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The oncogenic miR-27a/BTG2 axis promotes obesity-associated hepatocellular 
carcinoma by mediating mitochondrial dysfunction 
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Obesity is closely related to the initiation and development of hepatocellular carcinoma (HCC). The regulatory mecha-
nism of obesity-associated HCC remains unclear. HepG2 cells treated with palmitic acid (PA) and diethylnitrosamine 
(DEN)-induced HCC mice fed a high-fat diet (HFD) were established. The expression of miR-27a and B-cell translocation 
gene 2 (BTG2) mRNA and protein were detected via qPCR and western blotting. Prediction software and luciferase assays 
were employed to verify the miR-27a/BTG2 axis. The biological effects of HepG2 cells were evaluated with ORO staining, 
MTT assays, Transwell assays, Mito-Timer, and Mito-SOX staining. Significantly upregulated miR-27a and downregulated 
BTG2 mRNA and protein were observed in HepG2 cells and liver tissues of HCC mice. Overexpressing miR-27a (mi-miR-
27a) markedly promoted cellular lipid accumulation, proliferation, and invasion, accompanied by aggravated mitochondrial 
dysfunction (increased fading and ROS products of mitochondria) in HepG2 cells. Additionally, these effects were further 
reinforced in HepG2 cells treated with mi-miR-27a and PA. BTG2 was identified as a direct target and was negatively 
regulated by miR-27a. Similarly, BTG2 knockdown (sh-BTG2) had effects identical to those of mi-miR-27a on HepG2 cells. 
Additionally, PA evidently enhanced these effects of sh-BTG2 in HepG2 cells. Moreover, BTG2 overexpression effectively 
reversed the effects of miR-27a, including lipotropic and oncogenic effects, and simultaneously promoted mitochondrial 
imbalance in HepG2 cells. Thus, obesity-associated miR-27a acts as an oncogene to promote lipid accumulation, prolifera-
tion, and invasion by negatively regulating BTG2-mediated mitochondrial dysfunction in HCC. 
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Hepatocellular carcinoma (HCC) poses a major public 
health problem with a rapidly increasing incidence and 
death rate [1]. Obesity is rapidly becoming a global issue 
with a substantial risk factor for tumorigenesis, a particularly 
independent risk factor for HCC [2, 3]. Moreover, obesity-
related HCC further evolves in a subset of nonalcoholic fatty 
liver disease (NAFLD), which is also related to the preva-
lence of obesity [4]. In HCC, a high-fat diet or exposure to 
palmitic acid (PA) could aggravate HCC development [5, 6]. 
Palmitate suppressed cell activity, induced lipid accumula-
tion, and elevated reactive oxygen species (ROS) production 
in HepG2 cells [7]. Multiple mechanisms underlying obesity 
in hepatocarcinogenesis involve cell signaling and neural and 
immunological modifications [8]. Understanding the key 
molecular features of HCC and offering novel mechanistic 
insights into therapeutic strategies remain essential tasks.

Currently, a rising family of molecules, adipocyte-derived 
microRNAs (miRNAs, miRs), have become a research 
hotspot due to their regulatory role in HCC [9]. miR-27a 
has been recognized as a lipogenic regulator and adipocyte 
tissue-derived miRNA [10]. Obesity-associated miR-27a 
can promote metastasis of HCC cells [11]. Furthermore, 
mitochondrial dysfunction was also found to be closely 
related to ectopic expression of miR-27a [12]. Also, to explore 
the signal of obesity-associated miR-27a, we also focus on the 
target genes. B-cell translocation gene 2 (BTG2), one of the 
targets of miR-27a, was originally identified as a member of 
the anti-proliferative gene family. BTG2 has been implicated 
in HCC development, including cell proliferation, migration, 
and invasion [13].

Therefore, our work aims to mechanistically investigate the 
obesity-associated miR-27a modification of mitochondrial 
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function in HCC. In this study, we revealed novel insights 
into the obesity-associated miR-27a/BTG2 axis, which 
promotes HCC development by influencing mitochondrial 
function.

Materials and methods

Animal experiments. A total of 20 C57BL/6 mice (8 
weeks old, male; Shanghai SLAC Laboratory Animal Co. 
Ltd., Shanghai, China) were randomly divided into 2 groups 
(each group n=10) fed a normal chow diet (ND, 10 kcal% 
fat, 20% protein, and 70% carbohydrate) or a high-fat diet 
(HFD, 60% fat, 20% protein, and 20% carbohydrate) for 28 
weeks (Trophic Animal Feed High-tech Co. Ltd., Nantong, 
Jiangsu, China). All mice were injected intraperitoneally 
with diethylnitrosamine (DEN 45 mg/kg, Sigma-Aldrich, St. 
Louis, MO, USA) to induce HCC over 16–36 weeks. Mice 
were euthanized one week after the last injection of DEN by 
cervical dislocation under anesthesia with 350 mg/kg chloral 
hydrate (10%, abdominal injection). Mice were checked for 
complete cardiac arrest and pupil dilation to confirm death 
and then their blood samples and liver tissue samples were 
collected for subsequent analysis. Tumor and adjacent liver 
tissues were excised and rapidly frozen for subsequent assays. 
This study was approved by the committee for animal use of 
the Shanghai General Hospital.

H&E staining. Formalin-fixed mouse liver tissue samples 
were embedded in paraffin, cut into 5 μm thick sections, 
and then stained with hematoxylin-eosin. The images were 
obtained using an inverted microscope (Leica Microsystems, 
Wetzlar, Germany). The tumor size was semi-quantified by 
calculating the percentage of tumor area in the total area of 
each image.

Cell line culture and treatment. A transformed human 
liver epithelial-2 cell line (THLE-2; Bluefbio Shanghai 
Biotechnology Development Co. Ltd, Shanghai, China) 
and human liver cancer cell lines (HCCLM3 and HepG2; 
Chinese Academy of Sciences Shanghai Cell Biology Insti-
tute, Shanghai, China) were used, and cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco, Grand Island, NY, 
USA). The cell lines used in our study were authenticated by 
STR profiling (see suppl. STR profile file).

Primary hepatocytes (PHCs) were isolated from 
C57BL/6 mice using two-step collagenase perfusion 
according to a previously described protocol [14]. Briefly, 
collagenase perfusion was performed through the portal 
vein of anesthetized mice with 50 ml of perfusion buffer 
and 5,000 U of collagenase I (Roche, Basel, Switzerland) 
at 37 °C. The liver was aseptically removed to a sterile 10 
cm cell culture dish containing 20 ml of ice-cold perfusion 
buffer without collagenase. The excised liver was cut, and 
hepatocytes were dispersed via aspiration with a large-bore 
pipette, followed by filtration through a 70 μm cell strainer 
(Thermo Fisher Scientific Inc., Waltham, MA, USA) into 
a 50 ml centrifuge tube before centrifugation at 50 g for 2 

min at 4 °C. The cells were washed and resuspended in an 
M199 medium (Gibco).

Cells were treated with 200–400 µM palmitic acid (PA, 
Sigma-Aldrich) for 24–48 hours in a medium to induce 
high-fat conditions.

Cell transfection. A pcDNA 3.1 plasmid (GenePharma 
Co., Ltd, Shanghai, China) containing the amplified cDNA 
of BTG2 was constructed to overexpress BTG2 (ov-BTG2). 
Short hairpin RNA (shRNA) against BTG2 was cloned into 
a pENTR-U6 plasmid to knock down BTG2 (sh-BTG2, 
GenePharma), and the plasmid carrying a nontargeting 
sequence was used as a negative control (sh-NC). Cells were 
transfected with miR-27a mimic (mi-miR-27a, GenePh-
arma) to upregulate miR-27a or a negative control miRNA 
(mi-NC). Cell transfection was performed according to 
the Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) 
protocol. Detailed information on the oligonucleotides is 
displayed in Supplementary Table S1.

Quantitative real-time PCR (qPCR). Total RNA was 
extracted using TRIzol® (Thermo Fisher Scientific Inc.) and 
a miRNA easy mini kit (Qiagen, Düsseldorf, Germany). U6 
and GAPDH were employed as endogenous controls. Specific 
stem-loop primers and a TaqMan® MicroRNA Reverse 
Transcription kit (Thermo Fisher Scientific Inc.) were used 
to reverse transcribe the samples of total RNA (10 ng) into 
cDNA. In a 15 µl reaction volume, mixtures were incubated 
for 30 min at 16 °C, 30 min at 42 °C, and 5 min at 85 °C, 
and held at 4 °C. For mRNA, first-strand cDNA was reverse 
transcribed from RNA (25 °C, 5 min; 42 °C, 15 min; 85 °C, 5 
min) using a Hifair® II 1st Strand cDNA Synthesis Kit (Yeasen 
Bio Technologies Co. Ltd., Shanghai, China). Following the RT 
reaction, qPCR was carried out with an ABI 7300 Real-Time 
PCR system (Bio-Rad Lab. Inc., CA, USA) and SYBR Green 
(Invitrogen) according to the manufacturer’s protocol. The 
thermocycling conditions were 95 °C for 5 min, followed by 
40 cycles of 95 °C for 10 s, and 60 °C for 30 s in a 20 µl reaction 
volume. The relative levels of each miRNA and mRNA were 
determined by the 2–ΔΔCq method. All results were normal-
ized to U6 or GAPDH expression levels, which were analyzed 
simultaneously. The sequences of primers (Sangon Biotech Co. 
Ltd, Shanghai, China; Sinotech Genomics Co. Ltd, Shanghai, 
China), GenBank accession numbers, and the expected sizes 
for qPCR are shown in Supplementary Table S2.

Western blotting. Total protein was extracted from cells 
or tissues using RIPA buffer (Beyotime Institute of Biotech-
nology, Shanghai, China). A BCA protein assay (Beyotime 
Institute of Biotechnology) was used to quantify protein 
concentration. Then, 10% SDS-PAGE was used to separate 
the proteins, which were subsequently transferred onto 
PVDF membranes (Thermo Fisher Scientific Inc.) for 90 min 
at a current of 300 mA. The membranes were blocked with 
5% nonfat milk for 1 h at room temperature and incubated 
with primary antibodies targeting the following proteins 
overnight at 4 °C: BTG2 (1:2000; CAT:sc-517187, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) and GAPDH (1:1000, 
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CAT:sc-2004, Santa Cruz Biotechnology). On the next day, 
the PVDF membranes were incubated with a secondary 
antibody (HRP-IgG, 1:10000; CAT:sc-2004, Santa Cruz 
Biotechnology) at room temperature for 2 h. Subsequently, 
the protein bands were observed using an enhanced chemi-
luminescence detection system (Amersham Imager 600, 
General Electric Company, Boston, USA), and detection of 
band grey values was performed using ImageJ 1.8.0 (Rawak 
Software Inc., Stuttgart, Germany).

MTT assay. Cell proliferation and viability were measured 
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT, Sigma-Aldrich). An absorbance wavelength 
of 570 nm was used to assess cell proliferation via a spectro-
photometric plate reader (Thermo Fisher Scientific Inc.). 
Quantification was determined by the optical density (OD) 
value.

Transwell assay. After treatment, cells were collected 
for further cultivation in a Transwell chamber (Corning 
Incorporation, Corning, NY, USA). The upper chamber was 
coated with Matrigel (BD Bioscience, San Jose, CA, USA), 
and the lower chamber was filled with DMEM containing 
10% fetal bovine serum (Gibco). Cells were cleared from the 
upper member with a sterilized cotton swab after incubation 
for 48 h, and then, cells in the lower chamber were fixed with 
4% paraformaldehyde. The number of invading cells was 
calculated under a light microscope after staining with 0.5% 
crystal violet solution.

Bioinformatics analysis. To probe the molecular mecha-
nisms underlying miRNA, we used miRNA target predic-
tion bioinformatics software: Target Scan Human 8.0 (http://
www.targetscan.org) and miRDB (http://mirdb.org) to 
search for the candidate targets of miR-27a.

Luciferase assay. Luciferase assays were carried out using 
a Dual Luciferase Reporter Assay Kit (Promega, Madison, 
WI, USA) according to the manufacturer’s protocol. Briefly, 
complementary DNA fragments containing wild-type or 
mutant BTG2 3’UTR binding sites (sequence details are 
given in Supplementary Table S3) were cloned downstream 
of the luciferase gene in a pMIR-GLO reporter vector. Then, 
luciferase activity was determined with a luciferase kit.

Oil Red O (ORO) staining. Cells were fixed in 4% 
paraformaldehyde for 10 min followed by washing with 
PBS and then with 60% isopropanol. Freshly diluted ORO 
solution (Sigma-Aldrich) was used to stain cells for 30 min. 
After being washed with PBS, the cells were photographed 
under a light microscope.

Mito-SOX staining. The levels of reactive oxygen 
species (ROS) were determined through Mito-SOX staining 
according to the manufacturer’s instructions. Overall, 
HepG2 cells were rinsed with PBS and incubated with 5 mM 
Mito-SOX (Invitrogen) for 15 min at 37 °C in the dark. Then, 
the cells were washed with PBS, the samples were photo-
graphed via fluorescence microscopy, and the fluorescence 
(IF) intensity was quantified using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA).

Mito-Timer staining. Mito-Timer plasmid (cat. no. 
50547; Biovector NTCC Inc., Beijing, China) was transfected 
into HepG2 cells using Lipofectamine 3000 following the 
manufacturer’s recommendations. Cells expressing Mito-
Timer fluorescent proteins were imaged using fluorescence 
microscopy to determine the Mito-Timer ratio metric shift 
(IF ratio of green vs. red) as an indication of mitochondrial 
aging and damage.

Statistical analysis. All the results shown are based on 
repeated experiments. Values in bar and curve graphs are 
expressed as the mean and standard errors. SPSS 25.0 (SPSS, 
Version X; IBM, Armonk, NY, USA) was used for statistical 
analysis. A p-value <0.05 was set to indicate a statistical 
significance. Unpaired Student t-test was used to analyze 
the differences between the two groups, one-way ANOVA 
followed by Student-Newman-Keuls analysis was used for 
a comparison of multiple groups. Besides, although some 
data of two treatments were presented in one graph, our 
data were independent comparisons of a single factor and 
did not involve the interaction of two factors, so there was 
no two-way analysis of variance.

Results

miR-27a was significantly elevated in liver cancer cells 
and tissues, especially in obese conditions. To thoroughly 
investigate the role of miRNAs in HCC, we focused on 
miR-27a because it was reported as an oncogene in HCC 
and as an obesity-associated miRNA. miR-27a expres-
sion was increased approximately 2–3-fold in human liver 
cancer cells (HepG2 and HCCLM3) compared to THLE-2 
cells (p<0.05, Figure 1A). In addition, compared to control 
HepG2 cells (Ct group), miR-27a expression was obviously 
enhanced in PA-treated HepG2 cells in a dose-dependent 
manner (p<0.05, Figure 1A).

Moreover, to evaluate the expression of miR-27a in 
hepatic tissues, we established DEN-induced HCC mice fed 
a ND and HFD (Figure 1B). In ND adjacent liver tissues, less 
inflammatory cell infiltration and steatosis were observed; 
while in HFD adjacent liver tissues, extensive steatosis was 
seen. In ND tumor tissues, lymphocytes and neutrophils 
infiltration without obvious necrosis could be seen. In HFD 
tumor tissues, more extensive necrosis, obvious granulo-
cytic infiltration, and obvious steatosis also could be found. 
Compared with the ND tumor tissues, the percentage of 
tumor size was significantly increased in the HFD tumor 
tissues (ND tumor tissues vs. HFD tumor tissues: 25% vs. 
75%, p<0.05, Figure  1B). Consistently, we found that the 
miR-27a expression was clearly enhanced in tumor tissues 
compared to adjacent tissues in ND and HFD mice. In 
addition, the most elevated miR-27a levels were present 
in HCC tissues from the HFD group (Figure 1B). Thus, 
miR-27a was dramatically upregulated in liver cancer cells 
and tissues, and its expression reached a peak level in HCC 
with obesity.
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sion of miR-27a (mi-miR-27a vs. mi-NC group: 6.87-fold; 
mi-NC+PA vs. mi-NC group: 6.23-fold; Figure 1C), while 
miR-27a mimic combined with PA treatment caused the 
highest expression of miR-27a (mi-miR-27a+PA vs. mi-miR-
27a group: 2.89-fold; mi-miR-27a+PA vs. mi-NC group: 
19.8-fold; Figure 1C). Compared to PHCs or HepG2 cells 
in the mi-NC group, more lipid accumulation was observed 
in cells in the mi-NC+PA and mi-miR-27a groups, while 

Obesity-associated miR-27a upregulation significantly 
promoted cellular lipid accumulation, proliferation, and 
invasion in liver cancer cells. To investigate the molecular 
mechanisms of obesity-associated miR-27a in vitro, four 
groups of HepG2 cells and PHCs were established (mi-NC, 
mi-miR-27a, mi-NC+PA, mi-miR-27a+PA groups). In 
HepG2 cells, miR-27a mimic (overexpression of miR-27a) 
or PA treatment significantly upregulated the expres-

Figure 1. Obesity-associated miR-27a was highly upregulated in liver cancer cells and tissues and obviously promoted cellular lipid accumulation, 
proliferation, and invasion in HCC. A) Relative miR-27a expression was assessed via qPCR in different cell lines (THLE-2, HepG2, and HCCLM3, 
upper panel) and in HepG2 cells treated with BSA (Ct group) or PA (200 and 400 µM, lower panel). *Indicates THLE-2 cells vs. the Ct group, p<0.05 
B) HCC mice were fed a ND or HFD (each group, n=10). H&E staining and relative miR-27a expression were examined by qPCR in HCC tissues and 
adjacent tissues. The unit is % of tumor size measurement. *Indicates vs. adjacent liver tissue in the ND group, p<0.05; #indicates vs. adjacent liver tis-
sue in the HFD group, p<0.05; & indicates vs. HCC tissue in the ND group, p<0.05. C–F) mi-NC, mi-miR-27a, mi-NC+PA, and mi-miR27a+PA groups 
were established in HepG2 cells and PHCs. C) Relative miR-27a expression was examined via qPCR in HepG2 cells. D) Images of lipid accumulation 
visualized using ORO staining in PHCs are presented. E) Cellular viability was examined via MTT assays in HepG2 cells. F) Invasion was determined 
by Transwell assays in HepG2 cells. *Indicates vs. the mi-NC group, p<0.05, #indicates vs. the mi-miR-27a group, p<0.05
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the most obvious lipid accumulation was present in cells 
in the mi-miR-27a+PA group (Figure 1D, Supplementary 
Figure S1A). Compared with HepG2 cells in the mi-NC 
group, mi-miR-27a or PA treatment significantly increased 
cell viability and growth (Figure 1E) and markedly increased 
cell invasion (Figure 1F). The most reinforced invasion and 
proliferation ability were displayed in mi-miR-27a+PA cells 
(Figures 1E, 1F). These data reveal that obesity-associated 
miR-27a upregulation can stimulate lipid accumulation, 
proliferation, and invasion in liver cancer cells.

Obesity-associated miR-27a notably disturbed 
mitochondrial function in liver cancer cells. Mitochondria 
play an important role in maintaining cell homeostasis, and 
the accumulation of dysfunctional mitochondria was found 
to be associated with liver tumorigenesis [15]. To evaluate 
the impact of obesity-associated miR-27a on mitochondrial 
function in HepG2 cells, Mito-Timer proteins and Mito-SOX 
IF staining were employed. Mito-Timer proteins were used 
to monitor real-time mitochondrial biogenesis, turnover, 
and aging with an age-dependent shift in IF from green 
to red over time [16]. While increased red IF (indicating 
damaged and old mitochondria) could be seen in mi-miR-
27a cells and mi-NC+PA cells, enhanced green IF (indicating 
healthy and young mitochondria) was present in mi-NC 
cells (Figure 2A). Moreover, mi-miR-27a+PA cells showed 
the most increased red IF (Figure 2A). Thus, mi-miR-27a 
and PA accelerated mitochondrial senescence and impair-
ment, which could be further enhanced by mi-miR-27a+PA. 
Mito-SOX is a cell-permeable dye that can exhibit red IF 
by targeting mitochondrial ROS products [17]. Consis-
tently, Mito-SOX staining revealed that mi-miR-27a and 
mi-NC+PA cells showed amplified red IF compared to mi-NC 
cells (Figure 2B). In addition, mi-miR-27a+PA induced the 
greatest red IF accumulation in HepG2 cells (Figure 2B). This 
result indicates that mi-miR-27a or PA can induce increased 
oxidative stress reactions in mitochondria, while mi-miR-
27a+PA caused the highest level. Collectively, we hypoth-
esized that obesity-associated miR-27a upregulation exerted 
the key effect of disturbing mitochondrial function, possibly 
resulting in oncogenic effects in liver cancer cells.

BTG2 was a key target and was negatively regulated 
by obesity-associated miR-27a in HCC. To explore the 
regulated signaling underlying obesity-associated miR-27a, 
we focused on four downstream targets of miR-27a [BTG2, 
forkhead box protein O1 (FOXO1), insulin-like growth 
factor-1 (IGF-1), and SMAD family member 2 (SMAD2)], 
which were reported to be involved in cellular proliferation 
or migration against miR-27a in tumors [18-21]. mi-miR-
27a robustly inhibited the expression of BTG2, IGF-1, 
FOXO1, and SMAD2 in HepG2 cells (Figure 3A). Interest-
ingly, PA treatment only obviously suppressed the expres-
sion of BTG2 mRNA, but there was no difference in IGF-1, 
FOXO1, and SMAD2 expression in HepG2 cells (Figure 3A). 
Furthermore, the greatest decrease in BTG2 mRNA expres-
sion was observed in HepG2 cells in the mi-miR-27a+PA 

group (Figure 3A). Thus, it was reasoned that BTG2 might 
be an important target of obesity-associated miR-27a in 
HCC. BTG2 mRNA and protein expression was distinctly 
reduced in human liver cancer cells (HepG2 and HCCLM3) 
compared to THLE-2 cells (Figure 3B). Additionally, BTG2 
mRNA and protein expression were notably reduced in HCC 
tissues compared with adjacent liver tissues in ND and HFD 
mice (Figure 3B). The lowest BTG2 mRNA and protein levels 
were observed in tumoral tissues of HFD mice (Figure 3B). 
These data indicate that BTG2 mRNA and protein expres-
sion was clearly decreased in liver cancer cells and tissues, 
especially under obese conditions.

BTG2, a well-known antiproliferation gene, negatively 
regulates growth by inhibiting the cell cycle progression in 
liver cancer [22]. BTG2 was also reported to suppress lipid 
accumulation and protect against mitochondrial damage [23, 
24]. Therefore, we focused on BTG2 for further study. Two 
binding sites for miR-27a (nt361-368 and nt1832-1838) were 
identified in the 3’-untranslated region (3’UTR) of BTG2 
using target prediction programs (miRDB and Target Scan, 
Figure 3C). Furthermore, luciferase reporters containing 
BTG2-wt (wild-type BTG2) and BTG2-mut (mutant-type 
BTG2) were constructed and used to transfect mi-NC or 
mi-miR-27a HepG2 cells. Only the transfection with miR-27a 
suppressed the luciferase activities of BTG2-wt (Figure 3D). 
Therefore, BTG2 was identified as an important target and 
was found to be negatively regulated by obesity-associated 
miR-27a in HCC.

Inhibition of BTG2 evidently promoted lipid accumu-
lation, proliferation, and invasion in obesity-related liver 
cancer cells. To validate the biological functions of BTG2, four 
groups of PHCs and HepG2 cells were constructed: shRNA 
negative control (sh-NC), BTG2 knockdown (sh-BTG2), 
sh-NC+PA, and sh-BTG2+PA. Through ORO staining, 
sh-BTG2 or PA treatment was found to lead to a greater 
enrichment of lipid accumulation in PHCs and HepG2 cells 
compared to their control cells (Figure 4A, Supplementary 
Figure S1B). The most lipid accumulation was seen in the 
sh-BTG2+PA group cells (Figure 4A, Supplementary Figure 
S1B). Consistently, cellular proliferation (Figure 4B) and the 
number of invading cells (Figure 4C) were evidently increased 
by sh-BTG2 or PA treatment. Moreover, sh-BTG2+PA treat-
ment had the greatest effect on stimulating cell proliferation 
(Figure 4B) and invasion (Figure 4C). Thus, inhibition of 
BTG2 remarkably accelerated lipid accumulation, prolifera-
tion, and invasion in obesity-related liver cancer cells.

Suppression of BTG2 resulted in striking mitochon-
drial dysfunction in obesity-related liver cancer cells. 
BTG2 has been reported to be responsible for protec-
tion against mitochondrial damage; thus, we hypothesized 
that sh-BTG2 may induce mitochondrial dysfunction in 
obesity-related liver cancer cells. In the Mito-Timer analysis, 
sh-BTG2 or PA treatment dramatically promoted red IF 
accumulation (indicating senescent and impaired mitochon-
dria, Figure 5A), while sh-NC treatment mainly induced 
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green IF (indicating healthy mitochondria, Figure 5A). The 
most intense red IF was seen in the cells in the sh-BTG2+PA 
group (Figure 5A). Therefore, sh-BTG2 or PA can provoke 
mitochondrial fading and damage, which can be markedly 
enhanced by sh-BTG2+PA. Consistently, evidently increased 
red IF (indicating more mitochondrial ROS products) was 
exhibited after Mito-SOX staining of HepG2 cells in the 
sh-BTG2 and sh-NC+PA groups compared to that in cells in 
the sh-NC group (Figure 5B). In addition, the greatest red IF 
was observed in sh-BTG2+PA cells (Figure 5B). Thus, more 

redoubtable oxidative stress reactions in mitochondria were 
induced by sh-BTG2 or PA, and the highest level was caused 
by sh-BTG2+PA. Therefore, suppressing BTG2 may aggra-
vate obesity-related HCC, chiefly by injuring mitochondrial 
function in vitro.

Obesity-associated miR-27a exacerbated HCC mainly by 
negatively regulating BTG2-related mitochondrial impair-
ment in vitro. To gain further insight into the obesity-associ-
ated miR-27a-BTG2 axis in the HCC biological process, we 
constructed two groups of PHCs and HepG2 cells: mi-miR-

Figure 2. Obesity-associated miR-27a notably suppressed mitochondrial function in liver cancer cells. mi-NC, mi-miR27a, mi-NC+PA, and mi-
miR27a+PA groups were established in HepG2 cells. A) Representative images and quantitative analysis of Mito-Timer assay results are displayed 
(blue IF represents nuclei; green IF represents healthy young mitochondria; red IF represents damaged old mitochondria). B) Representative images 
and quantitative analysis of Mito-SOX staining results are shown (blue IF: nuclei; red IF: mitochondrial ROS production). *Indicates vs. the mi-NC 
group, p<0.05, #indicates vs. the mi-miR-27a group, p<0.05
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27a+PA and mi-miR-27a+PA+ov-BTG2 (overexpression of 
BTG2). BTG2 could reverse the effects of miR-27a+PA on 
lipid accumulation (Figure 6A, Supplementary Figure S1C), 
increased invasion (Figure 6B), and increased proliferation 
(Figure 6C). Similarly, BTG2 could reverse the effects of 
miR-27a+PA on mitochondrial dysfunction, including the 
accumulation of damaged mitochondria (Figure 6D) and 
increased oxidative levels (Figure 6E). Therefore, mi-miR-
27a+PA could not perform oncogenic functions or induce 
mitochondrial dysfunction when BTG2 was overexpressed 
in liver cancer cells.

Discussion

Obesity is well acknowledged as a major risk factor for 
malignancies, particularly for HCC, mainly due to its close 
association with NAFLD. Recently, overwhelming evidence 
has supported a risk relationship between obesity and HCC 
[25, 26].

Currently, a novel class of regulatory molecules, adipo-
cyte-derived miRNAs, have become a research hotspot 
in exploring the progression of HCC [9]. miR-27a, a well-
known “onco-miRNA”, has been identified as an adipocyte 

Figure 3. BTG2 was identified as a key target and was negatively regulated by obesity-associated miR-27a in HCC. A) The expression of BTG2, IGF-1, 
SMAD2, and FOXO1 mRNA was detected via qPCR in HepG2 cells. *Indicates vs. the mi-NC group, p<0.05, #indicates vs. the mi-miR-27a group, 
p<0.05. B) The BTG2 mRNA and protein expression were analyzed in cell lines (THLE-2, HepG2, HCCLM3) and liver tissues from HCC mice (ND and 
HFD groups) via qPCR and western blotting. *Indicates vs. THLE-2 cells or adjacent liver tissue in the ND group, p<0.05; #indicates vs. adjacent liver 
tissue from the HFD group, p<0.05; & indicates vs. HCC tissue from the ND group, p<0.05. C) Two binding sites for miR-27a (nt361-368 and nt1832-
1838) were identified in the BTG2 3’UTR. D) A luciferase reporter assay revealed that mi-miR-27a decreased the luciferase activity of the BTG2-wt 
reporter. *Indicates vs. the mi-NC+BTG2-wt group, p<0.05
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tissue-derived miRNA [10]. Our data verified that miR-27a 
expression was significantly elevated in liver cancer cells and 
HCC tissues of mice, especially under obesity conditions. The 
evident oncogenic functions of miR-27a were further identi-
fied in our study, including promotion of lipid accumulation, 
proliferation, and invasion in liver cancer cells. Moreover, 
the above effects of miR-27a were significantly strength-
ened in the presence of obesity in vitro. Mitochondrial 
dysfunction and ROS overproduction have been suggested 
to be associated with the growth of HCC [27]. miR-27a also 
markedly accelerated mitochondrial dysfunction (including 
mitochondrial aging and ROS overproduction) in liver 

cancer cells in our study. Furthermore, the mitochondrial 
impairment induced by miR-27a was markedly strengthened 
under obesity conditions. Therefore, damaged mitochon-
drial function is positively related to the oncogenic activity 
of obesity-associated miR-27a, including enhanced lipid 
accumulation, proliferation, and invasion in liver cancer 
cells.

As miRNAs usually exert biological functions by targeting 
downstream genes, it is necessary to identify the key target 
for exploring the molecular basis of obesity-associated 
miR-27a in HCC development. Notably, miR-27a signifi-
cantly downregulated BTG2 mRNA in HepG2 cells in obesity 

Figure 4. Downregulation of BTG2 evidently promoted lipid accumulation, proliferation, and invasion of obesity-related liver cancer cells. Four groups 
(sh-NC, sh-BTG2, sh-NC, sh-NC+PA, and sh-BTG2+PA) were established in PHCs and HepG2 cells. A) ORO staining revealed lipid enrichment in 
PHCs. B) Cellular viability was detected with MTT assays. C) Cell invasion ability was examined using Transwell assays. *Indicates vs. the sh-NC group, 
p<0.05, #indicates vs. the sh-BTG2 group, p<0.05
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conditions. Their direct interaction was confirmed by bioin-
formatics analysis and luciferase activity experiments. There-
fore, BTG2 is a direct target and is negatively modulated by 
obesity-associated miR-27a in liver cancer cells. Thus, we 
selected BTG2 for further study of the mechanism of obesity-
associated miR-27a in HCC.

BTG2, a member of the BTG/TOB family of antiprolifera-
tion proteins, regulates a range of cellular functions, including 
protecting mitochondrial function [24], resisting  lipid 
accumulation [28], and inhibiting tumor proliferation [29]. 
Consistently, our study identified a clear decrease in BTG2 

mRNA and protein levels in HCC in vitro and in vivo. 
Interestingly, obesity had a markedly negative impact on 
BTG2 mRNA and protein expression. In addition, inhibi-
tion of BTG2 was found to act as a tumor promoter, notably 
triggering lipid accumulation, proliferation, and invasion, 
which are related to mitochondrial damage, in HCC cells. 
These important functions of BTG2 inhibition were also 
reinforced under obesity conditions in vitro. Then, the resto-
ration of BTG2 was found to reverse the oncogenic function 
of miR-27a and the mitochondrial dysfunction induced by 
miR-27a overexpression in obesity-related liver cancer cells. 

Figure 5. Suppression of BTG2 resulted in striking mitochondrial dysfunction in obesity-related liver cancer cells. Four groups (sh-NC, sh-BTG2, 
sh-NC, sh-NC+PA, and sh-BTG2+PA) were established in HepG2 cells. A) Representative images and the ratio values of Mito-Timer IF indicating mi-
tochondrial turnover are displayed. B) Representative images and quantification of mitochondrial ROS production via Mito-SOX staining are shown. 
*Indicates vs. the sh-NC group, p<0.05, #indicates vs. the sh-BTG2 group, p<0.05
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Collectively, obesity-associated miR-27a acts as an oncogene 
by suppressing BTG2 in HCC.

The specific role of the miR-27a-BTG2 axis in obesity-
related HCC was first revealed in our study. The axis in 
which miR-27a negatively regulates BTG2 was confirmed 
to promote lipid accumulation, growth, and invasion in 
HCC cells, which was positively correlated with mitochon-
drial dysfunction in obesity-related HCC. Furthermore, we 
hypothesized that the obesity-associated miR-27a-BTG2 
axis might play an oncogenic function in HCC by initiating 
mitochondrial dysfunction. BTG2 can induce programmed 

cell death through direct binding to PIN-1 (protein-
interacting NIMA), a master regulator of mitochondrial 
apoptosis. Upon BTG2 binding, PIN-1 translocates from 
the nucleus to the cytoplasm, where it triggers mitochon-
drial membrane depolarization [30]. BTG2 further inhibits 
adipocyte differentiation by regulating Stat3 signaling [28]. 
Moreover, BTG2 inhibits the proliferation and metastasis 
of cancer cells by suppressing the PI3K/AKT pathway [31]. 
Therefore, BTG2 acts as an oncosuppressor gene in cancer 
cells by regulating mitochondrial apoptosis and controlling 
cancer progression.

Figure 6. Obesity-associated miR-27a did not aggravate HCC progression or impair mitochondria in the presence of BTG2 overexpression in vitro. 
Two groups (mi-miR-27a+PA and mi-miR-27a+PA+ov-BTG2) were established in PHCs and HepG2 cells. A) ORO staining revealed lipid enrichment 
in PHCs. B) Cell invasion was examined using Transwell assays. C) Cell viability was detected with MTT assays. D) Representative images and quan-
tification of MitoTimer IF staining were displayed. E) Representative images and quantification of Mito-SOX staining are shown. *Indicates vs. the 
mi-miR-27a+PA group, p<0.05
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In conclusion, our results provide novel insight into the 
obesity-associated miR-27a-BTG2 axis as a molecular basis 
of HCC. In detail, obesity-associated miR-27a acts as an 
oncogene that promotes lipid accumulation, proliferation, 
and invasion by suppressing BTG2-mediated mitochondrial 
dysfunction in HCC. Thus, our results provide useful infor-
mation for targeting the obesity-associated miR-27a-BTG2 
axis as a new therapeutic strategy.

Supplementary information is available in the online version 
of the paper.
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Supplementary Table S1. Information of Plasmids used in study.
  Species Name of  

the carrier
Corp. Sequence (5’-3’)

mi-miR27a human None Gene Pharma 
Co. Ltd, Shang-
hai, China

F:UUCACAGUGGCUAAGUUCCGC 
R:GGAACUUAGCCACUGUGAAUU

mi-NC human None Gene Pharma 
Co. Ltd, Shang-
hai, China

F:UUUGUACUACACAAAAGUACUG 
R:CAGUACUUUUGUGUAGUACAAA

ov-BTG2 human pEX-3(pGCMV/MCS/Neo) Gene Pharma 
Co. Ltd, Shang-
hai, China

ATGAGCCACGGGAAGGGAACCGACATGCTCCCGGAGATCGCCGCC-
GCCGTGGGCTTCCTCTCCAGCCTCC 
TGAGGACCCGGGGCTGCGTGAGCGAGCAGAGGCTTA-
AGGTCTTCAGCGGGGCGCTCCAGGAGGCACTCAC 
AGAGCACTACAAACACCACTGGTTTCCCGAAAAGCCGTC-
CAAGGGCTCCGGCTACCGCTGCATTCGCATC 
AACCACAAGATGGACCCCATCATCAGCAGGGTGGCCAGCCAGATCG-
GACTCAGCCAGCCCCAGCTGCACC 
AGCTGCTGCCCAGCGAGCTGACCCTGTGGGTGGACCCCTATGAGGT-
GTCCTACCGCATTGGGGAGGACGG 
CTCCATCTGCGTCTTGTACGAGGAGGCCCCACTGGCCGCCTCCTGT-
GGGCTCCTCACCTGCAAGAACCAA 
GTGCTGCTGGGCCGGAGCAGCCCCTCCAAGAACTACGTGATG-
GCAGTCTCCAGCTAG

sh-BTG2 human Gene Pharma 
Co. Ltd, Shang-
hai, China

GGACGCACTGACCGATCATTA

sh-NC human   Gene Pharma 
Co. Ltd, Shang-
hai, China

GCTACACAAATCAGCGATTT
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Supplementary Table S2. The sequence of related genes for qPCR.

Genes Host Forward (5’–3’) Reverse (5’–3’) NCBI Gene ID/
Primer GenBank ID

GenBank acces-
sion

Amplicon 
Size

miR27a Human GCGCGTTCACAGTGGC-
TAAG 

AGTGCAGGGTCCGAGGTATT

407081miR27a-RT Human GTCGTATCCAGTG-
CAGGGTCCGAGGTAT 
TCGCACTGGATACGACGC-
GGAA

miR27a Mouse GCGCGTTCACAGTGGC-
TAAG 

AGTGCAGGGTCCGAGGTATT 

387220miR27a-RT Mouse GTCGTATCCAGTG-
CAGGGTCCGAGGTAT 
TCGCACTGGATACGACGC-
GGAA

U6 Human GCTCGCTTCGGCAGCA-
CATATAC

AGTGCAGGGTCCGAGGTATT

26827U6-RT Human GTCGTATCCAGTG-
CAGGGTCCGAGGTAT 
TCGCACTGGATACGA-
CAAAATATGG

U6 Mouse GCTTCGGCAGCACATATAC-
TAAAAT

CGCTTCACGAATTTGCGT-
GTCAT

67207U6-RT Mouse GTCGTATCCAGTG-
CAGGGTCCGAGGTAT 
TCGCACTGGATACGA-
CAAAATATGG

GAPDH Human ACAACTTTGGTATCGTG-
GAAGG

GCCATCACGCCACAGTTTC 2597/378404907c2 NM_001256799 101

GAPDH Mouse AGGTCGGTGTGAACG-
GATTTG

TGTAGACCATGTAGTTGAG-
GTCA

14433/6679937a1 NM_008084 123

BTG2 Human ACGGGAAGGGAACCGA-
CAT

CAGTGGTGTTTGTAGT-
GCTCTG

7832/28872718c1 NM_006763 154

BTG2 Mouse ATGAGCCACGGGAAGAGA-
AC

AGCGCCCTACTGAAAACCTTG 12227/6680814a1 NM_007570 122

FOXO-1 Human TGATAACTGGAGTA-
CATTTCGCC

CGGTCATAATGGGTGAGA-
GTCT

2308/133930787c2 NM_002015 80

IGF-1 Human GCTCTTCAGTTCGTGTGT-
GGA

GCCTCCTTAGATCACAGCTCC 3479/163659898c1 NM_001111283 133

SMAD2 Human CGTCCATCTTGC-
CATTCACG

CTCAAGCTCATCTAATC-
GTCCTG

4087/118572580c1 NP_005892 182

Supplementary Table 3. The sequence of BTG2 for luciferase assay.
Genes Forward (5’–3’) Reverse (5’–3’)
BTG2-wt CTCTAGGACAAGAGTTCTCAGTCACTGTGCAATAT-

GCCCCCTGGGTCCCAGGAGGGTCTACAATCCAAATTT-
GTCGTAGACTTGTGCAATATATACTGTTGTGGGTTG-
GAGAAAAG

TCGACTCCAACCCACAACAGTATATATTGCACAAGTCTACGA-
CAAATTTGGATTGTAGACCCTCCTGGGACCCAGGGGGCATATT-
GCACAGTGACTGAGAACTCTTGTCCTAGAGAGCT

BTG2-mut CTCTAGGACAAGAGTTCTCAGTCACTGTGCAATAT-
GCCCCCTGGGTCCCAGG  
AGGGTCTACAATCCAAATTTGTCGTAGACTTGACGTT-
TATATACTGTTGTGGGTTGGAGAAAAG

TCGACTCCAACCCACAACAGTATATAAACGTCAAGTCTACGA-
CAAATTTGGATTG 
TAGACCCTCCTGGGACCCAGGGGGCATATTGCACAGTGACT-
GAGAACTCTTGTCCTAGAGAGCT
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Supplementary Figure S1. Representative images of ORO staining in HepG2 cells. A) ORO staining revealed lipid enrichment in 4 groups of HepG2 
cells (mi-NC, mi-miR-27a, mi-NC+PA and mi-miR27a +PA). B) ORO staining revealed lipid enrichment in 4 groups of HepG2 cells (sh-NC, sh-BTG2, 
sh-NC+PA and sh-BTG2 +PA). C) ORO staining revealed lipid enrichment in 2 groups of HepG2 cells (mi-miR27a +PA and mi-miR27a +ov-BTG2 
+PA).


