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Abstract 

Background: Aerobic glycolysis has been recognized as one of the growth-promoting metabolic alterations of 
cancer cells. Emerging evidence indicates that nuclear factor κB (NF-κB) plays significant roles in metabolic adaptation 
in normal cells and cancer cells. However, whether and how NF-κB regulates metabolic reprogramming in hepatocel-
lular carcinoma (HCC), specifically hepatitis B virus X protein (HBx)-initiated HCC, has not been determined.

Methods: A dataset of the HCC cohort from the TCGA database was used to analyse the expression of NF-κB family 
members. Expression of NF-κBp65 and phosphorylation of NF-κBp65 (p-p65) were detected in liver tissues from HBV-
related HCC patients and normal controls. A newly established HBx+/+/NF-κBp65f/f and HBx+/+/NF-κBp65Δhepa spon-
taneous HCC mouse model was used to investigate the effects of NF-κBp65 on HBx-initiated hepatocarcinogenesis. 
Whether and how NF-κBp65 is involved in aerobic glycolysis induced by HBx in hepatocellular carcinogenesis were 
analysed in vitro and in vivo.

Results: NF-κBp65 was upregulated in HBV-related HCC, and HBx induced NF-κBp65 upregulation and phosphoryla-
tion in vivo and in vitro. Hepatocyte-specific NF-κBp65 deficiency remarkably decreased HBx-initiated spontaneous 
HCC incidence in HBx-TG mice. Mechanistically, HBx induced aerobic glycolysis by activating NF-κBp65/hexokinase 
2 (HK2) signalling in spontaneous hepatocarcinogenesis, and overproduced lactate significantly promoted HCC cell 
pernicious proliferation via the PI3K (phosphatidylinositide 3-kinase)/Akt pathway in hepatocarcinogenesis.

Conclusion: The data elucidate that NF-κBp65 plays a pivotal role in HBx-initiated spontaneous HCC, which depends 
on hyperactive NF-κBp65/HK2-mediated aerobic glycolysis to activate PI3K/Akt signalling. Thus, phosphorylation of 
NF-κBp65 will be a potential therapeutic target for HBV-related HCC.
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Background
Hepatocellular carcinoma (HCC), the most common 
type of primary liver cancer, is the third leading cause of 
cancer-related death in the world according to the lat-
est statistics [1]. Chronic infection with hepatitis B virus 
(HBV) is one of the most frequent risk factors for HCC 
[2]. The HBV genome encodes four viral gene proteins, 
one of which is Hepatitis B virus X protein (HBx). HBx 
is a 17  kDa multifunctional protein and is essential for 
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HBV replication and the initiation and development of 
HCC [3–7]. Recently, emerging studies revealed that 
HBx is closely involved in aerobic glycolysis in hepato-
carcinogenesis [8–11]. Aerobic glycolysis, also termed 
the Warburg effect, is considered a hallmark feature of 
cancer. Unlike normal cells that process glucose into car-
bon dioxide by oxidative phosphorylation (OXPHOS) in 
the mitochondria, cancer cells prefer to metabolize glu-
cose into lactate in the cytoplasm even when oxygen is 
sufficient [12, 13]. To compensate for the lower energy 
production by aerobic glycolysis compared to OXPHOS, 
cancer cells increase glucose uptake by upregulating glu-
cose transporters, prominently glucose transporter 1 
(GLUT1) and the majority of glycolytic enzymes, such 
as hexokinase 2 (HK2) and lactate dehydrogenase A 
(LDHA) [14].

It has been shown that aerobic glycolysis increases in 
HBV-associated HCC [15, 16], and metabonomic analy-
sis showed that multiple metabolites associated with 
aerobic glycolysis were increased in HBV or HBx trans-
fection in primary rat hepatocytes [8]. Furthermore, HBx 
induced BNIP3L-dependent mitophagy to upregulate 
aerobic glycolysis, increasing cancer stemness in hepato-
carcinogenesis [11]. However, the specific mechanism by 
which HBx induces aerobic glycolysis is largely unclear. 
Therefore, the regulatory mechanism of HBx-induced 
glycolysis merits further investigation, and it would be 
helpful to identify a novel therapeutic target.

The nuclear factor κB (NF-κB) family comprises five 
transcription factors, named RelA (p65), RelB, c-Rel, 
NF-κB1 (p105/p50) and NF-κB2 (p100/p52) [17]. All five 
proteins form homo or heterodimers in the cytoplasm as 
an inactive complex combined with inhibitory molecules 
called IκB proteins in the resting state. IκBs are regulated 
by IκB kinase (IKK), which consists of two catalytic subu-
nits, IKK-α and IKK-β, and a regulatory subunit, IKK-γ/
NEMO (NF-κB essential modulator) [18]. Activation of 
NF-κB pathways mainly consists of canonical and non-
canonical pathways. The canonical pathway is primar-
ily activated by phosphorylation of IKK, which can then 
cause IκB protein phosphorylation and ubiquitin-medi-
ated proteasome degradation, allowing NF-κB to trans-
locate to the nucleus to activate target gene expression 
[19]. The NF-κB pathway plays an essential role in innate 
immunity, inflammation, cell proliferation, differentiation 
and metabolic reprogramming [20–23]. We have previ-
ously reported that phosphorylation of NF-κBp65 drives 
hepatocellular tumorigenesis [24]. Several studies have 
demonstrated that activation of canonical NF-κB signal-
ling drives aerobic glycolysis in sarcoma [25] and cen-
tral nervous system lymphoma [26]. However, the effect 
of NF-κBp65 on glycolytic metabolism in HBx-initiated 
HCC has not been investigated.

Akt, also known as protein kinase B or PKB, is a serine/
threonine protein kinase that regulates diverse cellular 
functions, including metabolism, cell growth and pro-
liferation, through phosphatidylinositol 3-kinase (PI3K) 
[27]. PI3K/Akt can be activated in response to lactic acid 
and can promote angiogenesis in endothelial cells [28]. 
Dysregulation of the PI3K/Akt pathway is frequently 
implicated in cancers, including HCC [29]. The mecha-
nism of lactate-induced Akt activation in HCC cells is 
still unclear, and the interaction between lactate and Akt 
in HCC needs further investigation.

In this study, we explored the interaction between 
NF-κBp65-mediated aerobic glycolysis and pernicious 
proliferation in HBx-initiated HCC. Our results dem-
onstrate that HBx increases NF-κBp65 expression and 
phosphorylation and that hepatocyte-specific NF-κBp65 
deficiency suppresses HBx-induced aerobic glycolysis 
and subsequent pernicious proliferation, resulting in less 
carcinogenesis. These results indicate that HBx induces 
aerobic glycolysis via the NF-κBp65/HK2 pathway to 
overproduce lactate and that lactate activates PI3K/Akt 
signalling to enhance hepatocyte pernicious proliferation, 
resulting in HBx-initiated hepatocellular carcinogenesis.

Materials and methods
Clinical tissue samples
Ten normal liver tissue samples were obtained from the 
adjacent sites of haemangioma patients without hepatitis, 
and 10 liver specimens from HCC patients with hepatitis 
B virus infection were obtained during operations before 
any therapeutic intervention at the Third Affiliated Hos-
pital of Sun Yat-Sen University (Table S1). All the sam-
ples were subsequently verified by histology. Informed 
consent was signed by all the patients prior to the sur-
gery. The acquisition of these liver tissue samples was 
approved by the Clinical Research Ethics Committee of 
The Third Affiliated Hospital of Sun Yat-Sen University 
([2014] 2–7). The Gene Expression Profiling Interactive 
Analysis (GEPIA) website (http:// gepia. cancer- pku. cn/) 
was used for the survival analysis of HCC patients based 
on The Cancer Genome Atlas (TCGA) datasets.

Tissue microarrays of human liver tumours and paired 
adjacent normal tissues (TFHCC-02, TFHCC-03) were 
purchased from Shanghai Tufei Biotech  (Table S2). 
Immunohistochemical (IHC) staining was performed 
on tissue microarrays as described in our previous study 
[29]. The immunoreactivity score (IRS) gives a range of 
0–12 as a product of multiplication between the posi-
tive cell proportion score (0–4) and the staining intensity 
score (0–3) [30]. For statistical analysis, scores of 0 to 7 
were considered weak expression, and scores of 8 to 12 
were considered strong expression. All experiments were 
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performed with the approval of the Third Affiliated of 
Sun Yat-sen University of Medicine Review Board.

Mice
Animal experiments were approved by the Institutional 
Animal Care and Use Committee of the Third Affiliated 
Hospital of Sun Yat-Sen University. HBx+/+ and WT 
(HBx−/−) littermates on a mixed genetic background 
(C57BL/6 and CBA) were generated from HBx heterozy-
gous transgenic male and female mice (kindly provided by 
Dr. DY Yu, Korea Research Institution of Bioscience and 
Biotechnology, Korea). Mice carrying the LoxP-flanked 
NF-κBp65 allele (NF-κBp65flox/flox) were kindly provided 
by Dr. Jianping Ye (Pennington Biomedical Research 
Center, Louisiana State University System, Baton Rouge, 
LA, USA). Alb-cre transgenic mice were purchased from 
The Jackson Laboratory. Mice with hepatocyte-specific 
NF-κBp65 deletion (NF-κBp65Δhepa) were generated by 
crossing NF-κBp65flox/flox mice with Alb-cre transgenic 
mice, which show hepatocyte-specific expression of Cre 
recombinase and NF-κBp65 ablated solely in hepatocytes 
but not in nonparenchymal liver cells. NF-κBp65f/f was 
used as wild-type (WT) mice. HBx+/+/NF-κBp65f/f mice 
were generated by crossing HBx+/+ and NF-κBp65f/f lit-
termates, and HBx+/+/NF-κBp65Δhepa mice were gener-
ated from HBx+/+ and NF-κBp65Δhepa mice. Genotyping 
was performed as previously described [31, 32]. Male 
mice were used in the experiment. For the spontane-
ous HCC model, WT, HBx+/+/NF-κBp65f/f and HBx+/+/
NF-κBp65Δhepa mice were fed until 18  months. Six-
month-old and 12-month-old mice were sacrificed (n = 6 
in each group). The 18-month-old mice were sacrificed 
after ultrasonography (n = 6 in the WT group, n = 24 in 
 HBx + / + /NF-κBp65f/f and  HBx + / + /NF-κBp65Δhepa). The 
sedative consisted of xylazine (15 mg/kg), and ketamine 
(50  mg/kg) was given intraperitoneally as the anaesthe-
sia. Carbon dioxide inhalation was used as a method of 
euthanasia. The number and size of tumour nodules in 
the liver lobe were recorded. The liver weight and the 
mouse gross weight were also measured and recorded.

Ultrasonography in a spontaneous HCC mouse model
Liver tumour formation was measured by using a pre-
clinical ultrasound imaging system (Vevo 3100; Fujifilm 
Visual Sonics, Inc.) with an MX250 high-frequency linear 
array transducer (frequency of 21  MHz) on a digitized 
scale. Eighteen-month-old mice were anaesthetized with 
isoflurane at room temperature. Hair removal cream was 
used to depilate the abdomen of the mice. Ultrasound 
examination was used to detect liver tumour incidence 
and size.

Sample collection
Immediately after the mice were sacrificed, the entire 
liver was carefully removed and rinsed thoroughly with 
ice-cold physiological saline. The liver tissues were har-
vested and stored at − 80 °C before protein, mRNA and 
biochemical analyses. Part of the liver lobe was fixed 
in neutral buffered formalin at room temperature to 
prepare paraffin sections. Liver specimens of hepatic 
haemangioma and HCC patients were processed in a 
similar way.

Haematoxylin and eosin staining, immunohistological 
staining and immunofluorescence staining
Haematoxylin and eosin (H&E) staining and immuno-
histochemical (IHC) staining were performed on par-
affin sections as described in our previous study [29]. 
Immuno-fluorescence (IF) staining of cells was also 
performed as previously described [29]. Semiquantita-
tive analysis of the histological staining was performed 
using ImageJ software. IHC and IF staining were per-
formed by using antibodies against HBx (1:200, 22,741, 
Genetex), NF-κBp65 (1:200, 8242, CST), p-p65 (1:200, 
SAB5700363, Sigma‒Aldrich, 1:200, 3033, CST), Ki-67 
(1:200, ab15580, Abcam), Glut1 (1:200, 12939S, CST), 
HK2 (1:200, ab209847, Abcam), and LDHA (1:200, 
3582 T, CST).

Cell culture and treatments
HepG2, HepG2.2.15, Hep3B (HCC cell lines), HepG2 
expressing sodium taurocholate cotransporting poly-
peptide (HepG2-NTCP), which has been identified 
as a functional receptor for HBV, and LO2 (human 
normal hepatocyte cell line) were used in this study. 
HepG2 and Hep3B cell lines were purchased from the 
American Type Culture Collection (ATCC, Manassas, 
VA, USA). LO2, HepG2-NTCP and HepG2.2.15 cells 
were obtained from the Guangdong Provincial Key 
Laboratory of Liver Disease Research, China. The cells 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) (Gibco BRL, Rockville, MD, USA) for the 
HepG2, HepG2-NTCP, HepG2.2.15 and Hep3B cell 
lines or RPMI 1640 medium (Gibco BRL, Rockville, 
MD, USA) for the LO2 cell line with 10% foetal bovine 
serum. Cells were treated with Bay 11–7082 (10  μM, 
Sigma, St Louis, MO, USA), 2-deoxy-D-glucose (2-DG, 
10 mM, Selleck Chemicals, Houston, TX, USA), lactate 
(Sigma, St Louis, MO, USA), sodium pyruvate (Sigma, 
St Louis, MO, USA), α-cyano-4-hydroxycinnamate 
(CHC, 5  mM, Selleck Chemicals) or MK-2206 2HCl 
(10 μM, Selleck Chemicals, Houston, TX, USA).
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Plasmid construction, lentiviral transduction and RNA 
interference
The plasmid with the 1.3-mer HBV genomic DNA and 
the HBV 1.3-mer X-null replicon was kindly provided 
by Wang-Shick Ryu (Addgene, 65,461). Plasmids with 
pCMV-MCS-NF-κBp65-flag or pCMV-MCS-3flag and 
plasmids with pcDNA3.1-HBx-HA or pcDNA3.1-HA 
were constructed. The lentiviral vector encoding the 
full-length HBx and an HA-tag was purchased from 
GenePhama (Shanghai, China). The vector alone served 
as a negative control. Small interfering RNA siNF-κBp65 
(5’-GCA CCA UCA ACU AUG AUG ATT-3’) and siHK2 (5’-
CAC GAT GAA ATT GAACC-TGGT-3’) were purchased 
from GenePhama (Shanghai, China). Transient transfec-
tion, lentiviral transduction and siRNA transfection were 
conducted using Lipofectamine 3000 transfection rea-
gent (Invitrogen, Carlsbad, CA, USA). We obtained sta-
ble HBx-expressing LO2 and HepG2 cell lines by zeocin 
selection (1  μg/ml) for 14  days before the following 
experiments.

Cell viability and growth assay
Cell viability and growth were determined by CCK8 assay 
(Dojindo Laboratories, Kumamoto, Japan). Briefly, in the 
cell growth assay, the cells (1 ×  103/well) with 100  µl of 
complete medium were plated into 96-well plates over-
night, treated with the corresponding treatment and 
incubated at 37 °C and 5%  CO2 for 24 h to 96 h. In the cell 
viability assay, the cells (5 ×  103/well) with 100 µl of com-
plete medium were seeded into 96-well plates overnight 
and then treated with relevant reagents, such as 2-DG 
(10 mM) and MK-2206 2HCl (Akt inhibitor, 10 µM). At 
specified time points, CCK8 reagent (10  μl/well) was 
added to the wells and incubated at 37 °C for 2 h. Then, 
the absorbance was measured at a 450-nm wavelength 
using a microplate reader (Bio Tek-Epoch2, Winooski, 
VT, USA).

EdU assay
EdU assays were performed using the Cell-Light EdU 
Apollo643 In Vitro Kit (RiboBio, Guangzhou, Guangdong 
Province, China) according to the manufacturer’s proto-
col. The nuclei of proliferative cells were dyed red. The 
EdU index was determined by dividing the number of red 
nuclei cells by the total number of cells in at least 10 ran-
domly selected fields (× 200).

Isolation of Nuclear‑Cytosolic Fractions
The Nuclear and Cytoplasmic Protein Extraction Kit 
(Beyotime, Shanghai, China) was applied for nuclear and 
cytosolic fraction separation according to the manufac-
turer’s instructions. The isolated proteins were quanti-
fied by the Pierce BCA Protein Assay Kit (Thermo Fisher, 

MA, USA) and prepared for western blotting. Histone 3 
and β-actin were used as loading controls for the nuclear 
and cytoplasmic fractions, respectively.

Western blotting
Total protein extractions were analysed by western blot-
ting as previously described [33]. Western blot bands 
were visualized using a ChemiDoc imaging system (Bio-
Rad, Hercules, CA, USA). Primary antibodies against 
HBx (1:500, 22,741, Genetex), NF-κBp65 (1:1000, 8242, 
CST), p-p65 (1:1000, 3033, CST), IKBα (1:1000, 4812, 
CST), p-IKBα (1:1000, 2859, CST), PCNA (1:2000, 
13,110, CST), HA (1:1000, 3724, CST), Flag (1:1000, 
F1804, Sigma‒Aldrich), histone 3 (1:2000, 4499, CST), 
Glut1 (1:1000, 12939S, CST), HK2 (1:1000, ab209847, 
Abcam), LDHA (1:1000, 3582  T, CST), PI3K (1:1000, 
4249, CST), Akt (1:1000, 9272, CST), p-Akt (1:1000, 
4060, CST), and β-actin (1:3000, A5441, Sigma‒Aldrich) 
were used. Goat anti-mouse (1:5000, 7076, CST) or goat 
anti-rabbit (1:5000, 7074, CST) HRP-linked antibodies 
were used as secondary antibodies. The blot densities 
were quantified by ImageJ software, and the results were 
expressed as normalized ratios to the densitometry units 
of β-actin.

RNA extraction and PCR assays
Reverse transcription was conducted using SuperScript 
IV Reverse Transcriptase (Invitrogen, Carlsbad, CA, 
USA). qPCR was performed using a QuantiTect SYBR 
Green PCR Kit (Qiagen, Chatsworth, CA, USA). Total 
RNA was isolated from cells or liver tissues using the 
RNAgents Total RNA Isolation System (Promega, Madi-
son, WI, USA) according to the manufacturer’s protocol. 
Reverse transcription was conducted using a Reverse 
Transcription Kit (TOYOBO, Japan) according to the 
manufacturer’s instructions. qPCR was performed using 
a Mini Opticon Real-time PCR System (Bio-Rad, Hercu-
les, CA, USA) with SYBR Green (Invitrogen, Carlsbad, 
CA, USA). β-actin served as an internal control for qRT‒
PCR. Data were calculated using the  2−ΔΔCT method. The 
primers are listed in Table S3.

Glucose and lactate measurement
A glucose measurement kit (Nanjing Jian Cheng Bio-
engineering Institute) was used to measure the glucose 
concentration in the cell culture medium and fresh liver 
tissue homogenate. Lactate production in the cell culture 
medium and the fresh liver tissue homogenate was meas-
ured using a lactate assay kit (Nanjing Jian Cheng Bio-
engineering Institute). All these assays were performed 
according to the manufacturer’s protocols. The protein 
concentration of cells or tissues was detected to normal-
ize the glucose and lactate levels.
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ATP Content Assay
Intracellular ATP and fresh liver tissue homogenate ATP 
contents were detected by the ATP Assay Kit (Beyotime, 
Shanghai, China) according to the instructions. The opti-
cal density was detected by a multifunctional microplate 
reader (Infinite 2000 pro, TECAN, Switzerland). The pro-
tein content was detected to normalize the ATP level.

pH measurement of cell culture medium
To detect the pH of the cell culture medium, LO2, 
HepG2, HepG2.2.15 and Hep3B cells (1 ×  106/well) with 
corresponding transfection or treatment were cultured 
for 24  h, and the pH of the cell culture medium was 
measured by a METTLER TOLEDO SevenCompact™ 
S220 Benchtop pH/Ion Meter (METTLER TOLEDO, 
Greifensee, Switzerland) according to the instructions.

Luciferase reporter assay
To examine the promoter activity of NF-κBp65, HepG2 
cells (2 ×  105/well) were plated in 12-well plates and 
transfected with the expression plasmid pcDNA3.1-HBx-
HA or the vector pcDNA3.1-HA (1000  ng/well) using 
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA). The 
pGL4.1-NF-κBp65 luciferase reporter plasmid was trans-
fected together with PRL-TK containing the Renilla lucif-
erase plasmid on the next day. For the promoter activity 
of HK2, HepG2 cells (12-well plate) were transfected 
with 1000 ng of pCMV-MCS-3flag vector/pCMV-MCS-
NF-κBp65-flag plasmid or 1000  ng pcDNA3.1-HBx-HA 
plasmid/50  nM siRNA (negative control or NF-κBp65 
siRNA) on the first day and then transfected with 1000 ng 
of pGL4.1-HK2 luciferase reporter plasmid and PRL-TK 
plasmid on the next day. The firefly and Renilla luciferase 
activities were measured 24  h after transfection using a 
Dual-Luciferase Reporter Assay (E1910, Promega, Fitch-
burg, WI, USA) with a multifunctional microplate reader 
(Infinite 2000 pro, TECAN, Switzerland).

Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed using a SimpleChIP® Plus 
Enzymatic Chromatin IP Kit (9005, CST) according to 
the manufacturer’s instructions. In brief, cells were cross-
linked with 1% formaldehyde at room temperature for 
10 min. Chromatin was digested using MNase and soni-
cation. The chromatin solution was incubated with ChIP-
grade protein G magnetic beads and specific antibodies 
at 4 °C overnight on a rotating wheel. The ChIP-enriched 
DNA was purified and subjected to qRT‒PCR analysis 
using specific primers (Table S4).

Coimmunoprecipitation (co‑IP)
For the co-IP assay, cells from specific groups were 
lysed with cell lysis buffer for Western blotting and IP 

(Beyotime, Shanghai, China). Precleared protein extracts 
were incubated with anti-HA magnetic beads (1:50, 
HY-K0201 MCE) or anti-Flag magnetic beads (1:50, 
HY-K0207 MCE) on a rotator at 4 °C overnight. The pro-
tein beads were then rinsed three times with 0.1% PBST, 
soaked in lysis buffer and heated for 10 min at 70 °C. The 
supernatant was subjected to western blotting analysis. 
Whole-cell lysates served as an input control.

HBV infection
HepG2-NTCP cells were infected by inoculation with 
HBV-containing human serum from highly viremic 
patients without antiviral agents and 4% PEG8000 (Beyo-
time, ST483) at 37  °C overnight. The control group was 
incubated with healthy volunteers’ serum. Afterwards, 
the medium containing human serum was removed. 
HepG2-NTCP cells were washed with PBS 5 times 
and maintained in complete culture medium (Scien-
Cell, 5201) containing 2% dimethylsulfoxide (Sigma, 
D2650). Cells and culture medium were collected 5 days 
after infection and used for follow-up tests. The level of 
HBV DNA in the culture medium was quantified by the 
COBAS® TaqMan 48® assay (Roche).

Statistical analysis
Statistical analysis was conducted using SPSS version 
22.0. All data are shown as the means ± standard devia-
tions (SD). Statistical analyses were performed using 
Student’s t test, one-way ANOVA, repeated-measures 
ANOVA or the chi-square test. P < 0.05 was considered 
statistically significant.

Results
NF‑κBp65 was upregulated in hepatitis B virus 
(HBV)‑associated hepatocellular cancer
Through analysis of NF-κB subunit expression in pub-
lished profiles from HCC patients in the TCGA data-
base, we found that NF-κBp65, RelB, and NF-κB2 were 
upregulated in the HCC samples (374 cases) compared 
to those in normal liver tissues (50 cases) (P < 0.01, 
Fig. 1a). Moreover, higher NF-κBp65, RelB and NF-κB2 
expression was associated with a poor survival rate in 
HCC patients (Supplementary Fig. S1a-e). To clarify 
the impact of aetiology between individuals, we further 
analysed the expression of NF-κBp65 in a total of 50 
normal liver tissues, 74 HBV-related HCC patients and 
92 non-HBV-related HCC patients in this dataset and 
found that NF-κBp65 was significantly overexpressed in 
both HBV-related and non-HBV-related HCC samples 
compared to that in normal liver tissues (P < 0.01) and 
was slightly upregulated in HBV-related HCC tissues 
compared to non-HBV-related HCC tissues, although 
there was no significant difference (P > 0.05) (Fig.  1b). 
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Furthermore, to examine the expression of NF-κBp65 
in clinical HBV-related HCC specimens from our hos-
pital, ten HBV-related HCC tumour tissues (T) and 
ten normal liver tissues (N) were analysed. The level 
of NF-κBp65 mRNA was higher in HBV-related HCC 
tissues than in normal liver tissues (Supplementary 
Fig. S1f ). Western blotting (Fig.  1c, d) and immuno-
histochemistry (Fig.  1e and Supplementary Fig. S1g, 
h) revealed that NF-κBp65 and phosphorylation of 
NF-κBp65 (p-p65) were both markedly upregulated in 

human HBV-related HCC tissues compared to those in 
normal liver tissues.

We also performed immunohistochemistry (IHC) 
staining with tissue microarrays of human liver cancer 
tissues and paired adjacent tissues in 31 non-HBV-related 
HCC and 82 HBV-related HCC patients (Supplemen-
tary Fig. S2a and Table S2). Consistent with the results 
in the TCGA database, clear NF-κBp65 expression was 
observed in both non-HBV-related HCC and HBV-
related HCC tissues, and strong positive staining of 

Fig. 1 NF-κBp65 was upregulated in hepatitis B virus (HBV)-associated hepatocellular cancer. a Expression of NF-κB family members between 
374 liver tumour tissues and 50 normal liver tissues in the TCGA profile. b Expression of NF-κBp65 in normal liver tissues (n = 50), HBV-related 
HCC (n = 74) and non-HBV-related HCC tissues (n = 92) in the TCGA profile. c, d Western blot and densitometry analysis of NF-κBp65 and p-p65 
expression in 10 HBV-related HCC liver tissues (T) and in 10 normal controls (N). β-actin was used as the loading control. e Representative images 
of H&E staining, HBx, NF-κBp65 and p-p65 staining of 10 HBV-related HCC samples and 10 normal liver tissue samples. All data are presented as 
the mean ± SD. P < 0.05 using Student’s t test. f NF-κBp65 expression was evaluated by IHC in tissue microarrays of human liver cancer tissues in 31 
non-HBV-related HCC and 82 HBV-related HCC patients. The expression level was evaluated according to the immunoreactivity score. Chi-square 
test used. *P < 0.05 compared with normal group
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NF-κBp65 was 67.7% in non-HBV-related HCC and 
73.2% in HBV-related HCC, however, there was no sig-
nificant statistical difference (Fig.  1f ). Strong NF-κBp65 
expression in HCC tissue but not in paracancerous tis-
sue was positively associated with a more advanced 
tumour size (Supplementary Fig. S2b, c). Moreover, 
stronger NF-κBp65 expression in tumours had signifi-
cantly shorter survival than those with weak NF-κBp65 
expression in no matter non-HBV-related HCC or HBV-
related HCC patients (Supplementary Fig. S2d, e). Taken 
together, these results strongly indicate that NF-κBp65 is 
involved in hepatocellular carcinogenesis and is upregu-
lated in HBV-related HCC.

HBx induced NF‑κBp65 expression and enhanced its 
activation in vitro and in vivo
To detect the relationship between NF-κBp65 and 
HBx, we used an HBx-transgenic (HBx-TG) mouse 
model with an 86% overall incidence of spontaneous 
HCC of 11–18  months, while no tumours developed 
at 6  months [32]. Based on the immunohistochemis-
try analysis of liver tissues of mice at 6 and 18  months 
after birth, NF-κBp65 and p-p65 were highly expressed 
in hepatic tissues of HBx-TG mice compared with those 
of wild-type (WT) mice (Fig.  2a-c and Supplementary 
Fig. S3a). We then investigated the effect of HBV/HBx 
on NF-κBp65 expression and activation. We found that 
NF-κBp65 and p-p65 expression was enhanced in LO2 
and HepG2 cells infected with HBV genomic DNA but 
not HBx-null HBV DNA (Fig.  2d, e and Supplementary 
Fig. S3b, c), indicating HBx-mediated NF-κBp65 over-
expression and activation. Then, we tested NF-κBp65 
mRNA and protein expression in the human normal 
liver cell line LO2, the HCC cell line HepG2, which 
does not express HBx, and in two HCC cell lines that 
do express HBx, Hep3B and HepG2.2.15. The results 
showed increased NF-κBp65 mRNA and protein levels 
in HCC cell lines, and the expression of NF-κBp65 was 
even higher in Hep3B and HepG2.2.15 cells (Fig. 2f, g and 
Supplementary Fig. S3d). Furthermore, we transfected 

the HBx plasmid into LO2 and HepG2 cells and found 
that NF-κBp65 mRNA and protein expressions were sig-
nificantly upregulated (Fig. 2h, i and Supplementary Fig. 
S3e). However, HBx protein expression was not upregu-
lated in Hep3B and HepG2.2.15 cells transfected with 
the NF-κBp65 plasmid for 48 h (Fig. 2j and Supplemen-
tary Fig. S3f ). We also found that NF-κBp65 expression 
and phosphorylation were enhanced in HepG2-NTCP 
(human hepatoma  HepG2  cells expressing sodium tau-
rocholate cotransporting polypeptide) cells infected with 
HBV virions (Supplementary Fig. S3g-i). To confirm the 
intracellular distribution of NF-κBp65, immunofluores-
cence staining of NF-κBp65 was performed. In control 
LO2 cells, NF-κBp65 was primarily localized in the cyto-
plasm. However, in LO2-HBx cells, NF-κBp65 showed a 
typical nuclear distribution, indicating HBx-mediated 
NF-κBp65 activation. A similar status was observed in 
HepG2-vector and HegG2-HBx cells (Fig. 2k and Supple-
mentary Fig. S3j). The nuclear translocation of NF-κBp65 
mediated by HBx was further proven by subcellular frac-
tionation showing increased NF-κBp65 and p-p65 in the 
nucleus of LO2-HBx cells compared to those in control 
cells. Similar results were observed in HepG2-HBx cells 
(Fig. 2l and Supplementary Fig. S3k). Interestingly, from 
the Western blot analysis of the isolated nuclear and 
cytosolic fractions, HBx was expressed in both the cyto-
plasm and nucleus (Fig. 2l).

To investigate the molecular mechanisms involved in 
regulating NF-κBp65 expression in HBx-related HCC, 
we performed reciprocal co-IP of Flag-NF-κBp65 and 
HA-HBx in LO2 and HepG2 cells by transfecting Flag-
NF-κBp65 and HA-HBx plasmids into LO2 and HepG2 
cells. As shown in Fig.  2m and Supplementary Fig. S3l, 
co-IP demonstrated that HBx and NF-κBp65 could inter-
act with each other in LO2 and HepG2 cells. Moreover, 
IP for endogenous proteins also showed that HBx could 
bind to NF-κBp65 in Hep3B cells (Fig.  2n). Next, we 
investigated whether HBx affected NF-κBp65 abundance 
at the transcriptional level in cells. To this end, a dual-
luciferase reporter system was used to confirm whether 

(See figure on next page.)
Fig. 2 HBx induced NF-κBp65 expression and phosphorylation in vitro and in vivo. a Representative H&E staining and HBx, NF-κBp65 and p-p65 
staining of liver tissues from WT and HBx-TG mice. Scale bar: 100 μm. n = 6 in each group. b, c Western blot of HBx, NF-κBp65 and p-p65 in liver 
tissues from WT and HBx-TG mice. n = 6 in each group. Quantification is shown on the right graph. d, e Western blot of HBx, NF-κBp65 and p-p65 
protein levels in cells transfected with the indicated plasmids. Relative mRNA levels of NF-κBp65 f and NF-κBp65 protein levels g in cell lines. Data 
are presented as the mean ± SD. *P < 0.05 compared with LO2 cells, #P < 0.05 compared with HepG2 cells by one-way ANOVA. h Relative NF-κBp65 
mRNA levels in cells transfected with HA-HBx plasmid for 24 h. Data are presented as the mean ± SD. *P < 0.05 by Student’s t test. i Western blot 
of HBx-HA, NF-κBp65 and p-p65 in the indicated cells. j Western blot of NF-κBp65 and HBx in cells transfected with Flag-p65 plasmid for 24 h. 
k Immunofluorescence staining of NF-κBp65 in cells. l Western blot of HBx, NF-κBp65 and p-p65 in the cytosolic and nuclear fractions. m Co-IP 
between exogenous HBx and NF-κBp65 in LO2 cells transfected with Flag-p65 and HA-HBx plasmids. n Co-IP between endogenous HBx and 
NF-κBp65 in Hep3B cells. o Luciferase reporter assay of NF-κBp65 promoter activity in HepG2 cells transfected with the HA-HBx plasmid. Data are 
presented as the mean ± SD. *P < 0.05 by Student’s t test. p Schematic diagram of the promoter region of NF-κBp65 with a putative HBx binding site. 
q, r ChIP‒qPCR and agarose gel to analyse the interaction between HBx and the NF-κBp65 promoter. Data are presented as the mean ± SD. P < 0.05 
by one-way ANOVA
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Fig. 2 (See legend on previous page.)
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HBx targeted the promoter of NF-κBp65. The results 
indicated that the NF-κBp65 reporter was activated by 
HBx (Fig.  2o). Additionally, chromatin immunoprecipi-
tation (ChIP) analysis confirmed that HBx could bind 
directly to the promoter region of NF-κBp65 (AGG GAA 
AAC GGG GTA AGG AATC) in HepG2 cells (Fig. 2p-r).

Hepatocyte‑specific NF‑κBp65deficiency (NF‑κBp65Δhepa)
restrained spontaneous hepatocellular carcinogenesis 
in HBx‑TG mice
To further assess the role of NF-κBp65 in HBV-related 
hepatocellular carcinogenesis, we established a hepat-
ocyte-specific deletion of the NF-κBp65 gene in HBx-
TG mice by crossing HBx-TG (HBx+/+/NF-κBp65 f/f) 
with hepatocyte NF-κBp65−/− littermates. Livers of 
male HBx+/+/NF-κBp65 f/f and HBx+/+/NF-κBp65Δhepa 
mice were harvested at 6 months (n = 6 in each group), 
12 months (n = 6 in each group) and 18 months (n = 24 
in each group). Ultrasound examination was performed, 
and tumour incidence, tumour weight and tumour size 
were evaluated at 18  months. Distinct hepatocellular 
carcinoma developed spontaneously in 16 male HBx+/+/
NF-κBp65 f/f mice (16/24) and 8 male HBx+/+/NF-
κBp65Δhepa mice (8/24) at 18 months, indicating that the 
hepatocellular carcinoma incidence was significantly 
reduced in HBx+/+/NF-κBp65Δhepa mice compared 
with HBx+/+/NF-κBp65 f/f mice (Fig.  3a-c). As shown 
in Fig.  3d-f, the tumour number, average tumour size 
and maximum tumour size were also notably decreased 
in HBx+/+/NF-κBp65Δhepa mice compared to those in 
HBx+/+/NF-κBp65f/f mice. Histopathological staining was 
used to confirm mouse hepatocellular cancer (Fig.  3g). 
Ki-67 staining was performed to analyse the proliferation 
of liver tumours, showing that the number of Ki-67-pos-
itive cells was reduced in HBx+/+/NF-κBp65Δhepa mice 
compared to that in HBx+/+/NF-κBp65 f/f mice (Fig. 3h). 
These results demonstrated that hepatocyte-specific 
NF-κBp65 deficiency restrains spontaneous hepatocar-
cinogenesis by downregulating hepatic proliferation in 
HBx-TG mice.

HBx enhanced aerobic glycolysis in hepatocellular 
carcinogenesis
Aerobic glycolysis, also termed the Warburg effect, is 
a significant hallmark of cancer [13]. Previous studies 
have reported that HBx is involved in aerobic glycolysis 
[8–11]. In this study, we tested the content of lactic acid 
in human HBV-related HCC tissues and normal liver tis-
sues (n = 6 in each group). The results showed that lac-
tate was much higher in HBV-related HCC tissues than 
in normal liver tissues (Supplementary Fig. S4a). Then, 
we performed IHC and WB of the key glycolysis pro-
teins GLUT1, HK2 and LDHA in the above specimens. 

The expressions of GLUT1, HK2 and LDHA were sig-
nificantly higher in human HBV-related HCC samples 
than in normal liver tissues (Fig. 4a, b). Higher GLUT1, 
HK2 and LDHA expressions were also shown in liver 
tissues of 6-, 12-, and 18-month-old HBx-TG mice com-
pared to those of corresponding WT mice according 
to IHC and WB analysis (Fig.  4c, d). Moreover, the lac-
tate content of fresh liver homogenate was significantly 
increased in the liver tissues of 6-, 12-, and 18-month-old 
HBx-TG mice compared to that of corresponding WT 
mice (Fig. 4e). The ATP content of fresh liver homogen-
ate was significantly decreased in the liver tissues of 6-, 
12-, and 18-month-old HBx-TG mice compared to that 
of corresponding WT mice (Fig.  4f ). Consistently, HBx 
stably transfected into LO2 and HepG2 cells led to a 
more acidic environment, as indicated by the colour and 
pH of the medium (Fig.  4g), increased glucose uptake 
and lactate production and decreased ATP production 
compared to the vector cells (Fig.  4h-j). Furthermore, 
Western blotting showed that GLUT1, HK2 and LDHA 
increased in LO2-HBx and HepG2-HBx cells compared 
to the vector cells (Fig.  4k and Supplementary Fig. S4b, 
c). Taken together, these findings indicate that HBx facili-
tates aerobic glycolysis in hepatocellular carcinogenesis.

Inhibition of NF‑κBp65 downregulated HBx‑induced 
aerobic glycolysis
The preceding data demonstrated that HBx promoted the 
expression and activation of NF-κBp65 and induced glyc-
olysis in HCC. To further explore the effects of NF-κBp65 
on the glucose metabolism induced by HBx, we knocked 
down NF-κBp65 by small interfering RNA (siNF-κBp65) 
in HepG2.2.15 and Hep3B cells. Decreased glucose 
uptake, diminished lactate production and enhanced 
ATP production were found in the NF-κBp65 knockdown 
group (Fig.  5a-c). To assess whether inhibition of the 
NF-κB canonical pathway was associated with concomi-
tant suppression of glycolysis in HCC, HepG2.2.15 and 
Hep3B cells were treated with Bay 11–7082 (an inhibi-
tor of NF-κB). The NF-κB inhibitor also decreased glu-
cose uptake and lactate production and increased ATP 
production in HepG2.2.15 and Hep3B cells (Fig.  5d-f ). 
Western blot analysis showed a decrease in NF-κBp65, 
p-p65, HK2 and LDHA in NF-κBp65 knockdown cells 
and inhibition of NF-κB cells compared to those in con-
trol cells (Fig. 5g). Consistently, HepG2.2.15 and Hep3B 
cells transfected with siNF-κBp65 or treated with Bay 
11–7082 led to a less acidic environment, as indicated 
by the colour and pH of the medium (Fig.  5h). Moreo-
ver, the lactate content of fresh liver homogenate was 
significantly decreased in the liver tissues of 6-, 12-, and 
18-month-old HBx+/+/NF-κBp65Δhepa mice compared 
to that of corresponding HBx+/+/NF-κBp65f/f mice 
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(Fig. 5i). The ATP content of fresh liver homogenate was 
significantly increased in the liver tissues of 6-, 12-, and 
18-month-old HBx+/+/NF-κBp65Δhepa mice compared to 
that of HBx+/+/NF-κBp65f/f mice at the same age (Fig. 5j). 
Immunohistochemistry and Western blot analysis dem-
onstrated a significant decrease in the expression of gly-
colytic proteins (particularly HK2) in hepatocyte-specific 
NF-κBp65 knockout tissues compared to those in control 
tissues at the corresponding age (Fig. 5 k, l). These data 
reveal that inhibition of NF-κBp65 decreases the glycoly-
sis that is triggered by HBx.

Inhibition of NF‑κBp65 suppressed HBx‑induced 
proliferation by downregulating aerobic glycolysis
NF-κBp65 plays a vital role in glucose metabolic repro-
gramming, and it has been associated with proliferation 
and survival in previous studies [24–26]. To investi-
gate the interplay between glycolysis and proliferation 
mediated by NF-κBp65 in HBx-related cells, we used 
2-deoxy-D-glucose (2-DG), which was used to inhibit the 
transformation of glucose-6-phosphate from glucose to 
suppress glycolytic metabolism. We first used the CCK-8 
assay to detect the relationship between HBx-induced 

Fig. 3 Hepatocyte-specific NF-κBp65 deficiency (NF-κBp65Δhepa) restrained spontaneous hepatocellular carcinogenesis in HBx-TG mice. 
Representative liver ultrasound images a and liver photographs b of 18-month-old WT, HBx+/+/NF-κBp65f/f and HBx+/+/NF-κBp65Δhep mice. 
c Occurrence of spontaneous HCC in 18-month HBx+/+/NF-κBp65f/f and HBx+/+/NF-κBp65Δhep mice, P < 0.05 using the chi-square test. Average 
numbers of liver tumours d, average tumour size e and maximal tumour size f as measured by a calliper in HBx+/+/NF-κBp65f/f and HBx+/+/
NF-κBp65Δhep mice at 18 months (n = 16 in HBx+/+/NF-κBp65f/f group, n = 8 in HBx+/+/NF-κBp65Δhep group). Data are presented as the mean ± SD. 
*P < 0.05 by Student’s t test. Representative H&E staining g and Ki-67 staining h of 18-month-old WT liver tissue and spontaneous liver tumours in 
HBx+/+/NF-κBp65f/f and HBx+/+/NF-κBp65Δhep mice. The Ki-67 index was scored. Data are expressed as the mean ± SD (n = 6 in each group), *P < 0.05 
compared with WT mice, #P < 0.05 compared with HBx+/+/NF-κBp65f/f mice by one-way ANOVA
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glycolysis and proliferation. Compared to the vector 
cells, the LO2-HBx and HepG2-HBx cells were more 
susceptible to blockage of glycolysis (Fig. 6a). Moreover, 

EdU staining showed that overexpression of HBx pro-
moted the proliferation of LO2 and HepG2 cells. Treat-
ment with 2-DG attenuated HBx-induced proliferation 

Fig. 4 HBx activated aerobic glycolysis in hepatocellular carcinogenesis. a Representative images and quantification of HBx, Glut1, HK2 and LDHA 
staining in human normal liver tissues and in HBV-related HCC tissues. Scale bar, 100 μm. n = 6 in each group. Quantification of IHC is shown in the 
right graph. b Western blot analysis of HBx, Glut1, HK2 and LDHA protein expression in human normal liver tissues and HCC tissues. β-actin was 
used as the loading control. Quantification of proteins is shown in the right graph. n = 6 in each group. c Representative images and quantification 
of Glut1, HK2 and LDHA staining in liver tissues from WT and HBx-TG mice at 6, 12 and 18 months. Scale bar: 100 μm. n = 6 in each group. d Whole 
liver homogenates were analysed by Western blot using the indicated antibodies. Quantification of proteins is shown in the right graph. n = 6 
in each group. Lactate e and ATP content f were detected in the WT and HBx-TG mice liver tissues at 6, 12 and 18 months. n = 6 in each group. 
g Representative images of the colour change of the corresponding culture medium after 24 h of cell culture. pH of cell culture medium is shown in 
the right graph. Glucose uptake h, lactate secretion i, and intracellular ATP content j were measured in corresponding cells after 24 h of cell culture. 
k Cell lysates were analysed by Western blot using the indicated antibodies. All data are expressed as the mean ± SD. *P < 0.05 by Student’s t test
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(Fig.  6b). Consistently, RT‒qPCR and Western blotting 
showed that HBx upregulated the expression of the pro-
liferation-related gene PCNA at the mRNA and protein 
levels, but this effect was reversed after treatment with 
2-DG (Supplementary Fig. S5a-d). Taken together, these 
results revealed that glycolytic metabolism plays a pivotal 

role in maintaining cell proliferation induced by HBx. 
Further experiments were conducted with interference of 
NF-κBp65 or an NF-κB inhibitor (Bay 11–7082) in LO2-
HBx and HepG2-HBx cells. The levels of glucose uptake 
and lactate production were downregulated with siNF-
κBp65 treatment and accompanied by increased ATP 

Fig. 5 Inhibition of NF-κBp65 downregulated HBx-induced aerobic glycolysis. Glucose uptake a, d, lactate production b, e, and ATP production c, 
f were detected in different groups of HepG2.2.15 and Hep3B cells. g Cell lysates were analysed by Western blot using the indicated antibodies. h 
Representative images of the colour change of the corresponding culture medium after 24 h of cell culture. pH of cell culture medium is shown 
in the right graph. Lactate i and ATP content j were detected in the HBx+/+/NF-κBp65f/f and HBx+/+/NF-κBp65Δhep mice liver homogenates. n = 6 
in each group. k Representative images and quantification of Glut1, HK2 and LDHA staining in HBx+/+/NF-κBp65f/f and HBx+/+/NF-κBp65Δhep mice 
liver tissues. n = 6 in each group. l Whole mice liver homogenates were analysed by Western blot using the indicated antibodies. Quantification of 
proteins is shown in the right graph. n = 6 in each group. All values are the mean ± SD. *P < 0.05 by Student’s t test
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production in LO2-HBx and HepG2-HBx cells (Fig.  6c-
e). Cell viability was inhibited with the interference of 
NF-κBp65 in LO2-HBx and HepG2-HBx cells (Fig.  6f ). 
Treatment with Bay 11–7082 also showed consistent 

results in glucose, lactate and ATP biochemical tests 
(Fig. 6g-i). Cell growth was also slowed by treatment with 
the NF-κB inhibitor in LO2-HBx and HepG2-HBx cells 
(Fig.  6j). Then, we performed western blot analysis to 

Fig. 6 Inhibition of NF-κBp65 suppressed HBx-induced proliferation by downregulating aerobic glycolysis. a CCK-8 assay to test cell viability in the 
indicated cells treated with or without 2-DG. b LO2 and HepG2 cells with or without HA-HBx expression were treated with 2-DG (10 mM) for 24 h. 
An EdU incorporation assay was used to examine cell proliferation. Scale bar: 100 μm. The EdU index was quantified. LO2 and HepG2 cells with or 
without HA-HBx expression were transiently transfected with NF-κBp65 small interfering RNA or treated with Bay 11–7082 (10 µM) for 24 h. Glucose 
uptake c, g, lactate production d, h, and ATP content e, i were detected in cells. f, j Cell growth of different groups was detected by CCK-8 assay. k 
Cell lysates were analysed by Western blot using the indicated antibodies. l Hep3B and HepG2.2.15 cells were transiently transfected with NF-κBp65 
plasmids, followed by treatment with 2-DG (10 mM) for 24 h. Cell viability was examined by CCK-8 assay. m Western blot analysis of NF-κBp65 
and PCNA protein expression in the above cells. β-actin was used as the loading control. The experiment was repeated three times. All values are 
the mean ± SD. P < 0.05 by repeated-measures ANOVA or *P < 0.05 compared to the vector group, #P < 0.05 compared to the indicated group by 
one-way ANOVA
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detect the variation in glycolytic enzymes and PCNA in 
the corresponding treatment. Knockdown of NF-κBp65 
or deactivation of the canonical NF-κB pathway mark-
edly decreased the expression of the glycolytic rate-
limiting enzymes HK2 and PCNA (Fig.  6k). Next, we 
treated Hep3B and HepG2.2.15 cells with 2-DG after 
transfection with the NF-κBp65 plasmid. The results of 
CCK-8 and Western blot analyses showed that NF-κBp65 
promoted cell viability and PCNA expression. When 
glycolysis was blocked, cell growth was significantly 
downregulated, and PCNA was reduced (Fig.  6l, m). 
These results indicate that inhibition of glycolysis results 
in NF-κBp65-mediated proliferation reduction. Alto-
gether, NF-κBp65-mediated aerobic glycolysis played an 
important role in maintaining HBx-induced hepatocellu-
lar proliferation.

HBx induced aerobic glycolysis via the NF‑κBp65/
HK2 pathway to reprogram glycolytic metabolism 
in hepatocellular carcinogenesis
To investigate the mechanism of glycolytic metabolism 
mediated by NF-κBp65 in HBx-expressing cells, we over-
expressed NF-κBp65 in HepG2.2.15 and Hep3B cells with 
plasmids. It led to upregulated cell aerobic glycolysis 
with higher glucose uptake and lactate production and 
less ATP production in the experimental groups com-
pared to that in the control groups (Fig. 7a-c). Cells with 
NF-κBp65 also showed increased expression of glycolytic 
proteins, especially HK2, as shown by western blotting 
(Fig.  7d and Supplementary Fig. S6a, b). Then, interfer-
ence with HK2 in HepG2.2.15 and Hep3B cells resulted 
in downregulation of glycolysis, which showed decreased 
glucose uptake and lactate production and augmented 
ATP production (Fig.  7e-g). The expression of PCNA 
was reduced in HK2-silenced cells, as shown by west-
ern blot analysis (Fig. 7h and Supplementary Fig. S6c, d). 
However, overexpression of NF-κBp65 did not reverse 
the reduction in glycolysis induced by HK2 silencing 
(Fig.  7e-h). Proliferation was assessed by CCK-8 prolif-
eration curve analysis. Loss of HK2 in HepG2.2.15 and 
Hep3B cells also led to reduced cell proliferation, and 
overexpression of NF-κBp65 could not reverse the retar-
dation of proliferation (Fig. 7i, j). Furthermore, RT‒qPCR 
showed that HK2 mRNA was significantly increased in 
HepG2.2.15 and Hep3B cells overexpressing NF-κBp65 
but decreased in NF-κBp65-silenced cells compared 
to vector-transfected cells (Supplementary Fig. S6e, f ). 
These results suggested that HK2 was a downstream tar-
get of NF-κBp65 and might be regulated by NF-κBp65 
at the transcriptional level. Therefore, we performed 
luciferase reporter assays to investigate the mechanism 
between NF-κBp65 and HK2. The results revealed that 
the HK2 reporter was activated by NF-κBp65 (Fig.  7k). 

HK2 promoter activity was upregulated by overexpres-
sion of HBx in HepG2 cells, while this upregulation 
could be reversed by silencing NF-κBp65 in HepG2-HBx 
cells (Fig. 7l). Interestingly, NF-κBp65 was found to bind 
directly to the HK2 promoter (GCC TTG CCT CAA TTT 
CCT CATC) according to the ChIP assay (Fig. 7m-o).

Lactate, but not pyruvate, promoted proliferation via PI3K/
Akt signalling in hepatocellular carcinogenesis
Tumour cell metabolism is dominated by the Warburg 
effect, where tumour cells produce large amounts of 
lactate from  pyruvate  under aerobic conditions. Lac-
tate is secreted into the tumour microenvironment and 
provides an acidic environment to exacerbate malig-
nant tumour properties [12, 13, 34, 35]. Our previous 
reports showed that prominent activation of the PI3K/
Akt pathway was essential for proliferation in HCC [29]. 
We considered whether lactate and pyruvate could facili-
tate the PI3K/Akt pathway to promote the proliferation 
of HCC cells. First, we treated the HCC cell lines HepG2 
and HepG2.2.15 with pyruvate and lactate, respectively. 
We observed that lactate, but not pyruvate, significantly 
induced Akt phosphorylation (pAkt) and PCNA expres-
sion (Fig. 8 a-d). The maximal response of pAkt induced 
by lactate was observed at a concentration of 10 mM by 
4  h. Consequently, this dose and time point was used 
in all subsequent assays. The transport of lactate across 
the cell membrane is mainly exerted by transporters of 
the monocarboxylate transporter (MCT) family [36]. Of 
these, MCT1 is typically involved in the import of lac-
tate, while MCT4 is adapted for the export of lactic acid 
from glycolytic cells. Then, we found that the expression 
of MCT1 mRNA was much higher in HCC cell lines than 
in the immortal human liver cell line LO2 (Fig. 8e). This 
indicates that lactic acid is more readily absorbed in liver 
tumour cells. Furthermore, we observed that the MCT1 
inhibitor α-cyano-4-hydroxycinnamate (CHC) antago-
nized lactate-dependent activation of Akt and subse-
quently PCNA expression in HCC cells (Fig. 8f ). Next, we 
treated HepG2 and HepG2.2.15 cell lines with MK-2206 
(Akt inhibitor) after lactate treatment and found that cell 
viability was significantly downregulated by blockage of 
lactate-induced Akt phosphorylation (Fig.  8g). West-
ern blotting analysis also showed that the Akt inhibitor 
antagonized lactate-induced activation of Akt and sub-
sequent PCNA expression in HCC cells (Fig. 8h). There-
fore, blocking the lactate/MCT1/PI3K/Akt pathway 
suppressed the malignant proliferation features of HCC 
cells.
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Discussion
Increasing studies have suggested that HBx is a multi-
functional regulatory factor and plays a critical role in the 
initiation of HCC [4–7]. In the present study, we showed 
that HBx overexpression upregulated the NF-κBp65/HK2 
axis and enhanced aerobic glycolysis and cell prolifera-
tion. By using newly established HBx+/+/NF-κBp65+/+ 

and HBx+/+/NF-κBp65Δhepa spontaneous HCC forma-
tion transgenic mouse models, we present convinc-
ing experimental evidence that hepatocyte-specific 
NF-κBp65 deficiency restrained spontaneous HCC for-
mation in HBx-TG mice. We also found that inhibition of 
the canonical NF-κB pathway suppressed the NF-κBp65/
HK2 axis and delayed cell proliferation. Moreover, 

Fig. 7 HBx induced aerobic glycolysis via the NF-κBp65/HK2 pathway to reprogram glycolytic metabolism in hepatocellular carcinogenesis. 
Glucose uptake a, lactate production b, and ATP production c were detected in HepG2.2.15 and Hep3B cells with or without transient transfection 
with NF-κBp65 plasmids. Data are presented as the mean ± SD. *P < 0.05 by Student’s t test. d Cell lysates were analysed by Western blot using 
the indicated antibodies. Glucose uptake e, lactate production f, and ATP production g were detected in HepG2.2.15 and Hep3B cells transfected 
with HK2 siRNA or combined with the NF-κBp65 plasmid. Data are presented as the mean ± SD. *P < 0.05 compared to the vector cells by one-way 
ANOVA. h Cell lysates were analysed by Western blot using the indicated antibodies. i, j Cell growth of the above cells was detected by CCK-8 
assays. Data are presented as the mean ± SD. P < 0.05 by repeated-measures ANOVA. k Luciferase reporter assay of HK2 promoter activity in HepG2 
cells transfected with the NF-κBp65 plasmid. Data are presented as the mean ± SD. *P < 0.05 by Student’s t test. l Luciferase reporter assay of HK2 
promoter activity in HepG2 cells transfected with HBx plasmid and NF-κBp65 siRNA. Data are presented as the mean ± SD. *P < 0.05 compared to 
the vector cells and #P < 0.05 compared to the HBx cells by one-way ANOVA. m Schematic diagram of the promoter region of HK2 with a putative 
NF-κBp65 binding site. n, o ChIP‒qPCR assays and agarose gel were performed to analyse the interaction between NF-κBp65 and the HK2 promoter. 
Data are presented as the mean ± SD. P < 0.05 by one-way ANOVA
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overproduced lactate in turn facilitated a more malignant 
phenotype of HCC cells via PI3K/Akt signalling. These 
findings confirmed the crucial role of these alterations 
and subsequent aberrant glycolysis in tumour progres-
sion during HCC.

NF-κB, a collection of transcription factors, regulates 
gene expression in a diverse spectrum of biological pro-
cesses, including inflammation, immunity, differentiation, 
proliferation, as well as the metabolic state of cells [18, 
21, 22]. In most resting cells, NF-κB dimers are seques-
tered in the cytoplasm by inhibitor of κB (IκB) family. 
The canonical NF-κB activation is mainly in response to 
the stimuli such as proinflammatory cytokines as well 
as bacterial and viral antigens. This activation eventually 

causes the nuclear accumulation of NF-κB dimers to pro-
mote gene expression. And NF-κBp65-p50 is the most 
abundant transcriptionally active heterodimer [37]. Fur-
thermore, NF-κB subunits also contain sites for phospho-
rylation and other post-translational modifications which 
are important for activation [17]. In this study, we found 
that HBx could upregulate the expression of NF-κBp65 
in a transcriptional manner. In the nucleus, HBx could 
bind directly to the promoter of NF-κBp65 and increase 
the expression of NF-κBp65. Our previous report 
revealed that phosphorylation of NF-κBp65 plays a vital 
role in hepatocellular carcinogenesis [24]. Therefore, we 
hypothesized whether HBx could induce the phospho-
rylation of NF-κBp65. In our study, we found that HBx 

Fig. 8 Lactate, but not pyruvate, promoted proliferation via PI3K/Akt signalling in hepatocellular carcinogenesis. Western blot analysis of p-Akt, 
Akt and PCNA protein expression at indicated doses of sodium pyruvate (Pry) for 4 h a or at different time points with 10 mM Pry b, at indicated 
doses of lactate (Lac) for 4 h c or at different time points with 10 mM Lac d in HepG2 and HepG2.2.15 cells. β-actin was used as the loading control. 
e MCT1 mRNA levels were measured in different cells by RT‒qPCR. Data are presented as the mean ± SD. One-way ANOVA was used to calculate 
P values. *P < 0.05 versus LO2 cells, #P < 0.05 versus HepG2 cells. f HepG2 and HepG2.2.15 cells were treated with or without 10 mM lactate for 4 h, 
and CHC (α-cyano-4-hydroxycinnamate, MCT1 transporter inhibitor, 5 mM) was added to the cells 30 min before lactate treatment. PI3K, p-Akt, 
Akt, and PCNA protein expression was analysed by Western blotting. g HepG2 and HepG2.2.15 cells were treated with or without 10 mM lactate for 
4 h, and MK-2206 (Akt inhibitor, 10 µM) was added to the cells 30 min before lactate treatment. Cell viability was examined by CCK-8 assay. All data 
are presented as the mean ± SD. One-way ANOVA was used to calculate P values. *P < 0.05 versus vector groups, #P < 0.05 versus lactate treatment 
groups. h Western blot analysis of PI3K, p-Akt, Akt, and PCNA protein expression in HepG2 and HepG2.2.15 cells with the above treatments. 
i Schematic diagram
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overexpression promoted the translocation of NF-κBp65 
from cytoplasm to the nucleus and increased the level 
of p-p65, thus p-p65 could bind to the promoter of gly-
colytic gene and activates gene expression. Interestingly, 
we also found that HBx could directly bind to NF-κBp65 
protein. Although previous study has illustrated that 
HBx increases the interleukin-1β (IL-1β)-induced NF-κB 
activation via interaction with evolutionarily conserved 
signalling intermediate in Toll pathways (ECSIT) [38], 
however, further studies are still needed to explore other 
molecular mechanisms of how HBx inducing phospho-
rylation of NF-κBp65.

Aerobic glycolysis, also referred to as the Warburg 
effect, is an important feature distinguishing cancer cells 
from healthy cells and is characterized by upregulated 
glucose consumption and lactate production even under 
normoxic conditions [12]. NF-κB activity controls the 
balance between glycolysis and mitochondrial respira-
tion. However, the role of glucose metabolic regulation 
of NF-κB is controversial in diverse situations. In mouse 
embryonic fibroblasts (MEFs), knockdown of NF-κBp65 
resulted in increased expression of GLUT3. NF-κB facili-
tates mitochondrial respiration and restricts glycolysis 
[39]. In contrast, an earlier report revealed that enhanced 
activation of NF-κB increased glucose uptake and gly-
colysis in  p53−/− MEFs via upregulation of GLUT3 [22]. 
These differences may be due to a confounding factor of 
different p53 statuses and may need further exploration 
in animal models. Nevertheless, the proglycolytic role of 
NF-κBp65 in some studies of different cancer cells has 
shown consistent findings, e.g., inhibition of the classical 
NF-κB pathway results in downregulation of glycolytic 
enzymes, particularly hexokinase 2 (HK2), and is subse-
quently accompanied by decreased glycolysis in sarcoma 
cells [25] and primary central nervous system lymphoma 
[26]. This is consistent with our findings that inhibition 
of NF-κBp65 resulted in a dramatic decrease in glycolysis 
in HBx-expressing cells and in HBx-TG mice. Here, we 
underscore the pivotal regulatory role of the canonical 
NF-κB pathway in promoting aerobic glycolysis and sub-
sequent proliferation during tumour progression in HBx-
initiated HCC.

Hexokinase (HK) is the first rate-limiting enzyme 
in glucose metabolism and can catalyse glucose into 
glucose-6-phosphate (G-6-P) [40]. HK has five iso-
forms—HK1-4 and a recently described hexokinase 
domain-containing protein 1 (HKDC1). HK2 is highly 
expressed in various cancers and is connected to poor 
pathological stage and prognosis [41, 42]. Since we found 
that the expression of HK2 decreased significantly after 
silencing or inhibiting the activity of NF-κBp65, the 
precise nature of the regulatory mechanism between 
NF-κBp65 and HK2 in HCC metabolism requires further 

investigation. We next performed luciferase and ChIP 
assays and found that NF-κBp65 can bind directly to the 
promoter of HK2. These results strongly suggest that 
NF-κBp65 dictates the metabolic phenotype in HBx-
related HCC by regulating HK2.

The production of lactate from glucose metabolism 
represents one of the consequences of glycolysis. Can-
cer cells secrete lactate to provide an acidic pH in the 
tumour microenvironment (TME). Recently, an increas-
ing number of studies have focused on the biological and 
metabolic molecular roles of lactate generated by cancer 
cells [43, 44]. It is widely acknowledged that this glyco-
lytic metabolite is not a waste product but plays a pleio-
tropic role in tumour growth and metastasis. Numerous 
reports have revealed that lactate can function as a sig-
nalling molecule [28, 45]. Lactate activates the PI3K/Akt 
pathway to promote tumour angiogenesis in endothelial 
cells [28]. Lactate upregulates the expression of the antia-
poptotic protein Bcl-2 via the PI3K/Akt/mTOR signalling 
pathway and promotes cell survival resistance to glucose 
starvation [45]. Consistent with previous studies, we 
found that lactate, but not pyruvate, promoted HCC cell 
proliferation via the MCT1/PI3K/Akt pathway. The pro-
growth ability of lactate in HCC cells could be restrained 
by an MCT1 inhibitor or Akt inhibitor. These findings 
indicate potential therapeutic targets for HCC.

Conclusions
In summary, this study demonstrates that HBx initiates 
the expression and activation of NF-κBp65 in hepato-
cytes and enhances aerobic glycolysis via the NF-κBp65/
HK2 pathway to overproduce lactate, further increasing 
hepatocyte proliferation through PI3K/Akt signalling and 
resulting in hepatocellular carcinogenesis (Fig. 8i). Inhibi-
tion of NF-κBp65 in hepatocytes decreases the incidence 
of HBx-initiated HCC by downregulating aerobic glyco-
lysis and pernicious proliferation. These findings suggest 
that phosphorylation of NF-κBp65 will be a potential 
therapeutic target for HBV-related HCC.
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Additional file 1: Figure S1. NF-κB family members in HCC. a‑e The 
overall survival rates of NF-κBp65, RelB, cRel, NF-κB1 and NF-κB2 in HCC 
patients were analysed using the Gene Expression Profiling Interactive 
Analysis (GEPIA) online database. f The expression of NF-κBp65 mRNA 
in HBV-related HCC and normal liver tissues was analysed by real-time 
PCR (n=10 per group). Values are the mean ± SD. *P < 0.05 using Stu-
dent’s t test. g, h The NF-κBp65 and p-p65 indices of 10 HBV-related HCC 
samples and 10 normal liver tissue samples were quantified by ImageJ 
software. Values are the mean ± SD. *P< 0.05, **P < 0.01 using Student’s 
t test. Figure S2. NF-κBp65 was associated with the poor prognosis in 
HCC patients. a Representative images of NF-κBp65 staining in HCC and 
paracancerous tissue microarrays. The expression level was evaluated 
according to the immunoreactivity score. b, c The maximal tumoursize 
(cm) in different NF-κBp65 expression level of HCC and paracanceroustis-
sues in non-HBV-related HCC and HBV-related HCC. Values are the mean 
± SD. P< 0.05 by Student’s t test. d, e Survival analysis in non-HBV-related 
HCC and HBV-related HCC with different NF-κBp65 expression. P < 0.05 
by Kaplan-Meiersurvival analysis. Figure S3. HBx induced NF-κBp65 
expression and phosphorylation in vitro and in vivo. a Quantification 
of HBx, NF-κBp65 and p-p65 IHC staining of liver tissues from WT and 
HBx-TG mice at 6 months and 18 months. Values are the mean ± SD 
(n=6 for each group). *P < 0.05 using Student’s t test. b, c Quantification 
of NF-κBp65 and p-p65 protein in LO2 and HepG2 cells transfected with 
vector, pHBV 1.3 or pHBV 1.3 x-null. Values are the mean ± SD. *P < 0.05 
compared with the vector group, #P< 0.05 compared with the HBV-
transfected group using one-way ANOVA. d Quantification of HBx and 
NF-κBp65 in LO2, HepG2, HepG2.2.15 and Hep3B cell lines. Values are the 
mean ± SD. *P < 0.05 compared with LO2 cells, #P <0.05 compared with 
HepG2 cells using one-way ANOVA. e Quantification of HBx, NF-κBp65 
and p-p65 protein in LO2 and HepG2 cells transfected with the HA-
HBx or vector plasmid. f Quantification of NF-κBp65 and HBx protein 
in HepG2.2.15 and Hep3B cells transfected with the flag-p65 or vector 
plasmid. g By incubation with HBV-infected patient serum, HepG2-NTCP 
cells were infected with HBV virions, and the level of HBV DNA in the cell 
supernatant was tested. The control group was incubated with healthy 
volunteers’ serum. **P < 0.01 using Student’s t test. h, i Western blotting 
analysis and quantification of NF-κBp65 and p-p65 protein in HepG2-NTCP 
cells infected with HBV virions. Values are the mean ± SD (n=3 for each 
group). *P < 0.05 using Student’s t test. j Quantification of the NF-κBp65 
nuclear translocation index in LO2 and HepG2 cells stably transfected 
with the HA-HBx lentivirus and vector lentivirus. k Quantification of 
HBx, NF-κBp65 and p-p65 protein in the cytoplasm and nucleus in LO2 
and HepG2 cells stably transfected with the HA-HBx lentivirus and vector 
lentivirus. Values are the mean ± SD. *P < 0.05 using Student’s t test. l Flag-
p65 and HA-HBx plasmids were transfected into HepG2 cells. Co-IP was 
used to detect the interaction between HBx and NF-p65 in HepG2 cells. 
Figure S4. HBx enhanced aerobic glycolysis in hepatocellular carcinogen-
esis. a The lactate content was measured in human normal liver tissues 
and HBV-related HCC tissues. n=6 per group. Values are the mean ± SD. 
*P < 0.05 using Student’s t test. b, c Quantification of HBx, GLUT1, HK2 and 
LDHA protein in LO2 and HepG2 cells transfected with HA-HBx or vector 
plasmid. Values are the mean ± SD. *P < 0.05 using Student’s t test. Figure 
S5. Inhibitionof glycolysis restrained HBx-induced proliferation. LO2 and 
HepG2 cells with or without stable expression of HA-HBx were treated 
with 2-DG (10 mM) for 24 h. a, c PCNA mRNA in different groups was 
detected by real-time PCR. b, d Western blot analysis of HBx and PCNA 
protein expression in cells and quantification of the relative PCNA protein 
expression. The experiment was repeated three times. All values are the 
mean ± SD. One-way ANOVA was used. *P < 0.05 compared with the 
vector group. #P < 0.05 compared with the HBx group. Figure S6. HBx 
reprogramed glycolytic metabolism via NF-κBp65/HK2 signalling in 
hepatocellular carcinogenesis. a, b Quantification of NF-κBp65-Flag, 
GLUT1, HK2 and LDHA protein expression in HepG2.2.15 and Hep3B 
cells transiently transfected with NF-κBp65 plasmids. c, d Quantification 
of NF-κBp65-Flag, GLUT1, HK2, LDHA and PCNA protein expression in 

HepG2.2.15 and Hep3B cellstransfected with HK2 siRNA or combined 
with the NF-κBp65 plasmid. *P < 0.05 by one-way ANOVA. e, f  HK2 mRNA 
levels in HepG2.2.15 and Hep3B cells transiently transfected with NF-κBp65 
plasmids or NF-κBp65 siRNA. All values are the mean ± SD. *P < 0.05 by 
Student’s t test. Table S1. Clinicopathological features in 10 HBV-related 
HCC cases and 10 liver haemangioma cases. Table S2. Clinicopathologi-
cal features in 31 non-HBV-related HCC cases and 82 HBV-related HCC 
cases in tissue microarrays. Table S3. Primers of genes for quantitative 
PCR. Table S4. Primers of genes for ChIP‒qPCR.

Acknowledgements
We thank Professor Jianping Ye of the Louisiana State University System for 
providing the floxed-NF-κBp65 littermates (NF-κBp65f/f). Professor DY Yu at the 
Korea Research Institution of Bioscience and Biotechnology for providing the 
HBx-transgenic mice. We thank Doctor Tinghui Yin and Xiaoyan Miao at the 
Laboratory of Novel Optoacoustic (Ultrasonic) Imaging, Department of Ultra-
sound of The Third Affiliated Hospital of Sun Yat-Sen University, for performing 
the mouse liver ultrasonography.

Authors’ contributions
LC and XL designed and performed the experiments, analysed the data, 
generated the figures and wrote the manuscript. YL, XX, QZ, and YC helped 
with the data interpretation, discussed the hypotheses and participated in the 
manuscript preparation. HL and JJ contributed the essential reagents and con-
ducted the animal study. YY and FZ helped with the data interpretation and 
participated in the data analysis. BW designed the whole project, supervised 
the research and wrote the paper. All authors read and approved the final 
manuscript.

Funding
This work was supported by grants from the Natural Science Foundation Team 
Project of Guangdong Province (2018B030312009) and the National Natural 
Science Foundation of China (82070574, U1501224).

Availability of data and materials
The data in the current study are available from the corresponding authors 
upon reasonable request.

Declarations

Ethics approval and consent to participate
Study protocols were approved by the Ethics Committee of the Third Affiliated 
Hospital of Sun Yat-Sen University. Informed consent was obtained from all the 
participants included in this study according to the committee regulations. All 
animal experiments and relevant details were conducted in accordance with 
the approved guidelines and were approved by the committee on Animal 
Care and Use of Sun Yat-Sen University.

Consent for publication
Not applicable.

Competing interests
The authors have declared no conflicts of interest.

Author details
1 Department of Gastroenterology, The Third Affiliated Hospital of Sun Yat-Sen 
University, Guangzhou 510630, Guangdong Province, China. 2 Guangdong 
Provincial Key Laboratory of Liver Disease Research, Guangzhou 510630, 
Guangdong Province, China. 

Received: 23 August 2022   Accepted: 31 October 2022

References
 1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, 

et al. Global cancer statistics 2020: Globocan estimates of incidence and 

https://doi.org/10.1186/s13046-022-02531-x
https://doi.org/10.1186/s13046-022-02531-x


Page 19 of 19Chen et al. J Exp Clin Cancer Res          (2022) 41:329  

mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71:209–49.

 2. Akinyemiju T, Abera S, Ahmed M, Alam N, Alemayohu MA, Allen C, et al. 
The burden of primary liver cancer and underlying etiologies from 
1990 to 2015 at the global, regional, and national level. JAMA Oncol. 
2017;3:1683–91.

 3. Shen CL, Feng XY, Mao TH, Yang DL, Zou J, Zao XB, et al. Yin-Yang 1 and 
HBx protein activate HBV transcription by mediating the spatial interac-
tion of cccDNA minichromosome with cellular chromosome 19p13.11. 
Emerg Microbes Infect 2020;9,2455–2464.

 4. Wang J, Li N, Huang ZB, Fu S, Yu SM, Fu YM, et al. HBx regulates transcrip-
tion factor PAX8 stabilization to promote the progression of hepatocel-
lular carcinoma. Oncogene. 2019;38:6696–710.

 5. Huang P, Xu Q, Yan Y, Lu Y, Hu Z, Ou B, et al. HBx/Erα complex-mediated 
LINC01352 downregulation promotes HBV-related hepatocellular carci-
noma via the miR-135b-APC axis. Oncogene. 2020;39:3774–89.

 6. Ali A, Abdel-Hafiz H, Suhail M, Al-Mars A, Zakaria MK, Fatima K, et al. 
Hepatitis b virus, hbx mutants and their role in hepatocellular carcinoma. 
World J Gastroenterol. 2014;20:10238–48.

 7. Lei Y, Xu X, Liu H, Chen L, Zhou H, Jiang J, et al. HBx induces hepatocellu-
lar carcinogenesis through ARRB1-mediated autophagy to drive the G1/S 
cycle. Autophagy. 2021;17:4423–41.

 8. Li H, Zhu W, Zhang L, Lei H, Wu X, Guo L, et al. The metabolic responses to 
hepatitis B virus infection shed new light on pathogenesis and targets for 
treatment. Sci Rep. 2015;5:8421.

 9. Zhang Y, Yan Q, Gong LQ, Xu H, Liu BL, Fang XN, et al. C-terminal trun-
cated HBx initiates hepatocarcinogenesis by downregulating TXNIP and 
reprogramming glucose metabolism. Oncogene. 2021;40:1147–61.

 10. Liu B, Fang M, He Z, Cui D, Jia S, Lin X, et al. Hepatitis B Virus stimulates 
G6PD expression through HBx-mediated Nrf2 activation. Cell Death Dis. 
2015;6: e1980.

 11. Chen Y, Wang W, Che L, Lan Y, Zhang L, Zhan D, et al. BNIP3L-Dependent 
Mitophagy Promotes HBx-Induced Cancer Stemness of Hepatocellular 
Carcinoma Cells via Glycolysis Metabolism Reprogramming. Cancers 
(Basel). 2020;12:655.

 12. Koppenol WH, Bounds PL, Dang CV. Otto Warburg’s contributions to cur-
rent concepts of cancer metabolism. Nat Rev Cancer. 2011;11:325–37.

 13. Warburg O. On the Origin of Cancer Cells. Science. 1956;123:309–14.
 14. Feng J, Li J, Wu L, Yu Q, Ji J, Wu J, et al. Emerging roles and the regulation 

of aerobic glycolysis in hepatocellular carcinoma. J Exp Clin Cancer Res. 
2020;39:126.

 15. Chen W, Jiang J, Gong L, Shu Z, Xiang D, Zhang X, et al. Hepatitis B virus 
P protein initiates glycolytic bypass in HBV-related hepatocellular carci-
noma via a FOXO3/miRNA-30b-5p/MINPP1 axis. J Exp Clin Cancer Res. 
2021;40:1.

 16. Gao Q, Zhu H, Dong L, Shi W, Chen R, Song Z, et al. Integrated Proteog-
enomic Characterization of HBV-Related Hepatocellular Carcinoma. Cell. 
2019;179:561-577.e22.

 17. Oeckinghaus A, Ghosh S. The NF-κB family of transcription factors and its 
regulation. Cold Spring Harb Perspect Biol. 2009;1: a000034.

 18. Schmid JA, Birbach A. IkappaB kinase beta (IKKbeta/IKK2/IKBKB)–a key 
molecule in signaling to the transcription factor NF-kappaB. Cytokine 
Growth Factor Rev. 2008;19:157–65.

 19. Hoesel B, Schmid JA. The complexity of NF-κB signaling in inflammation 
and cancer. Mol Cancer. 2013;12:86.

 20. Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. Cold 
Spring Harb Perspect Biol. 2009;1: a001651.

 21. Zhang Q, Lenardo MJ, Baltimore D. 30 years of NF-kappaB: a blossoming 
of relevance to human pathobiology. Cell. 2017;168:37–57.

 22. Kawauchi K, Araki K, Tobiume K, Tanaka N. p53 regulates glucose metabo-
lism through an IKK-NF-κB pathway and inhibits cell transformation. Nat 
Cell Biol. 2008;10:611–8.

 23. Kracht M, Müller-Ladner U, Schmitz ML. Mutual regulation of metabolic 
processes and proinflammatory NF-κB signaling. J Allergy Clin Immunol. 
2020;146:694–705.

 24. Xu X, Lei Y, Chen L, Zhou H, Liu H, Jiang J, et al. Phosphorylation of 
NF-κBp65 drives inflammation-mediated hepatocellular carcinogenesis 
and is a novel therapeutic target. J Exp Clin Cancer Res. 2021;40:253.

 25. Londhe P, Yu PY, Ijiri Y, Ladner KJ, Fenger JM, London C, et al. Classical 
NF-kappaB metabolically reprograms sarcoma cells through regulation of 
hexokinase 2. Front Oncol. 2018;8:104.

 26. Tateishi K, Miyake Y, Kawazu M, Sasaki N, Nakamura T, Sasame J, et al. A 
hyperactive RelA/p65-hexokinase 2 signaling axis drives primary central 
nervous system lymphoma. Cancer Res. 2020;80:5330–43.

 27. Kandel ES, Hay N. The regulation and activities of the multifunctional 
serine/threonine kinase Akt/PKB. Exp Cell Res. 1999;253:210–29.

 28. Ruan GX, Kazlauskas A. Lactate engages receptor tyrosine kinases Axl, 
Tie2, and vascular endothelial growth factor receptor 2 to activate 
Phosphoinositide 3-Kinase/Akt and promote angiogenesis. J Biol Chem. 
2013;288:21161–72.

 29. Yang Y, Guo Y, Tan S, Ke B, Tao J, Liu H, et al. β-Arrestin1 enhances hepa-
tocellular carcinogenesis through inflammation-mediated Akt signalling. 
Nat Commun. 2015;6:7369.

 30. Fedchenko N, Reifenrath J. Different approaches for interpretation and 
reporting of immunohistochemistry analysis results in the bone tissue—
a review. Diagn Pathol. 2014;9:221.

 31. Ke B, Zhao Z, Ye X, Gao Z, Manganiello V, Wu B, et al. Inactivation of NF-
kappaB p65 (RelA) in liver improves insulin sensitivity and inhibits cAMP/
PKA pathway. Diabetes. 2015;64:3355–62.

 32. Yu DY, Moon HB, Son JK, Jeong S, Yu SL, Yoon H, et al. Incidence of hepa-
tocellular carcinoma in transgenic mice expressing the hepatitis B virus 
X-protein. J Hepatol. 1999;31:123–32.

 33. Tan S, Wei X, Song M, Tao J, Yang Y, Khatoon S, et al. PUMA mediates ER 
stress-induced apoptosis in portal hypertensive gastropathy. Cell Death 
Dis. 2014;5: e1128.

 34. Dhup S, Dadhich RK, Porporato PE, Sonveaux P. Multiple biological activi-
ties of lactic acid in cancer: influences on tumor growth. Angiogenesis 
and Metastasis Curr Pharm Des. 2012;18:1319–30.

 35. Hashimoto T, Hussien R, Oommen S, Gohil K, Brooks GA. Lactate sensitive 
transcription factor network in L6 cells: activation of MCT1 and mito-
chondrial biogenesis. FASEB J. 2007;21:2602–12.

 36. Halestrap AP, Price NT. The proton-linked monocarboxy-late trans-
porter (MCT) family: structure, function and regulation. Biochem J. 
1999;343:281–99.

 37. Hayden MS, Ghosh S. Shared principles in NF-kappaB signaling. Cell. 
2008;132:344–62.

 38. Chen WN, Liu LL, Jiao BY, Lin WS, Lin XJ, Lin X. Hepatitis B virus X protein 
increases the IL-1β-induced NF-κB activation via interaction with evolu-
tionarily conserved signaling intermediate in Toll pathways (ECSIT). Virus 
Res. 2015;195:236–45.

 39. Mauro C, Leow SC, Anso E, Rocha S, Thotakura AK, Tornatore L, et al. NF-κB 
controls energy homeostasis and metabolic adaptation by upregulating 
mitochondrial respiration. Nat Cell Biol. 2011;13:1272–9.

 40. Lis P, Dyląg M, Niedźwiecka K, Ko YH, Pedersen PL, Goffeau A, et al. The 
HK2 dependent “Warburg effect” and mitochondrial oxidative phospho-
rylation in Cancer: targets for effective therapy with 3-Bromopyruvate. 
Molecules. 2016;21:1730.

 41. DeWaal D, Nogueira V, Terry AR, Patra KC, Jeon SM, Guzman G, et al. 
Hexokinase-2 depletion inhibits glycolysis and induces oxidative phos-
phorylation in hepatocellular carcinoma and sensitizes to metformin. Nat 
Commun. 2018;9:446.

 42. Yang T, Ren C, Qiao P, Han X, Wang L, Lv SJ, et al. PIM2-mediated phos-
phorylation of hexokinase 2 is critical for tumor growth and paclitaxel 
resistance in breast cancer. Oncogene. 2018;37:5997–6009.

 43. Dhup S, Dadhich RK, Porporato PE, Sonveaux P. Multiple biological activi-
ties of lactic acid in cancer: influences on tumor growth, angiogenesis 
and metastasis. Curr Pharm Des. 2012;18:1319–30.

 44. Kennedy KM, Dewhirst MW. Tumor metabolism of lactate: the influence 
and therapeutic potential for MCT and CD147 regulation. Future Oncol. 
2010;6:127–48.

 45. Huang C, Sheng SL, Li R, Sun XG, Liu JJ, Huang G. Lactate promotes resist-
ance to glucose starvation via upregulation of Bcl-2 mediated by mTOR 
activation. Oncol Rep. 2015;33:875–84.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Aerobic glycolysis enhances HBx-initiated hepatocellular carcinogenesis via NF-κBp65HK2 signalling
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Clinical tissue samples
	Mice
	Ultrasonography in a spontaneous HCC mouse model
	Sample collection
	Haematoxylin and eosin staining, immunohistological staining and immunofluorescence staining
	Cell culture and treatments
	Plasmid construction, lentiviral transduction and RNA interference
	Cell viability and growth assay
	EdU assay
	Isolation of Nuclear-Cytosolic Fractions
	Western blotting
	RNA extraction and PCR assays
	Glucose and lactate measurement
	ATP Content Assay
	pH measurement of cell culture medium
	Luciferase reporter assay
	Chromatin immunoprecipitation (ChIP) assay
	Coimmunoprecipitation (co-IP)
	HBV infection
	Statistical analysis

	Results
	NF-κBp65 was upregulated in hepatitis B virus (HBV)-associated hepatocellular cancer
	HBx induced NF-κBp65 expression and enhanced its activation in vitro and in vivo
	Hepatocyte-specific NF-κBp65deficiency (NF-κBp65Δhepa)restrained spontaneous hepatocellular carcinogenesis in HBx-TG mice
	HBx enhanced aerobic glycolysis in hepatocellular carcinogenesis
	Inhibition of NF-κBp65 downregulated HBx-induced aerobic glycolysis
	Inhibition of NF-κBp65 suppressed HBx-induced proliferation by downregulating aerobic glycolysis
	HBx induced aerobic glycolysis via the NF-κBp65HK2 pathway to reprogram glycolytic metabolism in hepatocellular carcinogenesis
	Lactate, but not pyruvate, promoted proliferation via PI3KAkt signalling in hepatocellular carcinogenesis

	Discussion
	Conclusions
	Acknowledgements
	References


