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Abstract: Peroxisomal D-bifunctional protein (DBP) is an indispensable enzyme of the fatty acid β-oxidation in the 
peroxisome of humans. However, the role of DBP in oncogenesis is poorly understood. Our previous studies have 
demonstrated that DBP overexpression promotes hepatocellular carcinoma (HCC) cell proliferation. In this study, we 
evaluated the expression of DBP in 75 primary HCC samples using RT-qPCR, immunohistochemistry, and Western 
blot, as well as its correlation with the prognosis of HCC. In addition, we explored the mechanisms by which DBP pro-
motes HCC cell proliferation. We found that DBP expression was upregulated in HCC tumor tissues, and higher DBP 
expression was positively correlated with tumor size and TNM stage. Multinomial ordinal logistic regression analysis 
indicated that lower DBP mRNA level was an independent protective factor of HCC. Notably, DBP was overexpressed 
in the peroxisome and cytosol and mitochondria of tumor tissue cells. Xenograft tumor growth was promoted by 
overexpressing DBP outside peroxisome in vivo. Mechanistically, DBP overexpression in cytosol activated the PI3K/
AKT signaling axis and promoted HCC cell proliferation by downregulating apoptosis via AKT/FOXO3a/Bim axis. In 
addition, overexpression of DBP increased glucose uptake and glycogen content via AKT/GSK3β axis, as well as 
elevated the activity of mitochondrial respiratory chain complex III to increase ATP content via the mitochondrial 
translocation of p-GSK3β in an AKT-dependent manner. Taken together, this study was the first to report the expres-
sion of DBP in peroxisome and cytosol, and that the cytosolic DBP has a critical role in the metabolic reprogramming 
and adaptation of HCC cells, which provides a valuable reference for instituting an HCC treatment plan. 
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Introduction

Peroxisomal D-bifunctional protein (DBP) is  
a D-3-hydroxyacyl-CoA dehydratase/D-3-hydro- 
xyacyl-CoA dehydrogenase bifunctional enzyme 
with an SKL tripeptide (peroxisomal targeting 
signal type 1, PTS1) at C-terminus and ubiqui-
tously expresses in human tissues. It catalyzes 
the second and third steps of the fatty acid 
β-oxidation in peroxisome and has an impor-

tant role in the decomposition of very long-, 
polyunsaturated-, and branched-chain fatty 
acid, as well as in the synthesis of bile acid, 
plasmalogen, and docosahexaenoic acid (DHA). 
Studies have found that DBP defects can cause 
Zell-Weger-like syndrome, a severe congenital 
fatal disease with detrimental consequences 
on growth and development, due to peroxisome 
β-oxidation disorders [1] which leads to the 
degeneration of Purkinje cells [2]. Additionally, 
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DBP expression has been reported to be upreg-
ulated in several cancers, including prostate [3] 
and ovarian cancer [4]. In patients with pros-
tate cancer, overexpression of DBP is associat-
ed with poor prognosis [3]. In addition, accord-
ing to Human Protein Atlas (http://www.pro- 
teinatlas.org/ENSG00000133835/cancer/tis-
sue/liver+cancer), liver cancer patients have 
higher levels of DBP protein in paraffin sec-
tions. Our previous studies have also demon-
strated that DBP is upregulated in liver tissues 
of rat liver tumor model induced by 2-ethylnitro-
samine (DEN) [5]. Moreover, DBP overexpres-
sion promotes the proliferation of HepG2 cells 
by activating several key oncogenic molecules 
such as AKT, STAT3, Cyclin D1, and PCNA [6]. 
However, as a protein in the peroxisome, the 
mechanisms underlying the growth-promoting 
function of DBP remains to be elucidated.

Material and methods 

Reagents and antibodies

Phosphoinositide 3-kinase (PI3K) inhibitor 
LY294002 (GC15485; 20 mmol/L) and AKT 
inhibitor MK2206 (GC16304; 10 mmol/L) were 
purchased from GlpBio, New York, USA. Crystal 
violet (E607309) was purchased from Sangon 
Biotech, Shanghai, China and periodic acid-
Schiff (PAS) (G1281) was purchased from 
Solarbio, Beijing, China.

The following antibodies were purchased from 
Cell Signaling Technology: Rabbit anti-p-AKT 
(4060), rabbit anti-AKT (4691S), rabbit anti-p-
GSK3β (Ser9) (9323), mouse anti-GSK3β 
(9832), Rabbit anti-p-JNK (9251), rabbit anti-
JNK (9252S), rabbit anti-COXIV (4850), rabbit 
anti-β-actin (8457), and HRP-conjugated anti-
rabbit (7074S) or anti-mouse (7076S) anti- 
body.

The following antibodies were purchased from 
Abcam: Rabbit anti-p-FOXO3a (ab26649) and 
rabbit anti-FOXO3a (ab23683).

The following antibodies were purchased from 
Proteintech: Rabbit anti-Bim (22037-1-AP), rab-
bit anti-LAMN (10298-1-AP), and rabbit anti-
GAPDH (10494-1-AP).

The following antibodies were purchased from 
KPL, SareCare, Beijing XMJ Scientific Co.

Rhodamine-labeled antibody to rabbit IgG 
(031506), fluorescein-labeled antibody to 

mouse IgG (021815), rhodamine-labeled anti-
body to mouse IgG (031806) and fluorescein-
labeled antibody to rabbit IgG (021516).

Mouse anti-DBP (sc-365167) was purchased 
from Santa Cruz Biotechnology while anti-
PMP70 (PA1-650) was purchased from 
Invitrogen. 

Tissue samples 

Both liver tumor tissues and adjacent tissues 
(which were over 5 cm from tumor edges) were 
collected from HCC patients who underwent 
surgery at the Fourth Hospital of Hebei Provin- 
ce (Shijiazhuang, China). All samples were fixed 
for histochemistry staining and snap-frozen for 
further analysis. The HCC diagnosis was con-
firmed by two pathologists.

Cell culture and treatment with inhibitors 

The human liver cancer HepG2 cells (cat. no. 
HB-8065; Manassas, VA, USA) were cultured in 
MEM medium supplemented with 10% FBS 
and penicillin and streptomycin (100 U/mL and 
100 mg/mL, respectively) and were maintained 
in a humidified incubator at 37°C with 5% CO2.

For inhibitor treatment, all inhibitors were dis-
solved in dimethyl sulfoxide (DMSO), and DMSO 
was used as vehicle control. Cells were treated 
for 2 h with phosphoinositide 3-kinase (PI3K) 
inhibitor LY294002 (20 mmol/L) or AKT inhibi-
tor MK2206 (10 mmol/L).

Adenovirus expression vector construct and 
infection

cDNAs encoding DBP with peroxisomal target-
ing signal peptide SKL (DBP-SKL) or DBP with 
deletion of SKL (DBP-deSKL) were cloned into 
adenoviral vector, and adenovirus expressing 
DBP-SKL, DBP-deSKL, or empty vector (Empty) 
were produced by Sangon Biotech (Shanghai) 
Co., Ltd. HepG2 cells (5 × 106) were seeded in 
a six-well plate and cultured untill 40%-60% 
confluence. Then, cells were infected with ade-
novirus (5 × 109 PFU/mL) in serum-free medi-
um for 36 h.

Small interfering RNA (siRNA) transfection

siRNAs specific to DBP and AKT as well as 
scramble siRNA were synthesized by Sangon 
Biotech. The sequences of these siRNAs we- 
re: siDBP: 5’-GUACCUUUGUAUUUGAGGAdTdT-3’ 
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and 5’-UCCUCAAAUACAAAGGUACdTdT-3’; siA- 
KT: 5’-GACGGGCACAUUAAGAUCATT-3’ and 5’- 
UGAUCUUAAUGUGCCCGUCTT-3’; siNC: 5’-UU- 
CUCCGAACGUGUCACGUTT-3’ and 5’-ACGUGA- 
CACGUUCGGAGAATT-3’. 

siRNA transfection was performed using  
the Lipofectamine 2000 reagent (Invitrogen) 
according to the manufacturer’s instructions. 

Reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR)

Total RNA was extracted from HepG2 cells and 
the liver tissues of HCC patients using TRIzol 
reagent (Invitrogen, USA). cDNA was then syn-
thesized using a SuperScript Reverse Trans- 
cription Kit (Invitrogen, USA) and used as a tem-
plate for qPCR with SYBR Green fluorescence 
(Monad, Shanghai, China). Quantitative real-
time PCR was run on an ABI 7500 Fast system 
(Life Technologies). 18S was used to normalize 
the RNA levels using the 2-ΔΔ CT method [7]. 
Each experiment was conducted with three  
replicates. The primers were synthesized by 
Sangon Biotech, and their sequences we- 
re: DBP forward 5’-TTGGGCCGAGCCTATGC-3’  
and reverse 5’-CCCCTCCCAAATCATTCACA-3’;  
Bim forward 5’-AAGGTAATCCTGAAGGCAATCA- 
3’ and reverse 5’-CTCATDBPGATGDBPAGCGG- 
GG-3’; 18S forward 5’-CGCCGCTAGAGGTGD- 
BPTTC-3’ and reverse 5’-CCGGTCGGCATCGTT- 
TATGG-3’. 

Mitochondrial and nuclear protein isolation 

Mitochondria were isolated from HepG2 cells 
using a Mitochondrion Isolation Kit (KGA827, 
KeyGEN BioTECH, China). Briefly, about 5 × 107 
cells were homogenized in pre-cold lysis buffer 
and cleared by centrifugation at 1200 g at 4°C 
for 5 min to remove nuclei and cell debris. The 
supernatant was collected and centrifuged 
again at 7,000 g for 10 min at 4°C to precipi-
tate mitochondria. The pellet was then resus-
pended in 3 ml respiration buffer and centri-
fuged at 9,500 g for 5 min at 4°C to reprecipi- 
tate mitochondria. The resulting pellet was 
resuspended in 50-100 μl Store Buffer, and the 
mitochondrial protein was qualified by Bradford 
method.

Nuclear proteins were extracted using the 
Nuclear Protein Extraction Kit (BB-3102, 
BestBio Corp., Shanghai, China). Briefly, the pel-
let of 5-10 × 106 cells was resuspended in cold 

Buffer A containing protease inhibitor mixture, 
vortexed at high speed every 5 minutes for 25 
minutes and centrifuged at 12,000 g for 5 min-
utes at 4°C to precipitate nucleus, which was 
then resuspended in cold Buffer B to extract 
nuclear proteins. After centrifugation at 2,000 
g for 10 minutes at 4°C, the supernatant con-
taining nuclear protein was collected, and pro-
tein concentration was determined by Bradford 
method.

Western blot (WB)

Standard WB protocol was used in this study. 
Briefly, HepG2 cells or HCC liver tissues were 
lysed in RIPA buffer (Thermo Scientific, USA) 
with protease inhibitors, and protein concen- 
tration was determined by Bradford method. 
Proper exposure protein marker (G2086, 
Servicebio) and equal amounts of protein (30-
50 μg) were separated by SDS-PAGE and trans-
ferred onto PVDF (Millipore, Ireland). Mem- 
branes were then blocked with 5% skimmed 
milk and incubated with the indicated primary 
antibodies at 4°C overnight. After extensive 
washing, the membranes were incubated with 
appropriate HRP-conjugated secondary anti-
body at room temperature for 1 h. 

Enhanced chemiluminescence was used to 
detect the antibody-antigen complexes. Films 
were exposured from 3-5 minutes depending 
on the target protein to detect the chemilumi-
nescence signal. Films were then developed 
and scanned using an Epson Perfection V39 
scanner (Japan). Image conversion was per-
formed using Adobe Photoshop software, while 
grayscale values were measured with Image J 
software. β-actin was used as a protein loading 
control. 

Co-immunoprecipitation (Co-IP)

Briefly, HepG2 cells were lysed in RIPA buffer, 
and the cell lysates were subjected to IP with 
anti-DBP or anti-p-AKT antibodies, followed by 
incubation with protein A agarose beads. The 
precipitated complex was then washed with 
IPH buffer (50 mM Tris-HCl, pH 8.0, 150 mM 
NaCl, 5 mM EDTA, 0.5% NP-40, 0.1 mM PMSF) 
and resolved by SDS-PAGE, followed by WB 
with antibodies against DBP and p-AKT. The 
experiment was replicated three times.

Immunohistochemistry (IHC) staining 

IHC staining was performed on the tissue sec-
tion slides as previously described [8]. Briefly, 
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sections were blocked with goat serum and 
incubated with anti-DBP antibody. After exten-
sive washing, the sections were incubated with 
the biotinylated secondary antibody, followed 
by incubation with HRP-streptavidin D. Then, 
the signal was developed using a diamino- 
benzidine kit (Zhongshan Goldenbridge Bio- 
technology, China) according to the manufac-
turer’s instructions. Hematoxylin was used for 
nucleus counterstaining. Images were acquired 
using a Leica microscope (Leica DM6000B, 
LAS V.4.3, Switzerland). The number of positive 
cells was graded and scored by the number of 
positive chromogenic cells: 0-1% = 0, 1-10% = 
1, 10-50% = 2, 50-80% = 3, and 80-100% = 4. 
The staining intensity was graded: 0 (negative), 
1 (weakly positive), 2 (positive), and 3 (strongly 
positive). The immunohistochemistry score 
(IHS) was calculated using the following formu-
la IHS = A × B, where A was the score for the 
percentage of stained cells, while B is the grade 
of staining intensity. The minimum score is 0, 
while the maximum score is 12. Immuno- 
histochemical pictures were taken by Histo 
Faxs System. The average DAB staining inten-
sity was calculated by HistoQuest software, 
which represented the relative protein level of 
DBP. 

Immunofluorescence (IF) staining 

Immunofluorescence staining was performed 
on 4-µm deparaffinized tissue sections from 
the liver of HCC patients and 4% paraformalde-
hyde-fixed HepG2 cells on glass slides. The 
slides were permeabilized by 1% Triton X-100 in 
PBS, blocked with 10% normal goat serum 
(710027, KPL, SareCare, Beijing XMJ Scientific 
Co.), and then incubated with the indicated 
antibodies at 4°C overnight. After washing, the 
slides were incubated with the corresponding 
secondary antibodies. The nuclei were counter-
stained with DAPI (157574, MP Biomedicals). 
Images were captured by confocal microscopy 
(DM6000 CFS, Leica), and the corresponding 
Pearson Correlation Coefficient (PCC) was cal-
culated using the colocalization module of LAS 
AF software for relative quantification of colo-
calization [9].

Immunoelectron microscopy (IEM) 

HepG2 cells were fixed with a mixture of 3% 
formaldehyde and 0.1% glutaraldehyde in 0.1 
M cacodylate buffer, then sequentially dehy-

drated with 30%, 50%, and 100% ethanol, and 
embedded in LR Gold resin. Sections of 70 nm 
were cut and mounted on nickel grids, blocked 
with 1% BSA plus 5% normal goat serum (in 
PBS), and then incubated with a mouse anti-
DBP in a humidified chamber at 4°C overnight. 
After flushing with PBS, the grids were incubat-
ed with the colloidal gold-labeled secondary 
antibody for 20 minutes at room temperature 
followed by incubation in a humidified chamber 
at 37°C for 1 h. Finally, the grids were washed 
with PBS and water, and the sections were 
stained with 2% uranyl acetate solution for 8 
minutes in the dark. After washing with 70% 
alcohol and water, the grids were stored in the 
oven for further analysis. The ultrastructural 
distribution of DBP was examined and photo-
graphed with a Hitachi H-800 transmission 
electron microscopy. All experiments were 
repeated three times.

CCK-8 assay 

Cell proliferation was measured using the 
CCK-8 kit (GK10001, GlpBio, America). Briefly, 
1 × 104/100 µL cells were seeded into a well of 
96-well plates in triplicate. CCK-8 solution was 
diluted with serum-free MEM medium at a ratio 
of 1:10. At the indicated time, the cell culture 
medium was replaced with 100 µL of diluted 
CCK-8 solution. After 1 h cultured, the optical 
density (OD) values at 450 nm were measured 
by a microplate reader (Thermo Scientific, USA). 
The experiment was repeated three times.

Colony formation assay

HepG2 cells were seeded into 6-well plates at 
500 cells/well and cultured for 3 days, follow-
ing by the corresponding treatment for 4 days. 
Then, cells were fixed with 4% paraformalde-
hyde solution for 10 minutes and stained with 
0.1% crystal violet (E607309, Sangon Biotech) 
for 15 minutes. The number of colonies was 
counted under microscope. The experiment 
was replicated three times.

ATP assay 

The intracellular ATP level was measured us- 
ing ATP Assay Kit (Beyotime, Haimen, China). 
Briefly, HepG2 cells were lysed with ATP-
releasing buffer, and the supernatants were 
collected by centrifugation at 12,000 g for 5 
minutes. Then, 20 μl of the supernatants/given 
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concentration ATP was mixed with 100 μl ATP 
detection solution in a 96-well plate in tripli-
cate. The luminescence signal was measured 
by a luminometer, and the protein concentra-
tion in the samples was measured by Bradford 
method. ATP level was expressed as nmol/mg 
protein. The experiment was replicated three 
times. 

Apoptosis assay

Cell apoptosis was examined using an Anne- 
xin V FITC/PI Apoptosis Kit (MultiSciences, 
Hangzhou, China). Briefly, HepG2 cells were 
harvested and resuspended in 1 × binding buf-
fer. Annexin V-FITC and PI were added to the 
cell suspension and incubated in the dark at 
room temperature. Early and late apoptotic 
cells were evaluated by flow cytometry (BD, 
United States). The experiment was replicated 
three times.

Periodic acid-schiff staining of tissue sections

Glycogen deposition in the liver tissues of 
patients was examined by periodic acid-Schiff 
(PAS) staining (Solarbio, G1281). Briefly, after 
dewaxing and rehydration, the liver tissue sec-
tions were stained with a periodic acid solution, 
washed in water, and then treated with Schiff 
solution. Following extensive rinsing with water, 
sections were counterstained with hematoxylin 
to visualize the nucleus. Glycogen deposition 
was observed under Microscope (Leica 
DM6000B, LAS V.4.3, Switzerland). 

Glycogen measurement in cells

The glycogen level in cells was assessed us- 
ing a glycogen assay kit (A043-1-1, Nanjing 
Jiancheng Bioengineering Institute, China) 
according to the manufacturer’s protocol. 
Briefly, HepG2 cells were collected and soni-
cated in cold PBS. Protein concentration was 
determined by Bradford method. Then, the cell 
lysates were boiled in an alkali solution for 20 
minutes followed by boiling in anthrone chro-
mogenic solution for another 5 minutes. The 
optical density (OD) values were measured at 
620 nm with a spectrophotometer. Glycogen 
level was expressed as mg/mg protein. The 
experiment was repeated three times.

Glucose uptake assay

The glucose uptake in HepG2 cells was asse- 
ssed using 2-NBDG (Cayman). Briefly, HepG2 

cells were cultured in a 96-well plate at a den-
sity of 1 × 104 cells/well and treated with 100 
μmol/L of 2-NBDG in glucose and serum-free 
DMEM medium at 37°C for 30 minutes. The 
uptake of 2-NBDG by HepG2 cells was observ- 
ed under a fluorescence microscope (Leica 
DM6000B, LAS V.4.3, Switzerland). After wash-
ing with PBS twice, the cells were used to mea-
sure fluorescence intensity at excitation and 
emission wavelengths of 488 and 520 nm.

Mitochondrial respiratory chain complexes III 
activity assay

The activity of mitochondrial respiratory chain 
complexes III in HepG2 cells was determined by 
measuring the reduction of cytochrome c at 
550 nm with Mitochondrial Respiratory Chain 
Complex Activity Assay Kit (BC3240, Solarbio, 
Beijing, China). Briefly, 5 × 106 cells were 
homogenized in extraction solution and centri-
fuged at 600 g to remove the cell debris. The 
supernatant was centrifuged again at 11,000  
g to precipitate mitochondria. The pellet was 
then sonicated in extraction solution to release 
the respiratory chain complexes III. After pro-
tein concentration (Cpr) measurement, 100 μl 
sample solution was used for the reduction 
reaction of cytochrome c. After the initial time 
and 2 min of the reaction, the absorbance at 
550 nm was measured using a spectrophotom-
eter, which was recorded as A1 and A2. The 
activity of mitochondrial respiratory chain com-
plexes III was calculated as: Activity (U/mg prot) 
= 262 × (A2 - A1) ÷ Cpr.

Mouse xenograft tumor model

Male Balb/c nude mice (5 weeks old) were pur-
chased from Beijing HFK Bioscience Co., Ltd. 
and housed in a pathogen-free barrier facility 
with a 12/12 h day/night cycle and free access 
to chow and water. To generate xenograft 
tumor, mice were randomly divided into Empty 
vector, DBP-SKL, or DBP-deSKL groups (n = 5/
group) and were transplanted subcutaneously 
with 5 × 106 HepG2 cells expressing empty  
vector, DBP-SKL, or DBP-deSKL, respectively. 
Tumor growth was monitored, and at the 28 day 
post inoculation, the xenograft tumors were 
harvested and weighed. The tumor volume was 
calculated as V = 0.5 × length × width2. The 
protocols using animals were approved by  
the ethical committee of Hebei University of 
Chinese Medicine and were conducted in Hebei 
University of Chinese Medicine.
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Statistical analysis 

All data were expressed as mean ± standard 
deviation (SD). SPSS 13.0 software was utiliz- 
ed for statistical analyses. The clinical proper-
ties between the high- and low-DBP mRNA 
expression groups were assessed with the Chi-
Square test and Continuity Correction Chi-
square test. Multivariable logistic regression 
analysis was performed to assess the associa-
tion of DBP mRNA expression and the clinical 
properties with the TNM stage of HCC. 
Statistical differences between groups were 
assessed using a two-tailed Student’s t-test or 
Wilcoxon signed-rank test. A value of P<0.05 
was considered statistically significant. Dia- 
grams were plotted using GraphPad Prism 5 
software.

Results

DBP expression was upregulated in the tumor 
tissues of HCC patients and was positively as-
sociated with tumor size and TNM stage

To investigate the role of DBP in HCC progres-
sion, we evaluated the expression of DBP in 
HCC tumor tissues and the paired adjacent tis-
sues. As shown in Figure 1, compared to the 
paired adjacent tissues, tumor tissues dis-
played significant increased mRNA (Figure 1A, 
P<0.001, n = 75) and protein levels as deter-
mined by WB (Figure 1B, P<0.001, n = 22) and 
by IHC staining (Figure 1C, IHC score: P<0.001, 
n = 54; average intensity: P<0.001, n = 20).

To determine the clinical significance of the 
upregulated DBP expression in HCC, we col-
lected the clinical data from 75 patients with 
HCC and analyzed the relationship between 
DBP expression and the clinicopathological 
features. First, we divided these 75 patients 
into a high- (n = 58) and a low-DBP expression 
group (n = 17) using the average expression 
level of DBP mRNA in adjacent tissues (2-ΔCt = 
0.005) as cut-off value according to Li et al. 
[10] and then compared the clinical character-
istics between the two groups by Chi-Square 
test or Continuity Correction Chi-square test. As 
shown in Table 1, there was no significant dif-
ference in gender (P = 1.000), age (P = 0.971), 
alpha-fetoprotein (P = 0.773), alanine amino-
transferase (P = 0.485), hepatitis B infection  
(P = 1.000), satellite nodules (P = 1.000), and 
lymphatic metastasis (P = 1.000) between the 

high- and low-expression groups. However, a 
significantly greater number of patients with 
larger tumors (>5 cm in diameter) (63.8% vs. 
23.5%, P = 0.008) and more advanced TNM 
stage (III+IV) (74.2% vs. 41.2%, P = 0.011) were 
found in the high-DBP expression group than in 
the low-DBP expression group.

We also investigated the impact of DBP expres-
sion on the TNM stage of HCC patients by mul-
tinomial ordinal logistic regression. Patients 
were divided into four groups according to  
DBP mRNA level: mRNA≤0.005, 0.005< 
mRNA≤0.01, 0.01<mRNA≤0.02, and mRNA> 
0.02. Because of the small sample size of 
patients with TNM IV, patients with I, II, and 
III+IV stages were analyzed. We found that, 
compared to those with higher TNM stages, 
patients with lower TNM stages showed no 
lymph node metastasis (OR = 0.172, 95% CI = 
0.034-0.861, P = 0.032) and small tumor (<5 
cm in diameters) (OR = 0.017, 95% CI = 0.004-
0.079, P<0.001) as well as lower DBP mRNA 
level ≤0.02 (mRNA≤0.005, OR = 0.199, 95% CI 
= 0.045-0.883, P = 0.034; 0.005<mRNA≤ 
0.01, OR = 0.134, 95% CI = 0.026-0.695, P = 
0.017; 0.01<mRNA≤0.02, OR = 0.121, 95% CI 
= 0.024-0.614, P = 0.011) (Table 2). In con-
trast, gender (P = 0.171), age (P = 0.965), 
alpha-fetoprotein (AFP) (P = 0.268), alanine 
aminotransferase (ALT) (P = 0.603), hepatitis B 
infection (HBV) (P = 0.358) and satellite nod-
ules (P = 0.245) were not significantly associ-
ated with the TNM stage of HCC. Together, 
these data suggested that DBP expression is 
upregulated and associated with tumor size 
and TNM stage of HCC.

Subcellular location of DBP in HCC tumor tis-
sues

Furthermore, we assessed the subcellular 
localization of DBP in HCC tissues by IF stain-
ing. Images were sequentially taken using a 
confocal microscope, and the colocalization of 
DBP with a peroxisomal marker (PMP70), mito-
chondrial marker (COXIV), and cytosolic marker 
(GAPDH) was analyzed. DAPI staining showed 
that DBP was not localized in nuclei (Figure 
2A-C). Instead, DBP was colocalized with 
PMP70 (PCC = 0.557±0.079) in peroxisome 
(Figure 2A), with COXIV (PCC = 0.467±0.082) in 
mitochondria (Figure 2B), and with GAPDH 
(PCC = 0.379±0.027) in cytosol (Figure 2C). In 
the paired adjacent tissues, DBP was also colo-
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Figure 1. The expression of DBP in the liver tissues of human HCC. A. Relative expression of DBP mRNA in tumors and the adjacent liver tissues (n = 75 pairs). B. 
Representative WB images of DBP in tumors (T) and the adjacent (A) liver tissues. The corresponding quantitative data were presented (n = 22 pairs). C. Repre-
sentative IHC staining images of DBP in tumors and the adjacent liver tissues. The corresponding staining intensities quantified by IHC score (n = 54 pairs) and by 
average intensity (n = 20 pairs) were shown. The staining of DBP expressed in cancer tissues varied from khaki to dark brown, and most of the DBP expression in the 
adjacent tissues was negative. Scale bars = 50 μm. Data of IHC scores were presented as median and interquartile range. Data of average intensity were presented 
as mean ± SD. ***P<0.001 vs. Tumor group.
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Table 1. Comparison of the clinical properties between the high- 
and low-DBP mRNA expression groups

Clinical properties
DBP mRNA

χ2 PHigh (≥0.005)
(n = 58)

Low (<0.005)
(n = 17)

Gender (%)
    Male 47 (81.0%) 14 (82.4%) 0.000 1.000
    Female 11 (19.0%) 3 (17.6%)
Age (year)
    ≤60 31 (53.4%) 9 (52.9%) 0.001 0.971
    >60 27 (46.6%) 8 (47.1%)
AFP (μg/L)
    ≤400 25 (43.1%) 8 (47.1%) 0.083 0.773
    >400 33 (56.9%) 9 (52.9%)
ALT (U/L)
    ≤40 32 (56.2%) 11 (64.7%) 0.488 0.485
    >40 26 (43.8%) 6 (35.3%)
HBV infection
    No 6 (10.4%) 2 (11.8%) 0.000 1.000
    Yes 52 (89.6%) 15 (88.2%)
Tumor size (cm)
    ≤5 21 (36.2%) 13 (76.5%) 7.052 0.008
    >5 37 (63.8%) 4 (23.5%)
Satellite lesion
    No 41 (70.7%) 12 (70.6%) 0.000 1.000
    Yes 17 (29.3%) 5 (29.4%)
Lymph node metastasis
    No 51 (87.9%) 15 (88.2%) 0.000 1.000
    Yes 7 (12.1%) 2 (11.8%)
TNM staging
    I-II 15 (25.8%) 10 (58.8%) 6.427 0.011
    III-IV 43 (74.2%) 7 (41.2%)
Note: Statistically significant: P<0.05. Abbreviations: AFP: alpha-fetoprotein; ALT: 
alanine aminotransferase; HBV: hepatitis B infection.

calized with PMP70 (PCC = 0.371±0.075) 
(Figure 2A), COXIV (PCC = 0.174±0.091) (Figure 
2B), and GAPDH (PCC = 0.181±0.080) (Figure 
2C). However, the PCC values of DBP and 
PMP70, DBP and COXIV, and DBP and GAPDH 
in HCC tumor tissues were 1.50- (P<0.01), 
2.68- (P<0.001), and 2.09-fold (P<0.001), 
respectively, higher than that of the adjacent 
tissues. Notably, the increase in the mitochon-
drial and cytosolic localization of DBP was more 
significant than that of peroxisomal DBP.

To further verify the subcellular location of the 
overexpressed DBP, we overexpressed DBP-
SKL, DBP-deSKL, or empty vector in HepG2 
cells by adenoviral infection (Figure 2G) and 
performed IF staining on them. Similarly, in the 

Empty vector group, DBP was 
colocalized with PMP70 (PCC = 
0.482±0.098) (Figure 2D), 
COXIV (PCC = 0.213±0,034) 
(Figure 2E), and GAPDH (PCC = 
0.257±0,034) (Figure 2F). In 
the DBP-SKL group, DBP was 
also colocalized with PMP70 
(PCC = 0.635±0.033) (Figure 
2D), COXIV (PCC = 0.452± 
0.019) (Figure 2E), and GAPDH 
(PCC = 0.348±0.015) (Figure 
2F). Nevertheless, the PCC  
values of DBP and PMP70, 
DBP and COXIV, and DBP  
and GAPDH in the DBP-SKL 
group were 1.31- (P<0.05), 
2.12- (P<0.001), and 1.35-fold 
(P<0.01), respectively, higher 
than that of the Empty vector 
group, indicating that the lo- 
calization of DBP in mitochon-
dria was increased more than  
that in peroxisome and cytosol 
when DBP-SKL was overex-
pressed. Interestingly, in the 
DBP-deSKL group, although 
DBP was also colocalized with 
peroxisome PMP70 (PCC = 
0.488±0.044) (Figure 2D), 
COXIV (PCC = 0.482±0.018 
(Figure 2E), and GAPDH (PCC = 
0.485±0.022) (Figure 2F), the 
PCC values of DBP and PMP70, 
DBP and COXIV, and DBP and 
GAPDH were 1.03 (P>0.05), 
2.26 (P<0.001), and 1.88 fold 
(P<0.01), respectively, higher 

than that of the Empty vector group, suggesting 
a more significant increase of DBP in mitochon-
dria and cytosol when DBP-deSKL was overex-
pressed. These results indicated that the DBP 
overexpressed in HCC may locate in peroxi-
some, as well as cytosol and mitochondria.

The mitochondrial localization of DBP was  
further studied by subcellular fractionation. 
HepG2 cells overexpressing DBP-SKL, DBP-
deSKL, or empty vector were separated into the 
nuclear and mitochondrial fractions. The over-
expression of DBP-SKL or DBP-deSKL was con-
firmed by WB (Figure 2G). Consistent with the 
results above, DBP-SKL or DBP-deSKL was not 
detected in the nuclear fraction but was pres-
ent in the mitochondrial fraction (Figure 2H). 
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Table 2. Multivariate ordinal logistic regression analysis of the 
association of DBP mRNA expression and the clinical proper-
ties with the TNM stage of HCC
Variables β value OR value 95% CI P value
mRNA
    mRNA≤0.005 -1.612 0.199 0.045-0.883 0.034
    0.005<mRNA≤0.01 -2.010 0.134 0.026-0.695 0.017
    0.01<mRNA≤0.02 -2.109 0.121 0.024-0.614 0.011
    mRNA>0.02 0a 1
Gender (%)
    Female 0.992 2.679 0.652-11.145 0.171
    Male 0a 1
Age (year)
    ≤60 -0.024 0.976 0.335-2.849 0.965
    >60 0a 1
AFP (μg/L)
    ≤400 -0.602 0.548 0.189-1.587 0.268
    >400 0a 1
ALT (U/L)
    ≤40 -0.290 0.748 0.251-2.232 0.603
    >40 0a 1
HBV
    Positive -0.817 0.442 0.077-2.524 0.358
    Negative 0a 1
Tumor size
    ≤5 cm -4.072 0.017 0.004-0.079 <0.001
    >5 cm 0a 1
Satellite lesion
    Negative 0.709 2.032 0.615-6.713 0.245
    Positive 0a 1
Lymph node metastasis
    Negative -1.762 0.172 0.034-0.861 0.032
    Positive 0a 1
Note: Statistically significant: P<0.05. a: This parameter is set to zero because 
it is redundant. Abbreviations: AFP: alpha-fetoprotein; ALT: alanine aminotrans-
ferase; HBV: hepatitis B infection. 

In addition, immunoelectron microscopy was 
performed to further verify the mitochondrial 
translocation of overexpressed DBP. As shown 
in Figure 2I, the DBP-SKL and DBP-deSKL 
groups had more DBP colloidal gold particles in 
mitochondria than the empty vector group did, 
in consistent with the results described above.

Overexpression of DBP with SKL or with SKL 
deletion promoted the growth of HCC xeno-
graft tumor

Our previous study demonstrated that DBP in 
peroxisome promoted the growth of xenograft 
tumor in nude mice [11]. To investigate whether 

cytosol DBP could enhance tumor 
formation in vivo, we did xenograft 
assay in nude mice. As shown in 
Figure 3A, 3B, cytosol DBP (DBP-
deSKL group) could also signifi-
cantly enhanced tumor formation 
in vivo (A). DBP expression in 
xenograft tumor tissues was high-
er in DBP-SKL and DBP-deSKL 
groups than the Empty group (B). 
Notably, weight (Figure 3C) and 
volume (Figure 3D) of xenograft 
were significantly increased in 
DBP-SKL and DBP-deSKL groups 
compared with that in the Emp- 
ty vector group (P<0.001). Addi- 
tionally, no obvious body weight 
loss was observed in mice after 
transplantation with treated Hep- 
G2 cells (Figure 3E). This observa-
tion suggested that DBP overex-
pression both in peroxisome and 
outside peroxisome promoted the 
malignant growth of subcutane-
ous carcinoma xenograft in nude 
mice.

Cytosolic DBP overexpression 
promoted the proliferation of 
HepG2 cells via PI3K/AKT/
FOXO3a/Bim signaling pathway

To elucidate the mechanisms by 
which cytosolic DBP promotes cell 
proliferation, we explored the rela-
tionship between DBP and PI3K/
AKT/FOXO3a/Bim pathway in the 
proliferation. First, we overex-
pressed DBP-SKL or DBP-deSKL 
in HepG2 cells to differentiate 
DBP activity in peroxisome or in 

cytosol. We also used siDBP to knockdown 
endogenous peroxisomal DBP. As shown in 
Figure 4A, while knocking down of DBP had  
no effect on the level of p-JNK, p-AKT and 
p-FOXO3a, overexpression of DBP-SKL or DBP-
deSKL significantly enhanced the levels of 
p-AKT and p-FOXO3a, while there was no effect 
on p-JNK. In addition, the increased levels of 
p-AKT and p-FOXO3a were significantly attenat-
ed by treatment with the inhibitors of PI3K 
(LY294002) or AKT (MK2206), or by siAKT 
(Figure 4A, 4B). These results suggest that 
increased DBP in cytosol could activate PI3K, 
leading to the increased phosphorylation of 
AKT and FOXO3a.
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Figure 2. Subcellular location of DBP in human HCC tumor tissues, the adjacent tissues, and HepG2 cells. Quantita-
tive PCC data were presented for each staining. (A-C) The IF images of DBP (red), nucleus (blue), and co-stained per-
oxisomal marker PMP70 (green) (A), mitochondrial marker COXIV (green) (B), and cytosolic marker GAPDH (green) 
(C) in HCC and adjacent tissues. Scale bar = 50 μm, magnification: 63X. (D-F) IF staining of HepG2 cells expressing 
DBP-SKL, DBP-deSKL, or Empty vector. IF images of DBP (red), PMP70 (green) (D), COXIV (green) (E), and GAPDH 
(green) (F). Scale bar = 10 μm. (G) WB of DBP in HepG2 cells expressing DBP-SKL, DBP-deSKL, or Empty vector. 
Control: parental cells. (H) WB of DBP in mitochondrial fraction (M, COXIV as marker) and nuclear fraction (N, LAMN 
as marker). (I) The immunoelectron microscopy images of HepG2 cells expressing DBP (Mit: mitochondria; arrow↑: 
DBP colloidal gold particles). HepG2 cells were infected with control adenovirus (Empty), adenovirus expressing 
DBP-SKL, or DBP-deSKL. Data were presented as mean ± SD. *P<0.05, **P<0.01 and ***P<0.001 vs. Empty or 
Tumor group. 

Consistent with previous reports that the phos-
phorylated form of FOXO3a is localized in the 
cytosol [12, 13], our results showed that over-

expression of DBP-SKL or DBP-deSKL resulted 
in a decreased level of nuclear FOXO3a (Figure 
4C). As shown in Figure 4D, a weak colocaliza-
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Figure 3. Overexpression of DBP with or without peroxisomal target peptide SKL increased the malignant growth of 
subcutaneous carcinoma xenograft in vivo. A. Images of subcutaneous tumors from mice implanted with HepG2 
cells infected with Empty control adenovirus and DBP-SKL or DBP-deSKL overexpression adenovirus. B. Represen-
tative IHC staining images of DBP in the xenograft tumors from each group. Scale bars = 20 μm. C. Tumor weights 
when the mice were sacrificed. D. Tumor growth progression. E. Mice weight changes. n = 5/group. Data were pre-
sented as mean ± SD. ***P<0.001 vs. Empty group.

tion of FOXO3a and DAPI was observed in  
DBP-SKL group (n = 5; PCC = 0.437±0.052; 
P<0.001) and DBP-deSKL group (n = 5; PCC = 
0.431±0.041; P<0.001) compared to that in 
the empty vector group (n = 5; PCC = 
0.708±0.007), while MK2206 treatment could 
increase this colocalization in DBP-SKL+MK 
group (n = 5; PCC = 0.665±0.013; P<0.001) 
and in DBP-deSKL+MK group (n = 5; PCC = 
0.648±0.046; P<0.001). Furthermore, we fo- 
und that overexpression of DBP-SKL or DBP-
deSKL downregulated the mRNA (P<0.01; 
Figure 4E) and protein (P<0.05; Figure 4A) lev-
els of Bim, a downstream target gene of 
FOXO3a. Taken together, our data suggest that 
the cytosolic DBP could activate the PI3K/AKT/
FOXO3a/Bim signaling pathway in HepG2 cells.

In addition, consistent with the downregulation 
of apoptosis-related Bim protein, we found that 
overexpression of DBP-SKL or DBP-deSKL in- 
hibited apoptosis (P<0.05; Figure 4F) as well  
as increased cell viability (P<0.05; Figure 4G) 
and colony formation ability (P<0.01; Figure 
4H). Conversely, treatment with inhibitor 
LY294002/MK2206 resulted in the opposite 
effects (Figure 4F-H). 

Mitochondrial localization of DBP was p-AKT 
dependent

We further verified the localization of DBP in 
mitochondria when AKT is activated by PI3K. 

We speculated that the mitochondrial localiza-
tion of DBP was likely related to the phosphory-
lation of DBP by AKT. To test this, we examined 
the phosphorylation level of DBP in HCC liver 
tissues and HepG2 cells. In addition, we also 
determined the effects of AKT inhibitor 
MK2206 on the subcellular localization of DBP 
in HepG2 cells and in the mitochondrial frac-
tion, as well as the interaction between p-AKT 
and DBP.

As shown in Figure 5A, MK2206 did not affect 
the colocalization of PMP70 with DBP in DBP-
SKL- (n = 5; PCCDBP-SKL = 0.631±0.021, PCCDBP-

SKL+MK2206 = 0.630±0.062, P>0.05) or DBP-
deSKL-overexpressing group (n = 5; PCCDBP-deSKL 
= 0.481±0.040, PCCDBP-deSKL+MK2206 = 0.501± 
0.034, P>0.05), suggesting that the peroxisom-
al localization of DBP was not p-AKT depen-
dent. However, MK2206 reduced the colocal-
ization of COXIV with DBP in DBP-SKL- (n = 5; 
PCCDBP-SKL = 0.441±0.017, PCCDBP-SKL+MK2206 = 
0.243±0.054, P<0.001) or DBP-deSKL-over- 
expressing group (n = 5; PCCDBP-deSKL = 0.442± 
0.020, PCCDBP-deSKL+MK2206 = 0.303±0.025, P< 
0.001) (Figure 5B), suggesting that the mito-
chondrial localization of DBP was dependent 
on the phosphorylation of AKT. In contrast, 
MK2206 did not affect the colocalization of 
GAPDH with DBP in DBP-SKL- (n = 5; PCCDBP-SKL 
= 0.311±0.044, PCCDBP-SKL+MK2206 = 0.320± 
0.071, P>0.05) or DBP-deSKL-overexpress- 
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Figure 4. Cytosolic DBP promoted HepG2 cell proliferation via PI3K/AKT/FOXO3a/Bim pathway. A, B. Representative WB images of DBP, p-AKT, AKT, p-FOXO3a, 
FOXO3a, p-JNK, JNK, and Bim. β-actin served as a loading control. The quantitation of WB data was presented. C. Representative WB images of FOXO3a in the 
nuclear fraction. LAMN and GAPDH were nuclear and cytosolic markers, respectively. The quantitation of WB data was presented. D. The IF staining of FOXO3a 
(red), DAPI (blue), and their merge (purple). Quantitation of PCC data was presented. Scale bars = 10 μm. E. qRT-PCR to detect the expression of Bim. F. Apoptosis 
was assessed by flow cytometry with propidium iodide (PI)/Annexin V staining and the corresponding apoptosis ratio (%). Q2 region indicated late apoptotic cells 
with necrosis cells and mechanically damaged cells. Q4 indicated early apoptotic cells. G. Colony formation assay. H. CCK-8 assay. HepG2 cells were infected with 
control adenovirus (Empty), DBP-SKL, or DBP-deSKL. HepG2 cells were also treated with non-specific siRNA (siNC), DBP specific siRNA (siDBP), or AKT specific siRNA 
(siAKT). MK: MK2206, AKT inhibitor. LY: LY294002, PI3K inhibitor. Data were presented as mean ± SD. *P<0.05, **P<0.01 and ***P<0.001 vs. Empty group; 
#P<0.05, ##P<0.01 and ###P<0.001 vs. DBP-SKL group; •P<0.05, ••P<0.01 and •••P<0.001 vs. DBP-deSKL group.
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Figure 5. Mitochondrial localization of DBP was p-AKT-dependent. (A-C) The IF staining of DBP (red) in MK2206-treat-
ed DBP-SKL- and DBP-deSKL-expressing HepG2 cells. Cells were also co-stained with peroxisomal marker PMP70 
(green) (A), mitochondrial marker COXIV (green) (B), and GAPDH (green) (C). Scale bars = 10 μm. PCC data were 
quantified. (D) WB of p-DBP in MK2206-treated mitochondria of DBP-SKL- or DBP-deSKL-overexpressing HepG2 
cells. (E) CO-IP of DBP and p-Akt in DBP-SKL-expressing cells. (F) The IF staining of DBP (red) with p-AKT (green) in 
MK2206-treated DBP-SKL-expressing HepG2 cells. PCC data were quantified. Scale bar = 10 μm. (G) WB of p-DBP in 
tumor tissues and the adjacent liver tissues. (H) WB of p-DBP in DBP-SKL-overexpressing cells. HepG2 cells were in-
fected with control adenovirus (Empty), DBP-SKL, or DBP-deSKL. MK: MK2206, AKT inhibitor. Data were presented 
as mean ± SD. ***P<0.001 vs. Empty group; ###P<0.001 vs. DBP-SKL group; •••P<0.001 vs. DBP-deSKL group.

ing group (n = 5; PCCdeSKL = 0.381±0.077, 
PCCdeSKL+MK2206 = 0.375±0.105, P>0.05) (Figure 
5C), indicating that the cytosolic localization of 
DBP is not p-AKT dependent. MK2206 also 
decreased the DBP level in the mitochondrial 
fractions of the DBP-SKL- or DBP-deSKL-
overexpressing cells (Figure 5D). 

Furthermore, the CO-IP results suggested that 
p-AKT interacted with DBP in the DBP-SKL-
overexpressing cells (Figure 5E). In addition, 
DBP and p-AKT were colocalized at higher level 
in the DBP-SKL group than in the empty vec- 
tor group (n = 5; PCCEmpty = 0.2347±0.032, 
PCCDBP-SKL = 0.607±0.043; P<0.001), while 

MK2206 could attenuate this colocalization  
(n = 5; PCCDBP-SKL+MK-2206 = 0.320±0.061, PDBP-

SKL+MK-2206 vs. DBP-SKL<0.001, Figure 5F). Since anti-
body against the phosphorylated form of DBP 
was not available, we precipitated DBP with 
DBP antibody and then used a phosphorylated 
serine-specific antibody (p-Ser antibody) to 
determine the phosphorylated DBP level. The 
results showed that the level of phosphorylated 
DBP was not only significantly increased in 
tumor tissues compared to that in the paired 
adjacent tissues (Figure 5G), but also higher in 
the DBP-SKL group than in the Empty vector 
group (Figure 5H). This further confirmed that 
p-AKT phosphorylates DBP.
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DBP overexpression promoted the production 
of glycogen and ATP in HepG2 cells via PI3K/
AKT/GSK3β signaling pathway

To investigate whether the activation of AKT 
was accompanied by the phosphorylation of 
GSK3β (Ser9), a substrate of p-AKT [14], we 
examined the p-GSK3β (Ser9) level in HepG2 
cells by WB and found that p-GSK3β (Ser9) 
level was not significantly affected by DBP 
knockdown (P>0.05; Figure 6A); however, over-
expression of DBP-SKL or DBP-deSKL increas- 
ed p-GSK3β (Ser9) level (P<0.05; Figure 6A), 
which could be abolished by LY294002, 
MK2206, and siAKT (P<0.05; Figure 6A, 6B). 

Importantly, we examined the effect of DBP-
SKL or DBP-deSKL overexpression on glycogen 
production as p-GSK3β (Ser9) is a key enzyme 
in glycogen synthesis (P<0.05; Figure 6C) as 
well as on glucose uptake (P<0.05; Figure 6D) 
in HepG2 cells. As expected, the glycogen level 
was higher in HCC tumor tissues than in the 
paired adjacent tissues (Figure 6E). 

It has been reported that GSK3β phosphoryla-
tion at serine 9 can relieve the inhibition of 
mitochondrial respiratory chain complex III 
activity in mitochondria, thus promoting ATP 
production [15]. Consistently, we found that 
overexpression of DBP-SKL or DBP-deSKL sig-
nificantly increased p-GSK3β (Ser9) level in the 
mitochondrial fractions of HepG2 cells (P<0.05; 
Figure 6F). In addition, a higher level of colocal-
ization between p-GSK3β (Ser9) and mitochon-
dria marker COXIV was observed in HepG2  
cells overexpressing DBP-SKL (n = 5; PCC = 
0.426±0.048; P<0.001) and DBP-deSKL (n =  
5; PCC = 0.413±0.009; P<0.001) compared to 
that in empty vector-expressing cells group (n = 
5; PCC = 0.185±0.025), while MK2206 could 
attenuate this effect in DBP-SKL+MK group  
(n = 5; PCC = 0.184±0.056; P<0.01) and DBP-
deSKL+MK group (n = 5; PCC = 0.231±0.043; 
P<0.001) (Figure 6G). 

We also found that, along with the increased 
mitochondrial p-GSK3β (Ser9) level, the activity 
of mitochondrial respiratory chain complex III 
(P<0.05; Figure 6H) and the ATP level (P<0.01; 
Figure 6I) were increased in DBP-SKL- and 
DBP-deSKL-overexpressing HepG2 cells, which 
was abolished by MK2206 (P<0.05; Figure 6H, 
6I), suggesting that the cytosolic DBP could 

upregulate ATP levels via activating mitochon-
drial respiratory chain complex III through mod-
ulating p-GSK3β (Ser9) level.

Discussion

DBP is the key enzyme of fatty acid peroxisomal 
β-oxidation that participates in the β-oxidation 
of long- and branched-chain fatty acids, bile 
acid biosynthesis, as well as sterol metabolism 
[16]. Over the last decade, accumulating evi-
dence has indicated the involvement of peroxi-
somal DBP in the initiation and progression of 
various tumors. For example, the upregulation 
of DBP was associated with the cell prolifera-
tion in prostate cancer [3], liver cancer [6], and 
colon cancer [17], while DBP plays an inhibitory 
role in adrenocortical carcinoma [18] and ovar-
ian epithelial carcinoma [4]. In addition, the 
downregulated expression of DBP was associ-
ated with immune dysfunction in non-small cell 
lung cancer [19]. Our previous studies have 
shown that DBP overexpression in HepG2 cells 
promotes cell proliferation by inactivating 
estradiol activity but activating several onco-
genic molecules, including PI3K, AKT, STAT3, 
Cyclin D1, and PCNA. Herein, we further con-
firmed that DBP is highly expressed in HCC 
tumor tissues and is a cancer promoting factor 
in HCC. In addition, we proved that the highly 
expressed DBP was located in the peroxisome, 
mitochondrion, and cytosol of HCC tissue and 
cell line and that cytosolic DBP promoted the 
growth of xenograft tumor by activating the 
PI3K/AKT pathway.

The PI3K/AKT signaling pathway is well known 
to play an important role in cell proliferation, 
apoptosis, and inflammation [20]. Consistently, 
our previous studies have shown that DBP over-
expression activates PI3K/AKT to promote the 
proliferation of HCC cells. This study further 
demonstrated that PI3K was activated by the 
cytosolic DBP, which in turn induced the phos-
phorylation of AKT and the subsequent phos-
phorylation of FOXO3a, GSK3β, and DBP, there-
by leading to metabolic alterations. While a 
variety of growth factors including fibroblast 
growth factor (FGF), vascular endothelial 
growth factor (VEGF), and insulin-like growth 
factor-1 (IGF-1), can activate PI3K through the 
activation of receptor tyrosine kinase (RTK), 
how DBP activates the PI3K/AKT signaling 
pathway is still unclear.
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Figure 6. Cytosolic DBP regulated the production of glycogen and ATP in HepG2 cells via PI3K/AKT/GSK3β signaling pathway. A, B. WB of p-GSK3β and GSK3β. 
β-actin: loading control. Data were quantified. C. Glycogen levels in the indicated cells. D. Glucose uptake as indicated by 2-NBDG fluorescence intensity in the 
treated cells. Scale bar (left) = 100 μm, scale bar (right) = 30 μm. E. Glycogen staining by PAS in tumors and the adjacent liver tissues of HCC patients (n = 4). PAS-
positive staining (magenta) was marked by arrows. Scale bars = 100 μm. F. WB of p-GSK3β in the mitochondrial fraction of cells. COXIV and β-actin: mitochondrial 
and cytosolic markers, respectively. Data were quantified. G. The IF staining of p-GSK3β (green), mitochondrial COXIV (red), and their merge (yellow). PCC data 
were quantified. Scale bars = 10 μm. H. The enzymatic activity of mitochondrial respiratory chain complex III in the treated cells. I. ATP levels in the treated cells. 
HepG2 cells were infected with control adenovirus (Empty), DBP-SKL, or DBP-deSKL. HepG2 cells were also treated with non-specific siRNA (siNC), DBP specific 
siRNA (siDBP), AKT specific siRNA (siAKT). MK: MK2206, AKT inhibitor. Data were presented as mean ± SD. *P<0.05, **P<0.01 and ***P<0.001 vs. Empty group; 
#P<0.05, ##P<0.01 vs. DBP-SKL group; •P<0.05, ••P<0.01 and •••P<0.001 vs. DBP-deSKL group.
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Phosphorylation of FOXO3a by AKT inactivates 
its transcriptional activity, leading to the tran-
scriptional suppression of Bim, a member of 
the Bcl-2 apoptotic protein family, which in  
turn inhibits apoptosis [21]. In this study, we 
observed that overexpression of cytosolic DBP 
promotes the proliferation of HCC cells by sup-
pressing apoptosis via the AKT-FOXO3a-Bim 
pathway. It is known that AKT inhibits the activ-
ity of GSK3β by phosphorylating GSK3β at ser-
ine 9. GSK3β regulates many cellular process-
es, including proliferation and energy meta- 
bolism [22]. AKT-phosphorylated GSK3β (Ser9) 
promotes cell proliferation by inducing cyclin 
D1 expression [23, 24]. The present study also 
found that overexpression of cytosolic DBP ele-
vated AKT-phosphorylated GSK3β (Ser9) level, 
suggesting that the AKT/GSK3β pathway might 
be involved in HCC cell proliferation.

Glycogen synthase (GS) is the rate-limiting 
enzyme in glycogen synthesis in the liver. 
GSK3β catalyzes the phosphorylation of GS to 

cells, suggesting that the overexpressed cyto-
solic DBP could provide the energy for elevated 
cell proliferation by regulating p-GSK3β (Ser9) 
level.

In conclusion (Figure 7), our study was the first 
to demonstrate an upregulation of DBP in the 
peroxisome, cytosol, and mitochondrion of 
HCC. Importantly, DBP in the peroxisome has 
an indispensable role in the proliferation of 
HCC, while DBP in the cytosol can activate 
PI3K/AKT to promote cell growth by suppress-
ing apoptosis via AKT/FOXO3a/Bim cascade 
and increase the synthesis of glycogen and  
ATP via AKT/GSK3β. Notably, the AKT-pho- 
sphorylated DBP was translocated into mito-
chondria, the significance of which needs fur-
ther exploration. 
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Figure 7. Diagram of the role of DBP upregulation in HCC cell proliferation. 
Cytosolic DBP activates the PI3K/Akt signaling pathway, which induces the 
phosphorylation of FOXO3a, GSK3β, and DBP. Phosphorylated DBP can 
enter mitochondria, but its role is unknown. Phosphorylated FOXO3a and 
GSK3β promote the proliferation of HCC cells by downregulating Bim to 
inhibit cell apoptosis and activating GS and respiratory chain complex III 
to elevate glycogen and ATP levels, respectively. DBP in peroxisome is also 
necessary for HCC cell proliferation, independent of the PI3K/Akt signaling 
pathway.

reduces its activity, thereby 
leading to a reduced glycogen 
synthesis. In this study, we 
revealed that the overexpre- 
ssion of cytosolic DBP en- 
hanced glycogen synthesis 
and glucose uptake through 
AKT-induced GSK3β inactiva-
tion. These results were con-
sistent with the report that 
glycogen synthesis was in- 
creased in hepatocellular car- 
cinoma, and p-GSK3β (Ser9) 
could also increase glucose 
uptake [25]. 

Furthermore, GSK3β can sig-
nificantly inhibit the activity of 
complex I, II, III, and IV in the 
respiratory chain and the con-
version of ADP to ATP, result-
ing in an attenuated ATP pro-
duction, while phosphorylated 
GSK3β (Ser9) can relieve the 
above inhibition [15]. In our 
study, we found that AKT-
stimulated p-GSK3β (Ser9) 
was accumulated in mitochon-
dria, and the activity of the 
respiratory chain complex III 
and ATP level were upregu- 
lated in DBP-overexpressing 
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