control (D8). 
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Figure 10. Effects of CX-4945, an inhibitor of HIPK-2, on expression 

of leptin, adiponectin, and resistin during 3T3-L1 

preadipocyte differentiation. (A,B,C) 3T3-L1 

preadipocytes were induced to differentiate with an 

induction medium containing MDI, insulin, and FBS in the 

presence or absence of CX-4945 (15 µM) and harvested on 

D2, D5, and D8, respectively. At each time point, total 

RNA was extracted and analyzed by real-time qPCR with 

respective primers. Data are mean ± SE (n=3). *p<0.05 vs. 

control at respective day. 
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Figure 11. Effects of CX-4945, an inhibitor of HIPK-2, on expression 

and/or phosphorylation of AMPK, ACC, and LKB-1 during 3T3-

L1 preadipocyte differentiation. (A) 3T3-L1 preadipocytes 

were induced to differentiate with an induction medium 

containing MDI, insulin, and FBS in the presence or 

absence of CX-4945 (15 µM) and harvested on D2, D5, and 

D8, respectively. At each time point, whole-cell lysates 

were prepared and analyzed by immunoblot analysis with 

respective antibodies. (B,C) Western blot analysis in 

triplicate experiments on D8 (B) and densitometry data of 

(B) in (C). *p<0.05 vs. control (D8). 
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Figure 12. Effects of CX4945, an inhibitor of HIPK-2, on intracellular 

levels of ATP during 3T3-L1 preadipocyte differentiation. 

(A,B,C) 3T3-L1 preadipocytes were induced to differentiate 

with induction medium containing MDI, insulin, and FBS in 

the absence or presence of CX-4945 or 2-deoxyglucose (2-

DG), a known ATP depleting agent, and harvested at D2 (A), 

D5 (B), and D8 (C), respectively. The amounts of 

intracellular ATP at the indicated timepoint were measured 

by an ATP measurement kit. Data are mean ± SE (n=3). 

*p<0.05 vs. control at respective day. 
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Figure 13. Effects of CX-4945, an inhibitor of HIPK-2, on lipolysis 

and expression and/or phosphorylation of HSL, ERK-1/2, 

perilipin A, and PKA during 3T3-L1 preadipocyte 

differentiation (A) The experimental scheme for the 

measurement of glycerol content and HSL phosphorylation in 

differentiated 3T3-L1 cells. (B,C) Differentiated 3T3-L1 

cells were serum-starved for 2 h and treated with CX-4945 
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or ISO for indicated time points. Glycerol contents were 

measured at 3 h (A) and 24 h (B), respectively. Data are 

mean ± SE (n=3). *p<0.05 vs. control (3 or 14 h). (D,E) 

After-above mentioned treatment conditions, the cellular 

protein was extracted and analyzed by Western blot 

analysis with respective antibodies. (F) Graphical summary 

of Figure (E). 

  



- 48 - 
 

 

Figure 14. Effect of PD98059, an inhibitor of ERK-1/2, on CX-4945-

induced lipolysis in differentiated 3T3-L1 cells. (A) 

Differentiated 3T3-L1 cells were serum-starved for 2 h and 

treated with CX-4945 or ISO in the presence or absence of 

PD98059 for 3 h. Glycerol content was measured at the 

indicated time point. Data are mean ± SE (n=3). *p<0.05 

vs. control (no drug). (B) After the above-mentioned 

treatment conditions, the cellular protein was extracted 

and analyzed by Western blot analysis with respective 

antibodies.  
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Figure 15. Effects of KMU-011401, KMU-011402, KMU-011403, KMU-011404, 

and KMU-011323, a series of novel HIPK-2 inhibitors, on 

lipid accumulation and cell survival in differentiating 

3T3-L1 cells. (A) 3T3-L1 preadipocytes were induced to 

differentiate with induction medium in the presence or 

absence of different HIPK-2 inhibitors (KMU-011401, KMU-

011402, KMU-011403, KMU-011404 KMU-011401323) up to D8 of 

differentiation. On D8, cellular lipid contents were 

assessed by Oil Red O staining (upper panel) and phase-

contrast images (lower panel) of the cells after the 

treatment. (B,C)  On D8, cellular TG contents (B) and cell 

survival assay (C) were performed, respectively. Data are 

mean ± SE (n=3). *p<0.05 vs. control (D8). (D) 3T3-L1 
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preadipocytes were induced to differentiate with induction 

medium in the presence or absence of different 

concentrations (1, 5, and 10 µM) of KMU-011401 and CX-4945 

(15 µM) up to D8 of differentiation. On D8, cellular lipid 

contents were assessed by Oil Red O staining (upper panel) 

and phase-contrast images (lower panel) of the cells after 

the treatment. (E,F) On D8, cellular TG contents (E) and 

cell survival assay (F) were performed, respectively. Data 

are mean ± SE (n=3). *p<0.05 vs. control (D8). 
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Figure 16. Lipid accumulation and expression of HIPK-2 during brown 

preadipocyte differentiation. (A) Experimental scheme for 

brown preadipocyte differentiation. (B) Measurement of 

lipid droplets accumulation on day 0 (D0), D2, D5, and D7 

of brown preadipocyte differentiation by Oil Red O 

staining (upper panels) and by phase-contrast image 

(lower panels). (C) Brown preadipocytes were 

differentiated with induction medium and harvested at D0, 

D2, D5, and D7, respectively. At each time point, total 

cellular RNA was extracted and analyzed by real-time qPCR 
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with respective primers. Data are mean ± SE (n=3). 

*p<0.05 vs. control (D0). 
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Figure 17. Effects of SB203580, PD98059, SP600125, LY294002, vitamin 

E or GF109203X on expression of HIPK-2 on D7 of brown 

preadipocyte differentiation. (A,B) Brown preadipocytes 

were differentiated with induction medium in the absence 

(control; 0.1 % DMSO) or presence of SB203580 (a p38 MAPK 

inhibitor), PD98059 (a MEK-1/2 (ERK-1/2) inhibitor), 

SP600125 (a JNK-1/2 inhibitor), LY294002 (a PI3K/PKB 

inhibitor), vitamin E (an antioxidant) or GF109203X (a PKC 

inhibitor) at designated concentrations, and harvested at 

day 7 (D7). Total cellular RNA was then extracted and 

analyzed by real-time qPCR with respective primers (A) and 

cellular lipid contents were assessed phase-contrast images 

after the treatment (B). Data are mean ± SE (n=3). *p<0.05 

compared to the value of vehicle control. 
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Figure 18. Effects of CX-4945, an inhibitor of HIPK-2, on lipid 

accumulation and cell survival during brown preadipocyte 

differentiation. (A) Brown preadipocytes were induced to 

differentiate with induction medium in the presence or 

absence of different concentrations of CX-4945 up to D7 

of differentiation. On D7, cellular lipid contents were 

assessed by Oil Red O staining (upper panel) and phase-

contrast images (lower panel) of the cells after the 

treatment. (B,C)  On D7, cellular TG contents (B) and 

cell survival assay (C) were performed, respectively. 

Data are mean ± SE of three independent experiments. 

*p<0.05 vs. control (D7). 
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Figure 19. Effects of KMU-011401, a novel HIPK-2 inhibitor, on lipid 

accumulation, TG content, and cell survival during brown 

preadipocyte differentiation. (A) Brown preadipocytes 

were induced to differentiate with induction medium in 

the presence or absence of different concentrations of 

KMU-011401 up to D7 of differentiation. On D7, cellular 

lipid contents were assessed by Oil Red O staining (upper 

panel) and phase-contrast images (lower panel) of the 

cells after the treatment. (B,C)  On D7, cellular TG 

contents (B) and cell survival assay (C) were performed, 

respectively. Data are mean ± SE of three independent 

experiments. *p<0.05 vs. control (D7). 

  



- 56 - 
 

4. Discussion 

 Excessive preadipocyte differentiation and the resultant high fat 

accumulation in the adipose tissue are closely linked to the 

development of obesity. Aforementioned, HIPK-2 has been implicated in 

the control and regulation of several transcription factors which 

play a pivotal role in embryonic development, apoptosis, cell 

proliferation, and tumor development (31, 33-36). Recent evidence has 

further indicated that HIPK-2 is an essential regulator of adipocyte 

differentiation and adipose tissue development in vivo and in vitro 

(40). However, until now, the expression regulation and role of HIPK-

2 in white and brown adipocytes in the context of adipogenesis, 

adipogenesis, lipolysis, are still largely unknown. This study 

demonstrated that HIPK-2 expression is highly up-regulated during the 

murine 3T3-L1 white and brown preadipocyte differentiation in p38 

MAPK and PKC-dependent manners, and the up-regulated HIPK-2 played a 

pivotal role in lipid accumulation and storage during murine white 

and brown preadipocytes differentiation. Gene silencing and 

pharmacological inhibition of HIPK-2 by CX-4945 and KMU-011401 

resulted in not only a strong inhibition of lipid accumulation during 

murine 3T3-L1 white and brown preadipocyte differentiation but also 

a strong pro-lipolytic effect on differentiated or mature 3T3-L1 

adipocytes, which are mediated through control of the expression and 

phosphorylation of C/EBP-α, PPAR-γ, STAT-3, FAS, ACC, perilipin A, 

AMPK, and HSL. This work suggests that HIPK-2 inhibition (inhibitor) 

may be used as potential preventive and therapeutics against obesity. 
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 Studies have previously reported that HIPK-2 expression is high in 

both white adipose tissue (WAT) and brown adipose tissue (BAT) in 

mice (40). There is further evidence that HIPK-2 expression is low in 

3T3-L1 preadipocytes, but its expression is vastly increased in 

differentiated or mature adipocytes, suggesting a link between HIPK-

2 overexpression and white preadipocyte differentiation. Up to date, 

there is no information regarding HIPK-2 expression during brown 

preadipocyte differentiation. In this study, HIPK-2 expression was 

found to be highly elevated during the differentiation of both 3T3-

L1 white preadipocytes and immortalized brown preadipocytes into 

mature white and brown adipocytes. These results further indicated a 

link between HIPK-2 overexpression and brown preadipocyte 

differentiation.  

 However, until now, the molecular and signaling mechanism of how 

HIPK-2 expression is regulated during white and brown preadipocyte 

differentiation remains unclear. Of note, data of pharmacological 

inhibition study performed in the current study evidently demonstrated 

that the mRNA expression of HIPK-2 during 3T3-L1 white preadipocyte 

differentiation was greatly repressed in the presence of SB203580 (a 

p38 MAPK inhibitor), GF109203X (a PKC inhibitor), SP600125 (a JNK-1/2 

inhibitor) or LY294002 (a PI3K/PKB inhibitor). SB203580, GF109203X, 

SP600125, or LY294002 was not cytotoxic to 3T3-L1 white preadipocytes 

during differentiation. These results advocate that the activities of 

p38 MAPK, PKC, JNK-1/2, and PI3K/PKB are crucial for the 

transcriptional induction of HIPK-2 during 3T3-L1 preadipocyte 

differentiation. Furthermore, the mRNA expression of HIPK-2 during 

immortalized brown preadipocyte differentiation was largely 

suppressed in the presence of GF109203X, SB203580, or LY294002. In 
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this study, SP600125 at the dose tested herein was highly cytotoxic 

to immortalized brown preadipocytes during differentiation. It will 

be interesting to see the effect of SP600125 at lower doses on 

transcriptional regulation of HIPK-2 in brown preadipocytes. These 

results thus point out that the activities of PKC, p38 MAPK, and 

PI3K/PKB are important for the transcriptional induction of HIPK-2 

during brown preadipocyte differentiation. There is also a wealth of 

information illustrating that expression of HIPK-2 is regulated at 

post-transcription (mRNA stability), translation, protein stability, 

and post-translation modification (PTM) (51, 52). Given that p38 MAPK, 

PKC, JNK-1/2, and PI3K/PKB also participate in the regulation of post-

transcription (mRNA stability), translation, protein stability, and 

PTM of many proteins (53-55), it will be interesting to investigate, 

in the future, their role in mRNA stability, translation, protein 

stability, and/or PTM of HIPK-2 during white and brown preadipocyte 

differentiation. 

 Recent in vitro and in vivo studies have demonstrated that loss of 

HIPK-2 specifically inhibits white adipocyte differentiation and 

tissue development (40). Furthermore, it has been shown that gene 

silencing of HIPK-2 leads to inhibition of lipid accumulation during 

3T3-L1 white preadipocyte differentiation (40). In the present study, 

knock-down of HIPK-2 was found to result in not only suppression of 

lipid accumulation but also reduction of TG content during 3T3-L1 

white preadipocyte differentiation. These results evidently indicate 

the stimulatory role of HIPK-2 expression and activity in adipogenesis 

and lipogenesis during 3T3—L1 white preadipocyte differentiation. 

Until now, the molecular and signaling mechanism of how HIPK-2 
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stimulates adipogenesis and lipogenesis in the 3T3—L1 white 

preadipocyte differentiation process is not fully defined. 

 A large body of evidence strongly supports the pivotal role of 

numerous transcription factors, such as C/EBP-α, PPAR-γ, and STAT-

3, in 3T3-L1 white preadipocyte differentiation (16-19). At present, 

HIPK-2 regulation of C/EBP-α, PPAR-γ, and STAT-3 during 3T3-L1 white 

preadipocyte differentiation is unknown. Thus, the effect of knock-

down of HIPK-2 on expression and/or phosphorylation of C/EBP-α, PPAR-

γ, and STAT-3 in 3T3—L1 white preadipocyte differentiation process 

was further investigated in the present study. Of interest, gene 

silencing of HIPK-2 was found to strongly repress expression of C/EBP-

α and PPAR-γ at both protein and mRNA levels in the 3T3-L1 white 

preadipocyte differentiation process. These results address that 

HIPK-2 expression and activity are necessary for the transcriptional 

up-regulation of C/EBP-α and PPAR-γ in the cell differentiation 

process. Previous studies have demonstrated that HIPK-2 directly 

interacts and cooperates with C/EBP-β and p300, a transcriptional 

co-activator, at the protein levels, and this is functionally relevant 

and crucial for adipocyte differentiation of 3T3-L1 cells (39). 

However, at this moment, it is unclear how HIPK-2 controls the 

transcription of C/EBP-α and PPAR-γ during the 3T3-L1 white 

preadipocyte differentiation process. Considering that HIPK-2 

directly interacts and cooperates with C/EBP-β, and C/EBP-β is 

involved in the transcriptional up-regulation of C/EBP-α and PPAR-

γ during the 3T3-L1 white preadipocyte differentiation process (39, 

56), it will be interesting to test, in the future, whether gene 

silencing of HIPK-2 leads to the reduced expression and/or 

transcriptional activity of C/EBP-β during 3T3-L1 white preadipocyte 
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differentiation process or knock-down of C/EBP-β causes the 

transcriptional repression of C/EBP-α and PPAR-γ during the cell 

differentiation process. 

 Previously, it has also been reported that the family of STATs, 

including STAT-1, STAT-3, STAT-5, and STAT-6, are expressed in both 

3T3-L1 preadipocytes and adipocytes and critical for 3T3-L1 adipocyte 

differentiation (19). Recently, it has been reported that HIPK-2 is 

a positive regulator of the JAK/STAT pathway during the development 

and tumorigenesis (57). This notion is further supported by that the 

transcriptional output of JAK/STAT signaling is perturbed upon loss 

or knock-down of HIPK-2 and conversely increased HIPK-2 induces 

elevated JAK/STAT activity including STAT-3 in a cell-autonomous 

manner (58). In the current study, genetic silencing of HIPK-2 was 

found to partially interfere with STAT-3 phosphorylation without 

altering total STAT-3 protein levels on D5 and D8 of 3T3-L1 

preadipocyte differentiation, pointing out that HIPK-2 knock-down 

caused the reduced phosphorylation of pre-existed STAT-3 protein 

without de novo protein synthesis. These results collectively 

indicated that HIPK-2 expression and activity also facilitate the 

elevated phosphorylation of STAT-3 in these cell differentiation 

processes, and thus inhibition of lipid accumulation by knock-down of 

HIPK-2 is in part due to the reduced phosphorylation of STAT-3. 

 It has been well documented that expression of both FAS and perilipin 

A are largely increased in a time-dependent manner during 3T3-L1 

preadipocyte differentiation (20,22). FAS is a crucial lipogenic 

enzyme that catalyzes intermediate steps in the biosynthesis of long-

chain fatty acids and its overexpression leads to an induce fatty 

acid biosynthesis in cells and/or tissues (20, 59). Perilipin A binds 
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to and stabilizes the newly formed LDs during 3T3-L1 preadipocyte 

differentiation (22). Strong pieces of evidence also indicate that 

perilipin A is a highly phosphorylated protein in adipocytes that is 

not secreted but localized at the surface of LDs (22,60). It also has 

been illustrated that perilipin A expression in human adipose tissue 

is elevated with obesity (22). Considering the role of FAS and 

perilipin A in lipogenesis and LDs-stabilization and storage in 

adipocytes, blockage of the activity and/or expression of FAS and 

perilipin A is likely to be another possible way to prevent or treat 

obesity at the cellular context of lipogenesis and LDs metabolism. 

Little is known about HIPK-2 regulation of FAS and perilipin A 

expression in adipocytes. Notably, in this study, knock-down or 

pharmacological inhibition of HIPK-2 by CX-4945 led to the decreased 

or slight induction in the expression of FAS during 3T3-L1 

preadipocytes differentiation, respectively. At the same time, knock-

down or pharmacological inhibition of HIPK-2 by CX-4945 reduced the 

perilipin A at the protein and mRNA levels during the 3T3-L1 

preadipocyte differentiation process. These results point out that 

HIPK-2 expression plays a crucial role in the transcriptional and 

translational up-regulation of FAS and perilipin A in the 3T3-L1 

preadipocyte differentiation process, and thus suppression of lipid 

accumulation by knock-down of HIPK-2 herein is closely linked to the 

reduced expression of FAS and perilipin A. 

 Adipocytes, the most abundant cell type in adipose tissue, are a 

major source of adipokines including adiponectin, leptin, and resistin 

(11-13). Reportedly, while adiponectin expression levels decrease 

with an increase in adiposity (61), leptin and resistin levels 

increase in obesity (62). The adipocytes-derived hormone resistin is 
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postulated to be linked to obesity, insulin resistance, and diabetes 

(63). Consequently, suppression of adipokines such as leptin or 

resistin expression is an alternative against obesity. In this study, 

knock-down of HIPK-2 was found to inhibit the expression of 

adiponectin, leptin, and resistin at the mRNA levels during the 3T3-

L1 preadipocyte differentiation process. These results suggest that 

HIPK-2 expression and activity are crucial for the transcriptional 

up-regulation of these adipokines in the 3T3-L1 preadipocyte 

differentiation process.  

 Recently, it has been demonstrated that CX-4945 strongly interacts 

with the residues in the ATP-pocket of HIPK-2 and blocks its catalytic 

activity (41), indicating that CX-4945 is an inhibitor of HIPK-2. In 

the present study, pharmacological inhibition of HIPK-2 using CX-4945, 

not only strongly suppressed lipid accumulation but also reduction of 

TG content without affecting the survival of 3T3-L1 preadipocytes. 

These results indicated that blockage of the kinase activity of HIPK-

2 impinges adipogenesis and lipogenesis during 3T3—L1 preadipocyte 

differentiation.  

 Several studies have exhibited the crucial roles of several numerous 

transcription factors, such as C/EBP-α, PPAR-γ, and STAT-3, in 3T3-

L1 white preadipocyte differentiation (16-19). At present, HIPK-2 

regulation of C/EBP-α, PPAR-γ, and STAT-3 during 3T3-L1 white 

preadipocyte differentiation is unknown. Thus, the effect of CX-4945 

on expression and/or phosphorylation of C/EBP-α and PPAR-γ in the 

3T3—L1 white preadipocyte differentiation process was further 

investigated in the present study. Notably, CX-4945 greatly represses 

the expression of C/EBP-α and PPAR-γ at both protein and mRNA levels 

in the 3T3-L1 white preadipocyte differentiation process. These 
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results further supported that HIPK-2 expression is necessary for the 

transcriptional up-regulation of C/EBP-α and PPAR-γ in the cell 

differentiation process, and thus inhibition of lipid accumulation by 

pharmacological inhibition of HIPK-2 by CX-4945 is largely 

attributable to the reduced expression of C/EBP-α and PPAR-γ at 

their transcript levels herein.  

 Adipokines including adiponectin, leptin, and resistin are mainly 

secreted from Adipose tissue and adipocytes and their expressions 

were increased in obesity. Reportedly, while adiponectin expression 

levels decrease with an increase in adiposity (61), leptin and 

resistin levels increase in obesity (62). The adipocytes-derived 

hormone resistin is postulated to be linked to obesity, insulin 

resistance, and diabetes (63). Consequently, suppression of leptin 

and resistin expression is an alternative against obesity. In this 

study, CX-4945 strongly decreased the expression of adiponectin, 

leptin, and resistin at the mRNA levels during the 3T3-L1 preadipocyte 

differentiation process indicating that the HIPK-2 expression and 

activity are crucial for the transcriptional up-regulation of these 

adipokines in the 3T3-L1 preadipocyte differentiation process. 

 AMPK is the master regulator of energy metabolism and balance (64). 

It is a heterotrimeric protein kinase consisting of a catalytic a 

subunit and regulatory b and c subunits. Current research has shown 

that elevation of intracellular AMP/ATP induces AMPK phosphorylation 

on T172 within a subunit by liver kinase B1 (LKB1) (65). Several 

studies have reported that phosphorylation (activation) of AMPK blocks 

ATP-consuming anabolic processes while activates ATP-producing 

catabolic processes (66,67) and the effects are mediated via the 

phosphorylation of metabolic enzymes, such as ACC (68). There is also 
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evidence that activation of AMPK induces ACC phosphorylation on S79, 

which strictly regulates the enzyme during fatty acid synthesis for 

malonyl-CoA production, and phosphorylated ACC lacks its activity to 

synthesize fatty acids (69). At present, HIPK-2 regulation of 

phosphorylation/or expression of AMPK, ACC, and LKB-1 during 3T3-L1 

white preadipocyte differentiation is unknown. Given that CX-4945 

increases phosphorylation/expression of AMPK and ACC in 

differentiating 3T3-L1 cells, the drug’s anti-adipogenic effect is 

further mediated through activation of AMPK and ACC, which may confer 

inhibition of ATP-consuming anabolic processes, such as synthesis of 

fatty acids. Furthermore, in this study, CX-4945 increased LKB-1 

phosphorylation while lowered cellular ATP levels in differentiating 

3T3-L1 cells. These results indicate that CX-4945-induced AMPK 

phosphorylation is in part due to LKB-1 activation and reduction of 

cellular ATP levels during the differentiation of 3T3-L1 cells.  

 Lipolysis involves the hydrolytic cleavage of ester bonds in 

triacylglyceride (TG), resulting in the formation of free fatty acids 

and glycerol as a byproduct (28). Hormone-sensitive lipases (HSL) is 

a pivotal enzyme that involves the mobilization of fatty acids from 

stored TG (28). Previous research stated that activation of protein 

kinase A and/or extracellular signal-related kinase (ERK) induces 

lipolysis via phosphorylating HSL on S563, S659, and S660 in 

adipocytes (29,30). At present, HIPK-2 regulation of glycerol release 

and expression/or phosphorylation of HSL, perilipin A, ERK-1/2, and 

PKA in differentiated 3T3-L1 is unknown. Herein, we observed that 

pharmacological inhibition of HIPK-2 by CX-4945 has a lipolytic effect 

on differentiated 3T3-L1 cells as demonstrated by elevation of 

glycerol release as well as phosphorylation of HSL at S563 and S659. 
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Furthermore, treatment with CX-4945 induced the phosphorylation of 

ERK-1/2 along with an electrophoretic shift (hyperphosphorylation) in 

perilipin A protein expressions. Notably, inhibition of ERK-1/2 by 

PD98059, a MEK-1/2 inhibitor, significantly impeded the CX-4945-

induced lipolysis, indicating CX-4945 exerts its lipolytic effect via 

the ERK1/2-dependent HSL activation.  

 Due to the very limited commercial availability of HIPK-2 inhibitors, 

a series of novel HIPK-2 inhibitors (KMU-011401, KMU-011402, KMU-

011403, KMU-011404, and KMU-011323) were herein synthesized by 

medicinal chemistry. In this study, all HIPK-2 inhibitors (KMU-011401, 

KMU-011402, KMU-011403, KMU-011404, and KMU-011323) tested strongly 

suppressed lipid accumulation as well as TG content during 3T3-L1 

preadipocyte differentiation. However, in this study, KMU-011403 at 

the dose tested herein was highly cytotoxic during the 3T3-L1 

preadipocytes differentiation. Among these novel HIPK-2 inhibitors 

tested, KMU-011-401 most greatly blocked lipid accumulation and 

reduced TG content in a concentration-dependent manner with no 

cytotoxicity during the differentiation 3T3-L1 preadipocytes into 

adipocytes, supporting that the blockage of HIPK-2 activity by KMU-

011401 and other HIPK-2 inhibitors applied impinges 3T3-L1 

preadipocytes differentiation, which further repressed lipid 

accumulation during cell differentiation. 

 It has been well documented the HIPK-2 is actively involved in the 

appearance of brown/beige adipocytes in different adipose tissue 

depots via adipogenesis (40). However, the function of HIPK-2 in brown 

preadipocyte differentiation remains elusive. Strikingly, in this 

study, pharmacological inhibition of HIPK-2 with CX-4945 and KMU-

011401, results in a strong reduction of lipid accumulation and TG 
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content with no cytotoxicity during brown preadipocyte 

differentiation, illustrating that HIPK-2 also plays a role in lipid 

accumulation and storage in brown adipocytes.  

 It is evident that HIPK-2 expression is highly increased, and the 

increased HIPK-2 plays a pivotal role in lipid metabolism (lipid 

accumulation and lipolysis) in murine 3T3-L1 white and/or brown 

(pre)adipocytes. However, at this moment, it is unclear whether the 

increased HIPK-2 during murine 3T3-L1 white and brown (pre)adipocyte 

differentiation has kinase activity, because of no successful 

establishment of an in vitro model system to measure the kinase 

activity. It will be thus necessary to make an appropriate in vitro 

model system to verify if the increased HIPK-2 during murine 3T3-L1 

white and brown (pre)adipocyte differentiation truly has kinase 

activity. It should be further noted that both the expression and 

role of HIPK-2 and the effect of HIPK-2 inhibitors in the regulation 

of lipid accumulation and/or lipolysis herein are seen in cultured 

murine white and brown (pre)adipocytes. Given that there is a big 

difference in not only regulation of lipid accumulation and lipolysis 

but also control of expression and activity of lipid accumulation and 

lipolysis-related transcription factors, enzymes, and proteins 

between mouse (pre)adipocytes and human ones, future studies are 

warranted to confirm whether 1) HIPK-2 expression is increased and 

the increased HIPK-2 plays a crucial role in lipid metabolism (lipid 

accumulation and lipolysis)  human white and/or brown (pre)adipocytes, 

and 2) the treatment of HIPK-2 inhibitors blocks the differentiation 

of human white and brown preadipocytes, and 3) HIPK-2 expression is 

higher in white and brown adipocyte tissues of obese people or 
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patients than those of normal person, and 4) the administration of 

HIPK-2 inhibitors reduces the adiposity of obese people or patients. 



- 68 - 
 

5. Summary 

In summary, the present study demonstrates that HIPK-2 expression is 

highly up-regulated during the murine 3T3-L1 white and brown 

preadipocyte differentiation in p38 MAPK and PKC-dependent manners, 

and the up-regulated HIPK-2 plays a pivotal role in lipid accumulation 

and storage during murine white and brown preadipocytes 

differentiation. Gene silencing and pharmacological inhibition of 

HIPK-2 by CX-4945 and KMU-011401 results in not only a strong 

inhibition of lipid accumulation during murine 3T3-L1 white and brown 

preadipocyte differentiation but also a strong pro-lipolytic effect 

on differentiated or mature 3T3-L1 adipocytes, which are mediated 

through control of the expression and phosphorylation of C/EBP-α, 

PPAR-γ, STAT-3, FAS, ACC, perilipin A, AMPK, and HSL. This work 

suggests that HIPK-2 inhibition (inhibitor) may be used as potential 

preventive and therapeutics against obesity. 
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(Abstract) 

 Homeodomain-interacting protein kinase-2 (HIPK-2), a highly 

conserved serine/threonine nuclear kinase, has been recently 

identified as a central regulator of white adipocyte differentiation 

and white fat development. However, at present, the expression 

regulation and function of HIPK-2 in adipocytes remains unclear. In 

this study, how HIPK-2 expression is regulated, and its expression 

influences the differentiation of 3T3-L1 white and immortalized brown 

preadipocytes. Additionally, determined the lipolysis effects of 

HIPK-2 inhibition in differentiated 3T3-L1 cells. The effect and mode 

of action of known or newly synthesized HIPK-2 inhibitor on lipid 

accumulation and triglyceride (TG) content during the differentiation 
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of 3T3-L1 white and brown preadipocytes were also assessed.  

Strikingly, HIPK-2 expression was highly induced in a time-dependent 

manner during the differentiation of both 3T3-L1 white and brown 

preadipocytes. Of interest, results of the pharmacological inhibition 

study demonstrated crucial roles of p38 MAPK, PKC, and PI3K/PKB in 

HIPK-2 overexpression during the differentiation of both 3T3-L1 white 

and brown preadipocytes. 

 Importantly, knockdown of HIPK-2 caused less lipid accumulation and 

TG content with no cytotoxicity during 3T3-L1 preadipocyte 

differentiation. Moreover, knockdown of HIPK-2 led to a decrease in 

not only expression of CCAAT/enhancer-binding protein-α (C/EBP-α), 

peroxisome proliferator-activated receptor-γ (PPAR-γ), fatty acid 

synthase (FAS), perilipin A, and adipokines such as adiponectin, 

leptin, and resistin but also phosphorylation of signal transducer 

and activator of transcription-3 (STAT-3) during 3T3-L1 preadipocyte 

differentiation. Furthermore, pharmacological inhibition of HIPK-2 by 

CX-4945, a known HIPK-2 inhibitor, greatly down-regulated not only 
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lipid accumulation and triglyceride (TG) content but also C/EBP-α, 

PPAR-γ, FAS, acetyl-CoA carboxylase (ACC), and perilipin A during 

3T3-L1 preadipocyte differentiation. CX-4945 also increased 

phosphorylation of cAMP-activated protein kinase (AMPK) and liver 

kinase-B1 (LKB-1), an upstream activator of AMPK, while decreased 

intracellular ATP content during 3T3-L1 preadipocyte differentiation. 

CX-4945 also stimulated glycerol release and phosphorylation of 

hormone-sensitive lipase (HSL) and extracellular signal-regulated 

kinase 1/2 (ERK-1/2). Of note, treatment with PD98059, an inhibitor 

of ERK-1/2, attenuated CX4945-induced glycerol release and HSL 

phosphorylation in differentiated 3T3-L1 white adipocytes, pointing 

out the ERK-1/2-dependent induction of lipolysis by CX-4945. CX-4945 

also could greatly reduce lipid accumulation and TG content during 

brown preadipocyte differentiation. Strikingly, some of the novel 

HIPK-2 inhibitors including KMU-011401 also had the ability to 

strongly reduce lipid accumulation and TG content during the 

differentiation of both 3T3-L1 white and brown preadipocytes. These 
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results collectively demonstrate that HIPK-2 expression is highly 

increased in a p38 MAPK, PKC, and PI3K/PKB-dependent manner and the 

increased HIPK-2 plays a crucial role in not only lipid accumulation 

and storage during the differentiation of both 3T3-L1 white and brown 

preadipocytes but also lipolysis in differentiated 3T3-L1 cells. These 

results advocate HIPK-2 and its inhibitor as a potential target and 

drug against obesity. 
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(초록) 

 최근의 연구에서 homeodomain-interacting protein kinase-2 (HIPK-2)가 

백색 지방세포 분화 및 지방조직 발달에 관여한다는 것이 보고되었다. 

그러나 현재 백색 및 갈색 지방세포 분화 과정에서 HIPK-2의 발현 기전과 

기능은 불분명하다. 이에 본 연구에서 1) 백색 및 갈색 지방전구세포의 

분화 과정에서 HIPK-2 발현 조절 단백질 분석 및 HIPK-2 기능을 분석하고, 

2) 분화된 백색 지방세포의 지방분해에서 HIPK-2 기능을 확인하고, 3) 

기존 또는 신규 합성 HIPK-2 저해제의 백색 및 갈색 지방전구세포 분화 

제어 효과 및 기전을 규명하고자 하였다. 본 연구에서 3T3-L1 백색 

지방전구세포 및 갈색 지방전구세포 분화 (특히, D5 (중기) 및 D8 (말기)) 

단계에서 HIPK-2 과발현이 관찰되었고, 이러한 HIPK-2 과발현이 p38 MAPK 

및 PKC 활성과 깊은 관련이 있음을 확인하였다. Control shRNA 

transfection시킨 3T3-L1 백색 지방전구세포와 비교하여, HIPK-2 shRNA 
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transfection시킨 세포에서 지방축적 및 중성지방 함량 감소, C/EBP-α, 

PPAR-γ, FAS, perilipin A 발현 감소 및 STAT-3 인산화 억제가 나타났다. 

추가로 대조군 (용매 DMSO 투여시킨 3T3-L1 백색 지방전구세포)와 비교하여, 

기존 HIPK-2 저해제 CX-4945 투여시킨 세포내 지방축적 및 중성지방 함량 

감소, C/EBP-α, PPAR-γ, FAS, perilipin A 발현 감소, STAT-3 인산화 

억제, AMPK 및 LKB-1 인산화 증가 및 ATP 함량 감소가 나타났다. 또한 

분화된 3T3-L1 백색 지방세포에 CX-4945 투여 시 세포외 glycerol 방출 

증가와 세포내 HSL 및 ERK-1/2 인산화가 증가되었다. 그러나 ERK-1/2 

저해제 PD98059 투여 시 분화된 3T3-L1 백색 지방세포에서 CX-4945에 의한 

지방분해 (glycerol 방출 및 HSL 인산화 증가)가 크게 약화되었다. 이들 

결과는 CX-4945가 지방분해 효과를 가지며 이것이 ERK-1/2 의존적임을 

말해주었다. 추가적으로 본 연구를 통해 신규 의약합성된 HIPK-2 저해제 

KMU-011401 투여 시 분화유도제에 의한 3T3-L1 백색 지방전구세포 및 갈색 

지방전구세포내 지방축적 및 중성지방 함량 증가가 크게 감소되었다. 상기 

실험결과를 종합해 볼 때 백색 및 갈색 지방전구세포 분화 과정에서 

일어나는 p38 MAPK 및 PKC 의존적 발현 증가된 HIPK-2는 C/EBP-α, PPAR-

γ, FAS, perilipin A 발현 증가 및 STAT-3 활성화를 통해 이들 지방세포내 
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지방축적 및 지방저장에 중요한 기능을 수행하는 것으로 보인다. 이들 

결과는 HIPK-2/HIPK-2 저해제가  향후 비만의 예방 및 치료의 잠재적 표적 

분자/치료제로서활용(개발)될 가능성을 제시한다. 
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