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NAMPT promotes hepatitis B virus replication and liver cancer
cell proliferation through the regulation of aerobic glycolysis
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Abstract. Nicotinamide phosphoribosyltransferase (NAMPT)
is a critical rate-limiting enzyme involved in NAD synthesis
that has been shown to contribute to the progression of liver
cancer. However, the potential role and mechanism of NAMPT
in hepatitis B virus (HBV)-associated liver cancer remain
unclear. The present study assessed the expression of NAMPT
in HBV-positive and -negative liver cancer cells, and investi-
gated whether HBV-induced NAMPT expression is dependent
on HBV X protein (HBx). In addition, the role of NAMPT in
HBYV replication and transcription, and in HBV-mediated liver
cancer cell growth was explored. The effects of NAMPT on
the glycolytic pathway were also evaluated. Reverse transcrip-
tion-quantitative PCR and western blotting results revealed
that NAMPT expression levels were significantly higher in
HBV-positive liver cancer cells than in HBV-negative liver
cancer cells, and this effect was HBx-dependent. Moreover,
the activation of NAMPT was demonstrated to be required
for HBV replication and transcription. The NAMPT inhibitor
FK866 repressed cell survival and promoted cell death in
HBV-expressing liver cancer cells, and these effects were
attenuated by nicotinamide mononucleotide. Furthermore, the
inhibition of NAMPT was associated with decreased glucose
uptake, decreased lactate production and decreased ATP
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levels in HBV-expressing liver cancer cells, indicating that
NAMPT may promote the aerobic glycolysis. Collectively,
these findings reveal a positive feedback loop in which HBV
enhances NAMPT expression and the activation of NAMPT
promotes HBV replication and HBV-mediated malignant cell
growth in liver cancer. The present study highlights the impor-
tant role of NAMPT in the regulation of aerobic glycolysis in
HBV-mediated liver cancer, and suggests that NAMPT may be
a promising treatment target for patients with HBV-associated
liver cancer.

Introduction

Liver cancer is one of the most frequently occurring malig-
nancies and the second leading cause of cancer-associated
mortality worldwide (1). Hepatitis B virus (HBV) infection
is a global health concern that increases the risk of liver
cancer 5-fold (2). Epidemiological studies have reported that
240 million individuals are infected with HBV and approxi-
mately 650,000 succumb to HBV-associated complications
each year (3). The HBV genome encodes four main proteins,
denoted as C, P, S and X. Accumulating evidence indicates that
HBYV X protein (HBx) plays a crucial role in HBV-mediated
carcinogenesis and liver cancer progression through the
direct or indirect regulation of host gene transcription and
protein activity (4,5). Therefore, a better understanding of the
molecular mechanisms underlying HBV-mediated liver cancer
pathogenesis may improve the diagnosis and treatment of this
disease.

Nicotinamide phosphoribosyltransferase (NAMPT) is
a critical rate-limiting enzyme involved in NAD synthesis
that catalyzes the conversion of nicotinamide (NAM) to
nicotinamide mononucleotide (NMN). Since NAD acts as a
co-enzyme in the regulation of various metabolic signaling
pathways, including glycolysis, serine biosynthesis and fatty
acid oxidation, the continuous generation of NAD promotes
the survival and proliferation of cancer cells (6,7). Previous
studies have shown that NAMPT expression is upregulated in
different types of cancer, including breast, lung and prostate
cancer (8,9). Therefore, the inhibition of NAMPT represents
a potential therapeutic strategy for killing cancer cells.
The specific NAMPT inhibitor FK866 has been shown to
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exhibit potent anticancer activity in several types of cancer,
including gastric, pancreatic cancer and chronic lymphocytic
leukemia (10-12). However, whether NAMPT is involved in
HBYV replication and HBV-mediated liver cancer progression
remains unknown.

In the present study, the expression levels of NAMPT
were assessed in HBV-positive and HBV-negative liver
cancer cells, and whether HBV-induced NAMPT expression
was HBx-dependent was investigated. In addition, the role
of NAMPT in HBV replication and transcription, as well
as HBV-mediated liver cancer cell growth was explored.
Moreover, the effects of NAMPT on the glycolytic pathway of
HBV-expressing liver cancer cells were evaluated.

Materials and methods

Cell culture and reagents. HBV negative liver cancer cells
(HepG2 and Huh7) were purchased from the Chinese Academy
of Sciences Cell Bank (Shanghai, China) and maintained
in DMEM medium (HyClone; Cytiva) at 37°C in a 5% CO,
incubator. The medium was supplemented with 10% FBS
(Gibco; Thermo Fisher Scientific Inc.), 100 IU/ml penicillin
and 100 IU/ml streptomycin. HBV positive liver cancer cells
(HepG2.2.15 and HepAD38) cells were cultured in DMEM
medium (HyClone; Cytiva) supplemented with 400 pg/ml
G418 (Sangon Biotech Co., Ltd) at 37°C in a 5% CO, incu-
bator as described in our previous study (13). The HepG2
and HepG2.2.15 cells were assessed by short tandem repeat
(STR) analysis and no contamination with other cell lines was
present. Moreover, STR analysis verified that the cell profile
was consistent with that of the archived cells.

The following reagents were used: NAMPT inhibitor
FK866 (S2799; Selleck Chemicals), NMN (S5259; Selleck
Chemicals) and trypan blue (T6146; Sigma-Aldrich; Merck
KGaA). The cells were treated with 20 nM FK866 alone or in
combination with 500 uM NMN for 24 h at 37°C.

Plasmid construction and cell transfection. The HBV1.3
plasmid harboring the HBV genome (subtype adw), the plasmid
encoding HBx amplified from the HBV genome, and the HBV
expression plasmid with an HBx mutation (AHBx) were gener-
ated as described previously (14). HepG2 and Huh7 cells were
transfected with 4 ug of HBV1.3, HBx, or AHBx plasmid by
using Lipofectamine®3000 (cat. no. L3000015; Invitrogen;
Thermo Fisher Scientific,Inc.). HepG2.2.15 and HepAD38 cells
were transfected with 100 nmol/1 of specific NAMPT siRNAs
(cat. no. sc-45843; Santa Cruz Biotechnology Inc.) or negative
control siRNA (cat. no. sc-37007; Santa Cruz Biotechnology
Inc.) by using Lipofectamine RNAiIMAX (cat. no. 13778150;
Thermo Fisher Scientific, Inc.). After transfection at 37°C for
48 h, cells were harvested for subsequent experiments.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was extracted using from cells using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
and reverse transcribed to cDNA using the PrimeScript™ RT
reagent Kit (Takara Bio, Inc.) according to the manufacturer's
protocol. The relative levels of the target gene mRNA tran-
scripts were determined by qPCR with SYBR® Premix Ex
Taq™ II (Takara Bio, Inc.) using an iCycler iQ™ Multicolor

Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.)
as previously described (15). The thermocycling conditions
were as follows: Initial denaturation at 95°C for 5 min followed
by 40 cycles of 95°C for 15 sec, 60°C for 20 sec, and 72°C
for 30 sec followed by final elongation at 72°C for 2 min. The
following primers were used: Glucose transporter 1 (GLUT1),
5'-CGGGCCAAGAGTGTGCTAAA-3' (forward) and 5-TGA
CGATACCGGAGCCAATG-3' (reverse); lactate dehydro-
genase A (LDHA), 5-GGCCTGTGCCATCAGTATCT-3'
(forward) and 5-GGAGATCCATCATCTCTCCC-3' (reverse);
NAMPT, 5"TACAAGTTGCTGCCACCTTATC-3' (forward)
and 5'-GCAAACCTCCACCAGAACC-3' (reverse); pyruvate
kinase M2 (PKM?2), 5'"TGTCTGGAGAAACAGCCAAAG
G-3' (forward) and 5'-CGGAGTTCCTCAAATAATTGC
AA-3' (reverse); HBV, 5~ACCGACCTTGAGGCATACTT-3'
(forward) and 5-GCCTACAGCCTCCTAGTACA-3' (reverse);
HBYV core antigen (HBcAg), 5'-CTGGGTGGGTGTTAATTT
GG-3' (forward) and 5"TAAGCTGGAGGAGTGCGAAT-3'
(reverse); HBV surface antigen (HBsAg), 5'-CTCCAATCA
CTCACCAACCT-3' (forward) and 5'-TCCAGAAGAACC
AACAAGAAGA-3' (reverse); GAPDH, 5'-ACCACAGTCCAT
GCCATCAC-3' (forward) and 5-TCCACCACCCTGTTG
CTGTA-3' (reverse). The 2224 method was used in analyzing
relative gene expression data (16).

Westernblotanalysis.Thecells werelysed withRIPA lysis buffer
(50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 1% Triton X-100,
0.1% SDS, 0.5% deoxycolic acid) containing protease inhibi-
tors (Complete Protease Inhibitor Cocktail Tablets; Roche
Diagnostics) for 30 min on ice. The concentration of extracted
proteins were determined by Bradford method. Cell lysates
(40 pg/lane) were resolved by 12% SDS-PAGE and transferred
to PVDF membranes (EMD Millipore). After blocking with
5% skimmed milk at room temperature for 1 h, the membrane
was incubated overnight at 4°C with the following primary
antibodies: GLUT1 (1:1,000; cat. no. 12939; Cell Signaling
Technology, Inc.), LDHA (1:1,000; cat. no. 3582; Cell Signaling
Technology, Inc.), NAMPT (1:1,000; cat. no. ab45890;
Abcam), PKM2 (1:1,000; cat. no. 4053; Cell Signaling
Technology, Inc.), HBx (1:1,000; cat. no. MA1-081; Thermo
Fisher Scientific, Inc.) and $-actin (1:2,000; cat. no. sc-47778;
Santa Cruz Biotechnology, Inc.). After washing with TBS
with 0.1% Tween-20 (TBST) three times, the membranes
were subsequently incubated with HRP-conjugated secondary
antibody (1:3,000; cat. nos. sc-2004 and sc-2005; Santa Cruz
Biotechnology, Inc.) at room temperature for 1 h. Following
three washes with TBST, the membrane was visualized using
an Immobilon™ Western Chemiluminescent HRP substrate
(EMD Millipore).

Determination of HBsAg, HBeAg and HBV DNA. The quan-
tities of HBsAg and HBeAg in the cell supernatant were
measured using ELISA kits (Kehua Bio-Engineering Co.,Ltd.)
and the quantity of HBV DNA in the cell-free culture medium
was detected using the artus® HBV RG PCR Kit (Qiagen AB)
according to the manufacturer's instructions.

Measurement of cell viability. Cell viability analysis was
performed using a Cell Counting Kit-8 assay (CCK-8;
KN867; Dojindo Molecular Technologies, Inc.) as previously
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described (17). Briefly, the cells were plated in 96-well plates
(1x10* cells/well) and treated with 20 nM FK866 alone or in
combination with 500 xM NMN for 24 h at 37°C. After this,
10 ul CCK-8 solution was added to each well and the plate
was incubated for an additional 4 h. The absorbance was then
measured at 450 nm using a microplate reader. For trypan
blue exclusion assay, 2x10° cells were plated in 6-well plates
and treated with 20 nM FK866 alone or in combination with
500 M NMN for 24 h at 37°C. Then, the cells were digested
with trypsin and resuspended in PBS containing 0.04% trypan
blue. The viable cells (clear cytoplasm) and death cells (blue
cytoplasm) were counted under a light microscope.

Colony formation assay. Cells were plated into 24-well-plates
(500 cells/well) and subsequently treated with 20 nM FK866
alone or in combination with 500 uM NMN at 37°C. The
colonies were allowed to grow for ~10 days, and then fixed
in 4% paraformaldehyde at room temperature for 15 min and
stained with crystal violet at room temperature for 20 min.
The number of colonies was counted using ImagJ software
(v.1.52a; National Institutes of Health).

Glycolysis examination. The extracellular acidification
rate (ECAR) of the cells was determined using a Seahorse
XF Glycolysis Stress Test Kit with an XF96 Extracellular
Flux Analyzer (Seahorse Bioscience; Agilent Technologies,
Inc.) according to the manufacturer's instructions. Briefly,
2x10* cells were plated into XF96 cell plates (Agilent
Technologies, Inc.) and treated with 20 nM FK866 alone
or in combination with 500 M NMN at 37°C for 24 h.
After washing with XF assay media, each well of the XF96
cartridge was sequentially injected with glucose (detection of
glycolysis), oligomycin (an ATPase inhibitor, which restrains
mitochondrial ATP production) and 2-DG (a glucose analog,
which inhibits glycolysis). Glucose uptake, lactate production
and ATP concentration were measured in cell lysates using
a Glucose Uptake Colorimetric Assay Kit (BioVision, Inc.),
Lactate Colorimetric/Fluorometric Assay Kit (BioVision, Inc.)
and ATP Colorimetric/Fluorometric Assay Kit (BioVision,
Inc), respectively. The enzymatic activities of PKM?2 and
LDHA were determined using a Pyruvate Kinase Activity
Assay Kit (Beijing Solarbio Science & Technology Co., Ltd.)
and Lactate Dehydrogenase Activity Colorimetric Assay
Kit (BioVision, Inc.), respectively. All measurements were
performed according to the manufacturer's protocols and
normalized to the cell protein levels.

Statistical analysis. All quantitative data are expressed as the
mean + SD. Comparisons between two groups were performed
using the Student's t-test. Differences in quantitative data
among multiple groups were analyzed by one-way ANOVA
followed by Tukey's post hoc test. Data were analyzed using
SPSS statistical software (version 22.0; IBM Corp.). P<0.05
was considered to indicate a statistically significant difference.

Results
NAMPT expression levels are upregulated by HBx. To explore

the association between NAMPT and HBV replication, the
expression levels of NAMPT were assessed in HBV-producing

liver cancer cells. The mRNA and protein expression levels of
NAMPT were upregulated in HepG2.2.15 cells compared with
those in HepG2 cells (Fig. 1A). In addition, elevated NAMPT
levels were observed in untreated HepAD38 cells compared
with tetracycline-treated HepAD38 cells (Fig. 1B). HepG2
and Huh7 cells transiently transfected with HBV-expressing
plasmid HBV1.3 (harboring a 1.3-fold overlength of the HBV
genome) demonstrated increased expression of NAMPT
compared with that in cells transfected with empty vector
(Fig. 1C and D). These data indicate that HBV replication
promoted NAMPT expression in the liver cancer cells. To
further assess whether HBV-induced NAMPT expression was
HBx-dependent, the AHBx plasmid (HBV1.3 plasmid with
HBx mutation) was transiently transfected into HepG2 and
Huh7 cells and its effect on NAMPT expression was evalu-
ated. As shown in Fig. 1C, the ectopic introduction of HBV1.3
plasmid but not that of AHBx plasmid, significantly increased
the expression levels of HBx in HepG2 cells. Notably, the
mutation of HBx significantly mitigated the elevation in the
levels of NAMPT induced by HBV replication in HepG2 cells.
A similar result was observed in Huh7 cells (Fig. 1D). When
the HBx expression plasmid was successfully introduced into
HepG2 and Huh7 cells, the mRNA and protein expression
levels of NAMPT were increased in response to the HBx
stimulus (Fig. 1E and F). Therefore, these results indicate that
HBx enhances the expression levels of NAMPT in liver cancer
cells.

NAMPT activity is required for HBV replication and tran-
scription. To investigate the involvement of NAMPT in
HBYV replication, the extracellular levels of HBV DNA were
assessed in HBV-producing liver cancer cells treated with the
NAMPT inhibitor FK866. Extracellular HBV DNA levels
were significantly reduced in HepG2.2.15 and HepAD?38 cells
following incubation with FK866 (Fig. 2A). Moreover, FK866
treatment resulted in a 2-fold reduction in HBV transcrip-
tion (Fig. 2B), suggesting that NAMPT activity upregulates
HBYV production. To further verify the association between
NAMPT activation and HBV replication, the expression levels
of HBcAg and HBsAg, which are indicators of active HBV
replication, were assessed. The mRNA levels of HBcAg and
HBsAg in FK866-treated HepG2.2.15 and HepAD38 cells
were lower than those observed in vehicle-treated control
cells (Fig. 2C and D). In addition, ELISAs indicated that the
inhibition of NAMPT activity induced a significant reduction
in the secretion of HBeAg and HBsAg into the supernatant of
HepG2.2.15 and HepAD38 cells (Fig. 2E and F). Collectively,
these data imply that the activation of NAMPT is essential for
HBYV replication and transcription.

NAMPT inhibition by FK866 represses HBV-mediated cell
survival. To further investigate the effect of NAMPT on
HBV-mediated liver cancer cell growth, liver cancer cells were
treated with FK866 and cell proliferation was assessed using
a CCK-8 assay. Treatment with FK866 resulted in a signifi-
cant reduction in the viability of HBV-producing liver cancer
cells, whereas the exogenous addition of NMN attenuated
the FK866-induced cytotoxicity. Consistent with the CCK-8
assay results, the number of colonies formed by FK866-treated
HepG2.2.15 and HepAD38 cells was significantly lower
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Figure 1. HBx increases NAMPT expression in liver cancer cells. (A) RT-qPCR and western blot analyses of NAMPT expression were performed in (A) HepG2
and HepG2.2.15 cells and (B) HepAD38 cells with or without Tet treatment. RT-qPCR and western blot analyses of NAMPT expression in (C) HepG2 and
(D) Huh7 cells transfected with HBV1.3 or AHBx plasmid. RT-qPCR and western blot analysis of NAMPT expression in (E) HepG2 and (F) Huh7 cells
transfected with HBx plasmid. "P<0.05, “"P<0.01, “"P<0.001. HBx, hepatitis B X protein; NAMPT, nicotinamide phosphoribosyltransferase; Tet, tetracycline;

RT-qPCR, reverse transcription-quantitative PCR.

compared with that of vehicle-treated cells, while the
co-administration of NMN rescued the colony formation of
HepG2.2.15 and HepA D38 cells following FK866 supplemen-
tation (Fig. 3B). Furthermore, the inhibition of NAMPT by
FK866 induced an increase in the death rate of HBV-expressing
liver cancer cells that was reversed by NMN treatment
(Fig. 3C). In addition, FK866 reduced markedly the protein
expression level of Bcl2 and increased the levels of cleaved
caspase-3, cleaved PARP and Bax (Fig. 3D). Co-treatment
of the cells with NMN alleviated the FK866-induced effects
on the expression of apoptosis-associated proteins (Fig. 3D).
Therefore, these findings indicate that NAMPT contributes to
the HBV-mediated malignant transformation of liver cancer.

NAMPT regulates aerobic glycolysis in HBV-expressing
liver cancer cells. Altered energy metabolism is a hallmark
of cancer and has been shown to play a critical role in tumor
initiation and development (18). The effects of NAMPT on
glycolysis in HBV-expressing liver cancer cells were assessed
in the present study. The inactivation of NAMPT by FK866
resulted in a markedly decreased ECAR during the stages

of glycolysis following glucose and oligomycin injection,
whereas co-treatment with NMN partially rescued the glyco-
lytic capacity of HepG2.2.15 and HepAD38 cells (Fig. 4A). In
addition, FK866 suppressed glucose uptake, lactate produc-
tion and ATP levels, and these effects were also reversed by
NMN (Fig. 4B-D). Since PKM2 and LDHA are required for
lactate production and GLUT! is directly associated with
glucose uptake, whether FK866 affected the expression of
these glycolysis-associated genes was investigated. The results
indicated that the mRNA and protein expression levels of
GLUT1, PKM2 and LDHA were decreased following FK866
treatment in HepG2.2.15 and HepAD?38 cells (Fig. 4E and F),
and co-treatment with NMN markedly attenuated the
FK866-induced effects on the levels of GLUT1, PKM?2 and
LDHA (Fig. 4E and F). The enzymatic activity of PKM2 in
HepG2.2.15 and HepAD38 cells was observed to be reduced
in response to FK866 treatment, and this reduction in activity
was diminished by NMN (Fig. 4G). A similar result was noted
in the enzymatic activity of LDHA (Fig. 4H).

Further experiments were conducted using HepG2.2.15
and HepAD?38 cells transfected with specific siRNA targeting
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Figure 2. Inhibition of NAMPT by FK866 represses HBV replication and transcription. HepG2.2.15 and HepAD38 cells were treated with 20 nM FK866 for
24 h. (A) The number of HBV DNA copies relative to those of untreated cells in the cell-free culture media were measured by qPCR analysis. (B) The relative
levels of HBV RNA, (C) HBcAg mRNA and (D) HBsAg mRNA were detected by RT-qPCR analysis. The levels of secreted (E) HBeAg and (F) HBsAg in
the culture media were measured by ELISA. "P<0.05, “P<0.01,”"P<0.001. NAMPT, nicotinamide phosphoribosyltransferase; HBV, hepatitis B virus; HBcAg,
HBYV core antigen; HBsAg, HBV surface antigen; RT-qPCR, reverse transcriptase-quantitative PCR; Ctrl, control; OD, optical density.
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Figure 3. FK866-induced NAMPT inhibition decreases cell survival and promotes cell death in HBV-expressing liver cancer cells. HepG2.2.15 and HepAD38
cells were treated with FK866 alone or in combination with NMN for 24 h. (A) Cell viability was measured by CCK-8 assay, (B) a colony formation assay
was performed and (C) cell death was determined by the trypan blue exclusion assay. (D) The treated HepG2.2.15 and HepAD38 cells were also subjected
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NAMPT (Fig. 5A). The cells transfected with siNAMPT  compared with those transfected with siNC (Fig. 5B and C).
displayed decreased cell viability and increased cell death  In addition, the knockdown of NAMPT inhibited glycolytic
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Figure 4. NAMPT inactivation impairs aerobic glycolysis in HBV-expressing liver cancer cells. HepG2.2.15 and HepAD38 cells were treated with FK866
alone or in combination with NMN for 24 h. (A) The ECAR, (B) glucose uptake, (C) lactate production and (D) ATP levels of the cells were evaluated.
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acidification rate; GLUT], glucose transporter 1; PKM2, pyruvate kinase M2; LDHA, lactate dehydrogenase A; RT-qPCR, reverse transcriptase-quantitative

PCR; Ctrl, control; 2-DG, 2-deoxy-D-glucose.

capacity, glucose uptake and lactate production in HepG2.2.15
and HepAD38 cells (Fig. 5D-F). These data suggest that
NAMPT regulates energy metabolism by enhancing aerobic
glycolysis in HBV-expressing liver cancer cells.

Discussion

HBYV is an enveloped DNA virus with four overlapping genes
and can cause acute and chronic infections. Chronic infection
with HBV contributes to chronic inflammation of the liver,
leading to liver impairment, liver cirrhosis and eventually

the development of liver cancer (19). Therefore, chronic HBV
infection is a major risk factor for liver cancer. HBV utilizes
the cellular machinery of the host for viral DNA replication,
protein production and packaging. HBx is a non-structural
protein of the HBV genome, which contributes to the develop-
ment of liver cancer by modulating various cellular signaling
pathways to enhance HBV replication and transcription (20).
A recent study indicated that a C-terminal-truncated HBx
protein promoted hepatocarcinogenesis via activation of the
caveolin-1/low-density lipoprotein receptor-related protein
6/FERM domain containing 5 axis (21). HBx has also be
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Figure 5. NAMPT suppression diminishes cell growth and aerobic glycolysis in HBV-expressing liver cancer cells. HepG2 and HepG2.2.15 cells were trans-
fected with siRNA targeting NAMPT or siNC. (A) RT-qPCR and western blot analyses of NAMPT expression in the cells. (B) Cell viability was measured
using the CCK-8 assay and (C) cell death was determined by the trypan blue exclusion assay. (D) The ECAR was determined, and (E) glucose uptake and
(F) lactate production assays were performed. “"P<0.01, ““P<0.001. NAMPT, nicotinamide phosphoribosyltransferase; HBV, hepatitis B virus; RT-qPCR,
reverse transcriptase-quantitative PCR; siRNA, small interfering RNA; siNAMPT, siRNA targeting NAMPT; siNC, negative control siRNA; CCK-8, Cell

Counting Kit-8; ECAR, extracellular acidification rate; OD, optical density.

shown to maintain the proliferation of liver cancer cells via the
microRNA-155-mediated zinc fingers and homeoboxes 2 gene
silencing (22). In addition, HBx has been found to be local-
ized in the lumen of the endoplasmic reticulum (ER) where
it interacts with 78-kDa glucose-regulated protein, leading to
a reduction in ER stress and DNA repair that prevents liver
cancer cells from undergoing apoptosis (23). However, the
role of NAMPT in HBV-associated liver cancer progression
is currently unclear.

In the present study, the data indicated that the mRNA
and protein expression levels of NAMPT were higher in
HBV-positive liver cancer cells than in HBV-negative liver
cancer cells. Moreover, the HBx-expressing HepG2 and
Huh-7 cells had higher NAMPT levels than the corresponding
untransfected liver cancer cells. These data imply that HBx
promotes the expression of NAMPT. The inhibition of NAMPT
by FK866 significantly diminished the secretion of HBV DNA
and the mRNA expression levels of HBV RNA, HBcAg and
HBsAg, suggesting a critical role of NAMPT in HBV replica-
tion. Furthermore, FK866 also reduced the secretion of HBeAg
and HBsAg by HBV-producing liver cancer cells. Therefore,
the data suggest the existence of a positive feedback loop
between NAMPT and HBV replication. HBV infection has
been shown to cause metabolic reprogramming in host cells
to generate the energy and molecular components required for
their replication and activation (24,25). For example, a study
reported that the levels of metabolic intermediates, including

phenylalanine, L-glutamic acid and serine, were significantly
elevated in the serum of patients with HBV compared with
healthy controls (26). In addition, another study demonstrated
that HBV replication accelerated the biosynthesis of hexos-
amine and phosphatidylcholine, leading to the dysregulated
expression of glycolytic enzymes and increased secretion of
lactate (27). In the present study, the data indicated that the
FK866-induced inactivation of NAMPT inhibited glycolysis
and the glycolytic capacity of HBV-expressing liver cancer
cells. In addition, the expression levels and enzymatic activi-
ties of PKM2 and LDHA, which are key regulators of glucose
metabolism, were decreased in response to FK866. These
results indicate an important role of NAMPT in the regulation
of glucose metabolic reprogramming, whereas the disruption
of NAD metabolism may be considered a potential strategy for
cancer therapy. The inhibition of NAMPT by FK866 resulted
in a substantial reduction of cell viability and increased
cell death in HBV-expressing liver cancer cells, whereas
the supplementation of NMN partially reversed the effect
of FK866. The present study further supports the essential
function of NAMPT in HBV-mediated liver malignancy.
Accumulating evidence suggests that oxidative stress
is necessary for HBV-mediated liver cancer development
and progression. For example, HBV infection promotes an
intracellular accumulation of reactive oxygen species that is
necessary for HBV replication in host cells (28,29). Increased
oxidative stress leads to elevated levels of DNA damage, which
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activates poly (ADP-ribose) polymerase (PARP)-mediated
repair. As PARP-1 consumes NAD, which is the substrate for
its activation (30), HBV-positive liver cancer cells may become
sensitive to NAD deficiency triggered by NAMPT inhibi-
tion. Furthermore, sirtuins are a family of NAD-dependent
deacetylases that have been shown to regulate numerous
biological functions, including lipid and energy metabolism,
DNA damage, oxidative stress and cell growth, survival and
death (31-33). Sirtuin 6 promotes the transcription and repli-
cation of HBV by upregulating the expression of peroxisome
proliferator-activated receptor o (34). In addition, sirtuin 1
has been shown to be essential for HBV-associated liver
cancer tumorigenesis (35-37). Therefore, the reduction of
NAD synthesis by NAMPT inhibition may be an effective
and promising method for the treatment of patients with
HBV-associated liver cancer.

In conclusion, the findings of the present study provide
the first evidence that HBV promotes NAMPT expression,
and indicate that the activation of NAMPT is positively
associated with HBV replication and transcription in
liver cancer cells. The knockdown of NAMPT repressed
cell growth and promoted cell death in HBV-positive
liver cancer cells. Moreover, the inactivation of NAMPT
suppressed glucose uptake, lactate production and ATP
levels, suggesting a critical role of NAMPT in the regu-
lation of aerobic glycolysis. Based on this evidence, the
present study suggests an important molecular mecha-
nism by which NAMPT promotes HBV replication and
HBV-mediated cell growth through the manipulation of
glucose metabolic reprogramming. In addition, it highlights
NAMPT as a promising target for the therapy of patients
with HBV-associated liver cancer.
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