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Background: Tumor necrosis factor a-induced protein 1 (TNFAIP1) is frequently downregulated in cancer cell
lines and promotes cancer cell apoptosis. However, its role, clinical significance and molecular mechanisms
in hepatocellular carcinoma (HCC) are unknown.
Methods: The expression of TNFAIP1 in HCC tumor tissues and cell lines was measured by Western blot and
immunohistochemistry. The effects of TNFAIP1 on HCC proliferation, apoptosis, metastasis, angiogenesis and
tumor formation were evaluated by Cell Counting Kit-8 (CCK8), Terminal deoxynucleotidyl transferase dUTP
Nick-End Labeling (TUNEL), transwell, tube formation assay in vitro and nude mice experiments in vivo. The
interaction between TNFAIP1 and CSNK2B was validated by liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS), Co-immunoprecipitation and Western blot. The mechanism of how TNFAIP1 regulated
nuclear factor-kappaB (NF-«xB) pathway was analyzed by dual-luciferase reporter, immunofluorescence,
quantitative Real-time polymerase chain reaction (RT-qPCR) and Western blot.
Findings: The TNFAIP1 expression is significantly decreased in HCC tissues and cell lines, and negatively cor-
related with the increased HCC histological grade. Overexpression of TNFAIP1 inhibits HCC cell proliferation,
metastasis, angiogenesis and promotes cancer cell apoptosis both in vitro and in vivo, whereas the knock-
down of TNFAIP1 in HCC cell displays opposite effects. Mechanistically, TNFAIP1 interacts with CSNK2B and
promotes its ubiquitin-mediated degradation with Cul3, causing attenuation of CSNK2B-dependent NF-«B
trans-activation in HCC cell. Moreover, the enforced expression of CSNK2B counteracts the inhibitory effects
of TNFAIP1 on HCC cell proliferation, migration, and angiogenesis in vitro and in vivo.
Interpretation: Our results support that TNFAIP1 can act as a tumor suppressor of HCC by modulating
TNFAIP1/CSNK2B/NF-«B pathway, implying that TNFAIP1 may represent a potential marker and a promising
therapeutic target for HCC.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Hepatocellular carcinoma (HCC) has become the second leading
cause of cancer-related deaths worldwide, with an ascending trend
in recent years [1]. Frequent intrahepatic and extrahepatic metastasis
and active angiogenesis are responsible for the rapid recurrence and
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Research in context
Evidence before this study

Hepatocellular carcinoma (HCC), accounts for approximately
90% of primary liver cancers, has become one of the most nota-
ble lethal malignancies worldwide. Frequent intrahepatic and
extrahepatic metastasis and active angiogenesis is a serious
problem in the management of HCC. Tumor necrosis factor
«-induced protein 1 (TNFAIP1) was initially identified as a
TNFa and LPS induced gene and has been correlated with some
cancer cell apoptosis and migration. However, whether
TNFAIP1 protein regulates metastasis and angiogenesis in HCC
remains mostly unknown, necessitating further exploration.

Added value of this study

In this study, we have reported some novel biological roles of
TNFAIP1, a novel tumor suppressor, in hepatocellular carci-
noma. TNFAIP1 suppresses HCC cell proliferation, metastasis,
angiogenesis and promoted apoptosis in vitro and in vivo
through selective down-regulation of CSNK2B blocks CSNK2B-
dependent NF-«kB pathway.

Implications of all the available evidence

Our findings identify a novel signaling pathway in TNFAIP1-
regulated inhibition of HCC cell metastasis, angiogenesis, and
tumorigenesis, which may represent a new marker and a prom-
ising therapeutic target for HCC therapy.

poor survival of HCC [2]. So far, the molecular mechanisms underly-
ing HCC metastasis and angiogenesis are still largely unknown.
Hence, elucidation of mechanism-related biomolecules underlying
the metastasis and angiogenesis in HCC and the identification of
novel therapeutic targets are crucial.

Tumor necrosis factor a-induced protein 1 (TNFAIP1), also known
as B12 or BACURD2, was initially identified as a tumor necrosis factor
alpha (TNFa)- and lipopolysaccharide (LPS)-induced gene in umbili-
cal vein endothelial cells [3]. In mammals, the amino acid sequences
of TNFAIP1 are highly similar to polymerase delta-interacting protein
1 (PDIP1) and potassium channel tetramerization domain containing
10 (KCTD10), where all of them contain a conserved BR-C, ttk, and
bab (BTB)/Pox virus and zinc finger (POZ) domain and a proliferating
cell nuclear antigen (PCNA) binding motif [4]. Abundant evidence
indicates that TNFAIP1 is implicated in many cellular processes,
including cell movement and migration [5-8], apoptosis [9], and
immune response [10]. Aberrant expression of TNFAIP1 has been
reported to be associated with multiple diseases including hepatitis B
virus (HBV) infection, neuropathic pain, and Alzheimer’s disease (AD)
[10—-12]. Importantly, emerging evidence suggests that TNFAIP1 is
critically involved in cancer metastasis and progression in non-small
cell lung cancers (NSCLCs) [6,7], uterine cancer [13], gastric carci-
noma |14/, etc. However, the role and the underlying mechanisms of
TNFAIP1 in HCC have been rarely reported.

Nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-«B) is a dimeric transcription factor that plays a vital role in cell
proliferation, apoptosis, metastasis, and angiogenesis [15]. NF-xB
dimers are formed by the association of two of the following mono-
mers: P65 (RelA), p50 (NF-xB1), p52 (NF-xB2), RelB, and c-Rel. In
most types of cells, NF-xkB dimers are inactive in the cytoplasm, and
only control gene expression when activated and translocated into
the nucleus [15]. There are three NF-kB-activating pathways. The first
pathway, also called the classical pathway, is dependent on the acti-
vation of the IkB-kinase (IKK) complex (IKKe, IKKS, and IKKy). Once
the IKK complex is activated, it mediates IkB phosphorylation and

then induces IkB ubiquitination and degradation, which leads to the
release and translocation of NF-«kB heterodimer, p65/p50, into the
nucleus and activates gene expression. The second pathway, also
named the alternative pathway, involves NF-«B-inducing kinase
(NIK), which mediates the activation of IKKe homodimer and then
processes p100/RelB into the p52/RelB heterodimer, and subse-
quently triggers the nuclear translocation of p52/RelB. The third
pathway is named the atypical pathway, and is activated by casein
kinase 2 (CK2) and also requires the degradation of IxBs [16]. Accu-
mulating evidence indicates that CK2 promotes aberrant NF-«B acti-
vation by phosphorylating IKK and I«Bs, enhancing IkB proteasomal
degradation, and also directly phosphorylating p65 to finally increase
NF-«B transcriptional activity [17-19]. Previously, we found that
TNFAIP1 can bind CSNK2B (CK2p, a regulatory subunit of CK2) and
can be phosphorylated by CK2 [20]. We also found that overexpres-
sion of TNFAIP1 suppresses NF-«B activation in Hek293FT cells [21].
However, it is unclear how TNFAIP1 suppresses NF-«B activation and
whether TNFAIP1-mediated suppression of NF-xB activation is asso-
ciated with CSNK2B in HCC.

In this study, we show that TNFAIP1 acts as a negative regulator of
HCC proliferation, apoptosis, metastasis, and angiogenesis by block-
ing the TNFAIP1/CSNK2B/NF-«B pathway. Our results indicate that
TNFAIP1 might represent a potential therapeutic target for HCC.

2. Materials and methods
2.1. Patient tissue specimens

A series of 80 hepatocellular carcinoma tumor tissues and corre-
sponding peritumor tissues were collected from the Second Xiangya
Hospital of Central South University. A series of 20 hepatocellular car-
cinomas with lymph nodes metastasis tissues were collected from
the Second Xiangya Hospital of Central South University. This study
was approved by the Ethics Committee of Hunan Normal University
and the second Xiangya Hospital of Central South University. All of
the patients signed informed consent.

2.2. Mice

BALB/c female nude mice (4 weeks old) were purchased from
Hunan Slaccas Jingda (Changsha, China). All mice were housed in the
specific pathogen-free facility of the Laboratory Animal Research
Center with 12 h light /12 h dark cycles and adequate water and food.
All animal care protocols and experiments were reviewed and
approved by the Ethics Committee of Hunan Normal University.

2.3. Cell culture, plasmid construction

Human hepatocellular carcinoma cell lines including HepG2, Bel-
7402, Hep3B, SMM(C7721 and MHCC97H and hepatocyte line LO2,
and human umbilical vascular endothelial cells (HUVEC) were pur-
chased from the Chinese Academy of Sciences Shanghai Branch Cell
Bank (Shanghai, China). All cell lines were cultured in Dulbecco’s
modified Eagle medium (DMEM, Gibco) contained 10% fetal bovine
serum (FBS, Gibco) and 1% penicillin/streptoMycin at 37 °C in a 5%
CO, incubator.

The Myc-tagged TNFAIP1 expression vector was constructed as
we previously described [21]. The HA-tagged CSNK2B expression
vector was constructed by inserting full-length CSNK2B coding
sequence into pCMV-HA vector. Meanwhile, N-terminus (the BTB
domain), C-terminus and the full-length CDS region of TNFAIP1 were
also cloned into pGEX-4T-2 vector, meanwhile, the full-length CDS
region of CSNK2B was inserted pET-32a (+) vector. The primers for
vectors construction were described in Supplementary Table S1. His-
Cul3, Rbx1 and His-ubiquitin plasmids were purchased from Sino
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Biological Inc (China). Reporter plasmid NF-«B-Luc was kindly pro-
vided by dr. Xiang Hu (Hunan Normal University).

2.4. Generation of stable cell lines

The lentiviral particles overexpressing TNFAIP1, CSNK2B and coding
shRNAs against TNFAIP1, Cul3 and CSNK2B were purchased from Han-
bio Biotechnology (Shanghai, China). The empty vector was used as a
control. MHCC97H cells were infected with Control and TNFAIP1 lentivi-
ral particles with a multiplicity of infection (MOI) of 50 to 100 and then
selected with 4 p.g/ml puroMycin (Gibco) to generate MHCC97H—Con-
trol and MHCC97H-TNFAIP1 stable cell lines, respectively. SMMC7721
cells were infected with shControl and shTNFAIP1 lentiviral particles to
generate SMMC7721-shControl and SMMC7721-shTNFAIP1 stable cell
lines, respectively. HUVECs were infected with Control lentiviral,
TNFAIP1 lentiviral, shControl lentiviral, and shTNFAIP1 lentiviral par-
ticles to generate HUVEC— Control, HUVEC-TNFAIP1, HUVEC-shControl
and HUVEC-shTNFAIP1 stable cell lines. The selected stable cells were
used for experiments. The target sequences for shTNFAIP1 were as fol-
lows: shTNFAIP1-1, 5'- TGGGCAACAAGTATGTCCAGCTCAA; shTNFAIP1-
2, 5- CGTGCTCTTCATCAAGGATGT-3’; shTNFAIP1-3 5'- GCAACAAG-
TATGTCCAGCTCA —3'. The target sequences for shCul3 were as follows:
shCul3-1 5-TTGACGTGAACTGACATCCACATTC-3"; shCul3-2 5'-TACA-
TATGTGTATACTTTGCGATCC-3'. The target sequences for shCSNK2B
were as follows: 5'-TGGTTTCCCTCACATGCTCT-3'.

2.5. RNA isolation and quantitative real-time polymerase chain reaction
(RT-qPCR)

Total RNA was extracted from cultured cells or tissues using Trizol
Reagent (Invitrogen, USA). Purified RNA (1 wg) was reversely tran-
scribed into ¢cDNA with PrimeScript™ RT reagent Kit with gDNA
Eraser (Takara, Japan) after determining the concentration by Nano-
drop2000 (Thermofisher, USA). RT-qPCR was analyzed with the SYBR
PrimeScript RT-qPCR Kit (Takara, Japan) for 40 cycles at 95 °C for 5,
60 °C for 30 s in 7900HT Fast RT-qPCR System (Applied Biosystems).
The primers of TNFAIP1, RhoB, Bcl2, Bcl-XL, CCND1, MMP2, MMP9,
VEGF and B-actin were shown in Supplementary Table S1. The rela-
tive transcript levels of the target gene were given by 2~ method
using S-actin as an internal control.

2.6. Western blot analysis

Tissues and treated cells were harvested and lysed in RIPA buffer
containing a protease inhibitor cocktail (1:100). Total protein was
extracted and the concentration was determined by the BCA method
(Thermofisher, USA). And then equal amounts of total protein were
separated by 12% SDS-PAGE and transferred onto polyvinylidene
difluoride (PVDF) membranes (Millipore, USA). The membranes were
blocked, washed (4 x 10 min), and incubated with the primary anti-
bodies which were shown in Supplementary Table S2. Protein bands
were washed (4 x 10 min) and then incubated with secondary anti-
mouse or anti-rabbit peroxidase-linked antibodies (KPL, USA). Pro-
tein bands were then washed (4 x 10 min) and visualized using an
enhanced chemiluminescence assay kit (SuperSignal PierceBiotech-
nology, USA). Three replicates were performed for all Western blot
analysis.

2.7. Immunohistochemistry and scoring

Liver and xenograft tissues were fixed by 4% paraformaldehyde,
then, paraffin-embedded for immunohistochemical study as previ-
ously described [22]. The primary antibodies used in immunobhis-
tochemistry were shown in Supplementary Table S2. The stained
tumors were quantified using a scoring system from 0 to 10, in which
a score greater than 3 was defined as high expression and a score less

than 3 as low expression. The score was calculated by multiplying
the intensity of signals with the percentage of positive cells. The sig-
nal intensity was scored as no signal (0), weak signal (1), moderate
signal (2), and strong signal (3). The percentage of positive cells was
also scored as 0% (0), 1-25% (1), 25—-50% (2), and >50% (3) [22,23].

2.8. Immunofluorescence

MHCC97H—Control, MHCC97H-TNFAIP1, SMMC7721-shControl
and SMMC7721-shTNFAIP1 stable cell lines were seeded into 24-well
culture plate with glass covers. After 48 h, cells were fixed with 4%
formaldehyde and subjected to permeabilization with 0.2% Triton X-
100. The cells blocked with 1% BSA and incubated with the indicated
antibodies which were shown in Supplementary Table S2, followed
by marking nuclei with DAPI (Beyotime Biotechnology, China).
Images were captured using Diaphot Inverted Microscope Camera
System (Leica) [24].

2.9. Co-Immunoprecipitation (Co-IP) assay

Co-Immunoprecipitation assay was performed as previously
described [8]. Briefly, cells were collected and lysed in 1% NP-40
buffer (250 mM NacCl, 1% NP-40, 50 mM HEPES, 5 mM EDTA) at 48 h
post-transfection. Lysates were centrifuged for 10 min at 14,000 g,
and the supernatant was precleared with Protein A/G beads (Santa
Cruz). After centrifugation, the precleared supernatant was incubated
with indicated antibodies against TNFAIP1, CSNK2B, Myc, HA (shown
in Supplementary Table S2) and pre-immune mouse IgG (Cell Signal-
ing Technology) served as negative control overnight at 4 °C. The fol-
lowing day, protein complexes were added with 50 .l of Protein A/G
beads and incubated for 3 h at room temperature. The collected pro-
tein complexes were washed 5 times with RIPA buffer and separated
by 12% SDS-PAGE, and then analyzed by immunoblotting with
TNFAIP1, CSNK2B, Myc and HA antibody.

2.10. LC-MS/MS assay

For liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis, MHCC97H cells transfected with Myc-tagged TNFAIP1
plasmid and subjected to incubation with anti-Myc antibody. The
potential TNFAIP1-binding proteins were pulled down by Co-IP and
performed with LC-MS/MS analysis. Briefly, the proteins solution,
pulled down by Co-IP, was separated by 12% SDS-PAGE. After electro-
phoresis, the protein gel was sliced and washed with acetonitrile
(ACN) and followed by natural drying. The drying protein gel pieces
were reduced with 10 mM DTT for 40 min at 56 °C and subsequently
alkylated with 50 mM IAM for 30 min in the dark. And then the pro-
tein gel pieces were digested with trypsin (Gibco) overnight at 37 °C.
After digestion, the peptides were extracted with 0.1% formic acid
(FA) and desalted with C18 cartridge and dried by vacuum centrifu-
gation. The Orbitrap Q Exactive HF-X mass spectrometer (Thermo
Fisher) and EASY-nLCTM 1200 UHPLC system (Thermo Fisher) was
used to identify the peptides according to the standard protocols
[25]. The raw and msfsearch document of LC-MS/MS analysis for
identifying TNFAIP1-interaction proteins have been uploaded to Pro-
teomeXchange (ID: PXD016378).

2.11. Protein purification and GST pull-down assay

GST-TNFAIP1(1-316), GST-TNFAIP1-N terminal (1-96), GST-
TNFAIP1-C terminal (97—316), GST and His-CSNK2B fusion proteins
were expressed in BL21 (DE3) Escherichia coli cells, induced by
0.1 mM isopropyl-S-p-thiogalactoside (IPTG) at 37 °C for 3 h. Purifica-
tion of GST fusion proteins and His-fusion proteins were performed
as previously described [26]. For GST pull-down assay, equal amounts
(5 ng) of GST and GST-fused indicated regions of TNFAIP1 protein
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were incubated with 50 wl glutathione-Sepharose 4B beads. The
coated beads were then incubated with purified His-CSNK2B protein
(5 pg) for 2 h at 4°C. After being washed with PBS, the sample was
denatured and analyzed by immunoblotting with indicated antibod-
ies (Supplementary Table S2).

2.12. Ubiquitination assay

MHCC97H cells were infected with shTNFAIP1 and shControl len-
tiviral particles or HEK293FT was transfected with His-ubiquitin, His-
Cul3, HA-CSNK2B, Rbx1 and Myc-TNFAIP1 plasmid for 48 h, and then
treated with 25 mM MG132 for 4 h. Cells were harvested and lysed in
1% NP-40 buffer for 30 min on ice. The lysates were centrifuged and
the supernatants were incubated with HA antibody (Cell Signaling
Technology) overnight at 4 °C. The following day, protein complexes
were added with 50 wl of Protein A/G beads and incubated for 3 h at
room temperature. The immunoprecipitates were washed five times
with PBS, denatured and analyzed by immunoblotting with ubiquitin
antibody (Cell Signaling Technology) and other indicated antibodies
(Supplementary Table S2).

2.13. Cell proliferation and TUNEL assays

MHCC97H-TNFAIP1, MHCC97H—Control, SMM(C7221-shTNFAIP1
and SMMC(C7221-shControl stable cell lines were seeded into 96-well
culture plate and incubated with CCK8 solution (1:100, MCE, China)
for 4h. MHCC97H and SMMC7721 were infected with TNFAIP1,
TNFAIP1/CSNK2B or Control lentiviral particles to generate
MHCC97H-TNFAIP1, = MHCC97H-TNFAIP1-CSNK2B, = SMMC7721-
TNFAIP1, SMMC7721-TNFAIP1-CSNK2B and Control stable cells, and
were seeded into 96-well culture plate for 48 h, and then incubated
with CCK8 solution (1:100, MCE, China) for 4 h. The absorption of the
culture medium was measured using a multi-wavelength measure-
ment system (Thermo Fisher, USA) at 490 nm. Cell apoptosis assay
was performed using the Dead End Fluorometric TUNEL System
(Roche, Germany), as previously described [27].

2.14. Transwell migration and invasion assays

The migration assays were conducted using an 8 pum transwell
apparatus (Merckmillipore, USA) as described [28]. For cell invasion
assay was determined by using an 8 wm BD Matrigel-coated invasion
chamber (BD Bioscience, USA). Cells in serum-free medium (200 pl,
2 x 10* cells) were added to the upper chamber, while culture
medium (600 jl) was placed in the lower chamber. Eighteen hours
later, filters were fixed with 4% formaldehyde and stained with 0.4%
crystal. Migrated and invaded cells on the underside of the filters
were photographed and counted in five random fields of each filter.

2.15. Tube formation assay

The tube formation assay was performed by keeping 24-well cul-
ture plates on ice and coated with 200 .l of chilled Corning Matrigel
Matrix (BD Biosciences, USA) per well. Incubate plates at 37 °C for
30 min, where it would polymerize. A volume of 200 pl of 1.2 x 10°
cells of HUVEC—Control, HUVEC-TNFAIP1, HUVEC-shControl,
HUVEC-shTNFAIP1 stable cells were seeded onto matrigel-coated
plates. After 16 h, tubules were captured using Diaphot Inverted
Microscope Camera System (Leica) and the length and the number of
branch points was quantified for using NIH Image ] software.

2.16. Lung metastasis assays
In vivo lung metastasis assays were estimated by tail vein

injection, MHCC97H-TNFAIP1 stable cells (2 x 10°) or SMMC7721-
shTNFAIP1 stable cells (2 x 10%) and control stable cells were

injected into 4-week-old female nude mice (n=7 mice/group) tail
vein, respectively. After 6 weeks, the mice were sacrificed and
the lungs were excised, the occurrence of lung metastasis was
counted and analyzed by Hematoxylin and Eosin (HE) staining
[29].

2.17. Invivo functional assay

The MHCC97H-TNFAIP1 stable cells (0.5x107) and
SMMC7721-shTNFAIP1 stable cells (0.5 x 107) were injected sub-
cutaneously into the back of 4-week-old BALB/c female nude
mice (n=5 mice/group, Hunan Slaccas Jingda, China), respectively.
The control group was injected with SMMC7721-shcontrol stable
cells or MHCC97H-control stable cells. The length and width of
the tumors were measured weekly with a vernier caliper. Primary
tumor volume was calculated with the formula: vol-
ume = width? x length/2. After 6 weeks, the nude mice were sacri-
ficed and tumors were measured, photographed and weighed. All
mouse experiments were approved by Hunan Normal University
Animal Care and Use Committee.

2.18. Statistical analysis

Statistical analyses were performed with SPSS 13.0 (SPSS, Inc.,
Chicago, IL, USA). Data are shown as means 4+ SEM. The association
between TNFAIP1 expression and HCC patients’ clinicopathological
variables were analyzed using Pearson's x2 test. For comparisons of 2
groups, a 2-tailed Student’s t-test was used. Comparisons of multiple
groups were performed by using one-way analysis of variance
(ANOVA) followed by Dunnett's post hoc test. All experiments were
repeated at least 3 times. Statistical significance was concluded at *P
< 0.05, **P < 0.01, ***P < 0.001.

3. Results
3.1. TNFAIP1 expression is reduced in HCC tissues and cell lines

To detect the level of TNFAIP1 in HCC, we collected 80 pairs of
HCC tumor tissues and peritumor tissues from the Second Xian-
gya Hospital of Central South University. Western blot analysis
showed that TNFAIP1 protein levels in HCC tumor tissues were
remarkably lower than that in paired peritumor tissues (Fig. 1a
and b). This observation was further confirmed by immunohisto-
chemical (IHC) staining with the anti-TNFAIP1 antibody. Consis-
tently, the intensity of positively stained tumor tissues and the
staining score of TNFAIP1 were decreased gradually along with
the increased tumor histological grade (I, II, and III) (Fig. 1c
and e); and staining score analysis also displayed that TNFAIP1
expression was significantly lower in HCC tissues than that in
peritumor tissues (Fig. 1d). Moreover, TNFAIP1 expression was
negatively correlated with the histological grade of HCC (Pear-
son’s correlation coefficient, —0.6129, P < 0.0001, Fig. 1f). Fur-
thermore, we also found that TNFAIP1 expression was
significantly lower in hepatocellular carcinoma with lymph nodes
metastasis tissues (Supplementary Figurel). Clinicopathological
association analyses of the 80 HCCs revealed that TNFAIP1
expression was significantly associated with tumor size (Pearson's
X2 test, P < 0.05), tumor stage (Pearson's x2 test, P < 0.05) and
tumor differentiation (Pearson's x2 test, P<0.01) (Table 1). Next,
the expression of TNFAIP1 in HCC cell lines was detected. The
results showed that the HCC cell lines, including HepG2, Bel-
7402, Hep3B, SMMC7721, and MHCC97H, displayed significantly
lower mRNA and protein levels than normal liver cells LO2
(Fig. 1g and h). These results suggest that TNFAIP1 expression is
decreased in HCC tissues and cell lines.
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Fig. 1. TNFAIP1 is low-expressed in human HCC specimens and cell lines. a. Western blot analysis of TNFAIP1 protein expression in HCC peritumor tissues and tumor tissues, S-actin
was used as a loading control. b. The protein expression of TNFAIP1 (normalized according to the expression of S-actin) in peritumor tissues and tumor tissues was quantified
(***P<0.001, Student's t-test). c. Representative photograph of TNFAIP1 protein expression in peritumor and HCC tumor tissues. Scale bar, 50 wm. d. Quantitative analysis of the
staining score of TNFAIP1 in peritumor tissues and HCC tumor tissues (***P < 0.001, Student’s t-test). e. Quantitative analysis of the staining score of TNFAIP1 in different tumor
grades of human HCC (**P < 0.01, ***P < 0.001, Student’s t-test). f. SigmaPlot software was used to analyze the correlation between the staining score of TNFAIP1 and HCC grade
(Pearson'’s correlation coefficient, —0.6129, ***P<0.0001). g. RT-qPCR was used to analyze the mRNA level of TNFAIP1 in a normal hepatocyte cell line (LO2) and human HCC cell lines
(HepG2, Bel7402, Hep3B, SMMC(C7721 and MHCC97H) (**P < 0.01, one-way ANOVA). h. Western blot analysis of TNFAIP1 protein expression in a normal hepatocyte cell line (LO2)
and five human HCC cell lines (HepG2, Bel7402, Hep3B, SMMC7721 and MHCC97H). B-actin was used as a loading control. Data are presented as means + SEM. P-values were deter-

mined by two-tailed Student’s t-test or one-way ANOVA (**P < 0.01, ***P < 0.001).

3.2. TNFAIP1 inhibits HCC cell proliferation and tumorigenicity, and
induces HCC cell apoptosis

The expression of TNFAIP1 is significantly lower in HCC tissues
and cells, implying that TNFAIP1 may negatively regulate HCC cell
proliferation and tumorigenicity. To investigate the role of TNFAIP1
in HCC cell, lentivirus-mediated TNFAIP1 overexpression and a short
hairpin RNA (TNFAIP1-shRNA) vector were respectively introduced

into highly invasive MHCC97H cells and less invasive SMMC7721
cells, to generate MHCC97H—Control, MHCC97H-TNFAIP1,
SMMC7721-shControl and SMMC7721-shTNFAIP1 stable cell lines.
RT-qPCR and Western blot assay confirmed that TNFAIP1 was over-
expressed in MHCC97H cells (Fig. 2a and b) and was knocked down
in SMMC7721 cells (Fig. 2a and b). Next, Cell Counting Kit-8 (CCK8)
assay was performed to test the effect of TNFAIP1 on HCC cell prolif-
eration. The results indicated that overexpression of TNFAIP1
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Table 1
Analysis of correlation between TNFAIP1 expression and clinicopathologi-
cal factors in HCC.

Characteristics TNFAIP1 Expression (%) p value
High (n=33) Low(n=47) Total
Age (years) 0.353
<49 14 23 37
>49 19 24 43
Gender 0.236
Male 28 40 68
Female 5 7 12
Tumor size (cm)
<5 8 16 24 0.037
>5 25 31 56
Tumor stage
I/ 27 26 53 0.014
11 6 21 27
Differentiation
Well 24 30 54 0.008
poor 9 17 26

inhibited proliferation in MHCC97H cells (Fig. 2c), and the knock-
down of TNFAIP1 increased proliferation in SMMC7721 cells (Fig. 2c).
To investigate the effect of TNFAIP1 on tumor growth, we constructed
a xenograft tumor mouse model by subcutaneous injection of
MHCC97H-TNFAIP1 and SMMC7721-shTNFAIP1 stable cells, infected
with lentivirus expressing TNFAIP1 or shTNFAIP1-3 (with best inter-
ference effect, Fig. 2a), respectively, into nude mice (n=5 mice/
group). The results showed that the growth rate and the average
weights of the tumors derived from MHCC97H-TNFAIP1 stable cells
were significantly slower and lighter than tumors derived from con-
trol cells (Fig. 2d and e). Conversely, the knockdown of TNFAIP1 in
SMMC7721-shTNFAIP1 stable cells significantly accelerated the
growth of xenograft tumors and increased tumor weight (Fig. 2f and
g) compared with the control cells. To further verify the role of
TNFAIP1 in proliferation, xenograft tumors induced by MHCC97H-
TNFAIP1 stable cells or SMMC7721-shTNFAIP1 stable cells were
stained with Ki67 IHC staining. The results confirmed that the
TNFAIP1 overexpression markedly decreased the expression of the
proliferation marker, Ki67, in MHCC97H-TNFAIP1-derived xenografts
compared to the control tissues (Fig. 2h and i); whereas, the knock-
down of TNFAIP1 resulted in upregulation of Ki67 in SMMC7721-
ShTNFAIP1-derived xenografts compared to the control tissues
(Fig. 2h and i). These results indicate that TNFAIP1 inhibits prolifera-
tion and the tumorigenic ability of HCC cell.

Previous studies indicate that TNFAIP1 plays an important role in
cell apoptosis [9,14,30]. In this study, we found that the overexpres-
sion of TNFAIP1 promoted apoptosis in MHCC97H-TNFAIP1 stable
cells compared with the control cells by TUNEL assay (Fig. 2j and k).
Conversely, the opposite results were found in SMMC7721-
SshTNFAIP1 stable cells (Fig. 2j and k). Subsequently, RT-qPCR and
Western blot assay were used to detect apoptosis-related genes and
proteins in both SMMC7721 and MHCC97H stable cells. Not surpris-
ingly, MHCC97H-TNFAIP1 stable cells showed increased levels of
Cleaved-caspase3, but decreased levels of anti-apoptotic Bcl-XL and
Bcl-2, in comparison to the control cells (Fig. 21 and m). Whereas, the
knockdown of TNFAIP1 markedly decreased Cleaved-caspase3 levels,
but increased Bcl-XL and Bcl-2 levels in SMMC7721-shTNFAIP1 stable
cells, compared to the control cells (Fig. 21 and m). However, the
expression of Bax was not changed in MHCC97H-TNFAIP1 stable cells
or in SMMC7721-shTNFAIP1 stable cells compared with the control
cells (Fig. 21 and m). These data indicate that TNFAIP1 is a potent
inducer of apoptosis in HCC cell, and that this apoptosis involves the
caspase-related pathway. Interestingly, we also found that TNFAIP1
markedly increased the mRNA and protein expression levels of RhoB
(Fig. 21 and m), which has been reported to promote apoptosis of

HelLa cells via interaction with TNFAIP1 [9], implying that RhoB may
also be involved in TNFAIP1-induced apoptosis of HCC cell.

3.3. TNFAIP1 inhibits HCC cell migration, invasion, and metastasis in
vitro and in vivo

To further examine whether TNFAIP1 suppresses migration and
invasion of HCC cell, a transwell assay was performed. The results
showed that the number of migrated and invaded cells in the
MHCC97H-TNFAIP1 group was significantly lower than that in the
control group (Fig. 3a and b); whereas, the number of migrated and
invaded cells in the SMMC7721-shTNFAIP1 group was significantly
increased compared with the control group (Fig. 3c and d), indicating
that TNFAIP1 inhibits HCC cell migration and invasion. To further
investigate the role of TNFAIP1 in regulating migration and invasion
of HCC cell in vivo, MHCC97H-TNFAIP1 and SMMC7721-shTNFAIP1
stable cell lines were respectively intravenously injected into
4-week-old female nude mice through the tail vein. Six weeks after
injection, all the mice were sacrificed and their lungs were removed.
The number of metastatic nodules on the surface of mouse lungs was
counted and lung sections were stained using a hematoxylin and
eosin (HE) staining kit. Lung metastatic nodules were fewer and
smaller in MHCC97H-TNFAIP1-derived lung tissues than that in the
control group (Fig. 3e and f); however, mice injected with
SMMC7221-shTNFAIP1 stable cells showed a higher number and
larger lung metastatic nodule than the control group (Fig. 3g and h).
The expression of TNFAIP1 in lungs of nude mice was confirmed by
RT-qPCR. The result showed that TNFAIP1 was overexpressed in
MHCC97H-TNFAIP1-derived nude mice and was knocked down in
SMMC7721-shTNFAIP1-derived nude mice (Fig. 3i). All nude mice liv-
ers had no obvious morphological changes (the data are not shown).
Taken together, these findings indicate that TNFAIP1 inhibits HCC cell
migration, invasion, and metastasis in vitro and in vivo.

Because the ability of cell proliferation and invasion is closely
associated with the expression of cyclin D1 (CCND1) and matrix met-
alloproteinases (MMPs), we then examined the expression levels of
CCND1, MMP2, and MMP9 in MHCC97H-TNFAIP1 stable cells and
SMMC7221-shTNFAIP1 stable cells, respectively. Compared with the
vector control, the mRNA and protein levels of CCND1, MMP2, and
MMP9 were significantly decreased in MHCC97H-TNFAIP1 stable
cells, but were increased in SMMC7221-shTNFAIP1 stable cells
(Fig. 3j and k). To further confirm the results, xenograft tumors
induced by MHCC97H-TNFAIP1 stable cells or SMMC7721-shTNFAIP1
stable cells were stained with CCND1, MMP2, MMP9, and TNFAIP1
antibodies. The results showed that there were markedly lower levels
of CCND1, MMP2, and MMP9 in MHCC97H-TNFAIP1-derived xeno-
grafts than the control tissues (Fig. 31). However, much higher levels
of CCND1, MMP2, and MMP9 were found in SMMC7721-shTNFAIP1-
derived xenografts than in the control tissues (Fig. 31). Similar results
were observed by western blot analysis (Fig. 3m). These results indi-
cate that TNFAIP1 inhibits HCC cell proliferation, migration, and inva-
sion through downregulation of CCND1, MMP2, and MMP9.

3.4. TNFAIP1 inhibits HCC angiogenesis and decreases vascular
endothelial growth factor (VEGF) expression in vitro and in vivo

To investigate whether TNFAIP1 was involved in HCC-induced
angiogenesis, xenograft tumors induced by MHCC97H-TNFAIP1 sta-
ble cells or SMMC7721-shTNFAIP1 stable cells were IHC stained with
CD31 antibody. The results demonstrated that significantly lower
blood vessel density was observed in MHCC97H-TNFAIP1-derived
xenografts than the control tissues (Fig. 4a). In addition, the knock-
down of TNFAIP1 significantly increased the blood vessel density in
SMMC7721-shTNFAIP1-derived xenografts compared with the con-
trol tissues (Fig. 4b). To further verify the role of TNFAIP1 in tumor
angiogenesis, tube formation was conducted with HUVECs cells.
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Fig. 2. The effect of TNFAIP1 on HCC cell proliferation, apoptosis and tumor growth. a. RT-qPCR analysis of the mRNA level of TNFAIP1 in MHCC97H cells infected with TNFAIP1 or
the control lentivirus (left) (***P<0.001, Student's t-test) and in SMMC7721 cells infected with shTNFAIP1 or shControl lentivirus (right) (*P < 0.05, **P < 0.01, one-way ANOVA). b.
Western blot analysis of TNFAIP1 protein expression in MHCC97H infected with TNFAIP1 or the control lentivirus (upper) and in SMMC7721 cells infected with ShTNFAIP1 or shCon-
trol lentivirus (lower). c. CCK8 assay was used to determine cell proliferation in MHCC97H cells infected with TNFAIP1 or the control lentivirus (left) (**p<0.01, Student’s t-test) and
in SMMC7721 cells infected with shTNFAIP1 or shControl lentivirus (right) (**p < 0.01, one-way ANOVA) at 24, 48, 72 and 96 h. d. Representative photographs of the tumors at 6
weeks after injection with MHCC97H-TNFAIP1 or Control stable cells (n=5/group). e. Tumor weight and tumor volume of nude mice subcutaneous injected with MHCC97H-
TNFAIP1 or MHCC97H—Control stable cells were measured (n =5/group) (**P<0.01, Student's t-test). f. Representative photographs of the tumors at 6 weeks after injection with
SMMC7721-shTNFAIP1 or shControl stable cells (n =5/group). g. Tumor weight and tumor volume of nude mice subcutaneous injected with SMMC7721-shTNFAIP1 or SMMC7721-
shControl stable cells were measured (n =5/group) (*P<0.05, Student's t-test). h. Immunostaining of xenograft tumors from MHCC97H-TNFAIP1 and MHCC97H—Control groups
(upper) or from SMMC7721-shTNFAIP1 and SMMC7721-shControl groups (lower) were conducted using a specific anti-Ki67 antibody, Scale bars, 25 pwm. i. The Ki67-positive cells
were quantitatively analyzed in MHCC97H-TNFAIP1 and MHCC97H—Control groups (left) (***P<0.001, Student's t-test) or in SMMC7721-shTNFAIP1 and SMMC7721-shControl
groups (Right), (**P<0.01, Student's t-test) (n=5). j. TUNEL assay to determine cell apoptosis in MHCC97H cells infected with TNFAIP1 or the control lentivirus (upper) and in
SMMC7721 cells infected with shTNFAIP1 or shControl lentivirus (lower). Scale bar, 25 wm. k. Quantitative analysis of TUNEL staining in MHCC97H cells infected with TNFAIP1 or
the control lentivirus (**P<0.01, Student's t-test) and in SMMC7721 cells infected with shTNFAIP1 or shControl lentivirus (**P<0.01, Student's t-test). . RT-qPCR analysis of the
mRNA level of TNFAIP1, RhoB, Bcl-XL and Bcl-2 in MHCC97H cells infected with TNFAIP1 or the control lentivirus and in SMMC7721 cells infected with ShTNFAIP1 or shControl len-
tivirus (*P<0.05, **P<0.01 and ***P<0.001, Student's t-test). m. Western blot analysis of the expression of Cleaved-caspase3, Bcl2, Bcl-XL, Bax, RhoB and TNFAIP1 in MHCC97H
infected with TNFAIP1 or the control lentivirus and in SMMC7721 infected with ShTNFAIP1 or shControl lentivirus. Data are presented as means =+ SEM from triplicate independent
experiments. P-values were determined by two-tailed Student’s t-test or one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001).

RT-qPCR and Western blot assay showed that TNFAIP1 was overex- tubes were significantly decreased compared with the control group
pressed or was knocked down in HUVECs cells by infected with (Fig. 4c). In contrast, shTNFAIP1 lentivirus infected HUVECs cells
TNFAIP1 lentivirus or shTNFAIP1 lentivirus (Supplementary Figure S2 showed the increased ability of tube formation compared with the
a-d). We found that TNFAIP1 overexpression inhibited the capillary control group (Fig. 4d). Subsequently, RT-qPCR and Western blot
tube formation, as the number of branch points and the length of analysis was used to examine the expression of VEGF, an important
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Fig. 3. TNFAIP1 regulates HCC cell migration, invasion and metastasis in vitro and in vivo. Cell migration and invasion assay for MHCC97H cells infected with TNFAIP1 or the control lentivi-
rus using transwell membranes. a. The migrated and invaded MHCC97H cells were stained with crystal violet. Scale bars, 25 pm. b. The number of migration and invasion of MHCC97H
cells was counted and analyzed in five random fields of each filter (**P < 0.01, ***P < 0.001, Student's t-test). Cell migration and invasion assay for SMMC7721 cells infected with ShTNFAIP1
or shControl lentivirus using transwell membranes. c. The migrated and invaded SMMC7721 cells were stained with crystal violet. Scale bars, 25 pm. d. The number of migration and inva-
sion of SMMC7721 cells was counted and analyzed in five random fields of each filter (**P < 0.01, ***P < 0.001, Student's t-test). e. Photomicrographs of metastatic lung nodules in nude
mice by tail-vein injection of MHCC97H-TNFAIP1 and Control stable cells. The arrows indicate the metastatic nodes on the surface of the lung (n = 7/group). f. Lung nodules were stained
by hematoxylin and eosin (H&E) staining kit and the number of lung metastatic foci in each group was calculated (n=7) (**P<0.01, Student's t-test). Scale bar, 200 wm. g. Photomicro-
graphs of metastatic lung nodules in nude mice by tail-vein injection of SMMC7721-shTNFAIP1 and shControl stable cells. The arrows indicate the metastatic nodes on the surface of the
lung (n=7/group). h. Lung nodules were stained by H&E staining kit and the number of lung metastatic foci in each group was calculated (n=7) (**P < 0.01, Student’s t-test). Scale bar,
200 wm. i. RT-qPCR analysis of the mRNA level of TNFAIP1 in lungs of nude mice (***P < 0.001, Student’s t-test). j. RT-qPCR analysis of the mRNA level of CCND1, MMP2, MMP9 and
TNFAIP1 in MHCC97H cells infected with TNFAIP1 or the control lentivirus and in SMMC7721 cells infected with shTNFAIP1 or shControl lentivirus (**P < 0.01, ***P < 0.001, Student's t-
test). k. Western blot analysis of the protein expression of CCND1, MMP2, MMP9 and TNFAIP1 in MHCC97H infected with TNFAIP1 or the control lentivirus and in SMMC7721 infected
with shTNFAIP1 or shControl lentivirus. . Immunostaining of xenograft tumors from MHCC97H-TNFAIP1, MHCC97H— Control, SMMC7721-shTNFAIP1 and SMMC7721-shControl groups
were conducted using a specific anti-CCND1, MMP2, MMP9 or TNFAIP1 antibodies (DAB staining, brown) and counterstained with haematoxylin (blue) (n = 5/group). Scale bar, 25 wm. m.
Western blot was performed on the same tumor samples for detection of CCND1, MMP2, MMP9 and TNFAIP1. Data are presented as means + SEM from triplicate independent experi-
ments. P-values were determined by two-tailed Student’s t-test (**P < 0.01, ***P < 0.001).

shTNFAIP1 stable cells compared with control cells (Fig. 4e and f).
The results were further confirmed by IHC and Western blot analysis
in MHCC97H-TNFAIP1 and SMMC7721-shTNFAIP1 stable cell-derived
xenograft tumors (Fig. 4g and h). These results indicate that TNFAIP1
inhibits angiogenesis in vitro and in vivo.

angiogenesis-associated growth factor [31] in MHCC97H-TNFAIP1
and SMMC7721-shTNFAIP1 stable cells. The results showed that the
mRNA and protein levels of VEGF were decreased in MHCC97H-
TNFAIP1 stable cells compared to the control cells (Fig. 4e and f).
However, a higher level of VEGF was detected in SMMC7721-
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Fig. 4. TNFAIP1 regulates angiogenesis in vitro and in vivo. a. Tumors from MHCC97H-TNFAIP1 and MHCC97H—Control groups were immunostained with CD31, and the microves-
sel density (MVD) was calculated in tumors from each group (n = 5/group) (**P < 0.01, Student’s t-test). Scale bars, 25 pwm. b. Tumors from SMMC7721-shTNFAIP1 and SMMC7721-
shControl groups were immunostained with CD31, and the microvessel density (MVD) was calculated in tumors from each group (n=5/group) (*P < 0.05, Student’s t-test). Scale
bars, 25 pm. c¢. HUVEC cells were infected with TNFAIP1 or control lentivirus respectively. The tube formation was observed under a Diaphot Inverted Microscope Camera System
(Leica). The number of branch points and the length of tubes were quantified by counting five random fields (**P<0.01, Student's t-test). Scale bars, 100 m. d. HUVEC cells were
infected with ShTNFAIP1 or shControl lentivirus respectively. The tube formation was observed under a Diaphot Inverted Microscope Camera System (Leica). The number of branch
points and the length of tubes were quantified by counting five random fields (*P < 0.05, **P<0.01, Student’s t-test). Scale bars, 100 wm. e. RT-qPCR analysis of the mRNA levels of
VEGF and TNFAIP1 in MHCC97H cells infected with TNFAIP1 or the control lentivirus and in SMMC7721 cells infected with shTNFAIP1 or shControl lentivirus (**P < 0.01, ***P <
0.001, Student’s t-test). f. Western blot analysis of the protein expression of VEGF and TNFAIP1 in MHCC97H infected with TNFAIP1 or the control lentivirus and in SMMC7721
infected with shTNFAIP1 or shControl lentivirus. g. Immunostaining of tumors from MHCC97H-TNFAIP1, MHCC97H—Control, SMMC7721-shTNFAIP1 and SMMC7721-shControl
groups were conducted using a specific anti-VEGF and TNFAIP1 antibody (DAB staining, brown) and counterstained with haematoxylin (blue) (n = 5/group). h. Western blot analysis
was performed on the same tumor samples for detection of VEGF and TNFAIP1 expression. Data are presented as means + SEM from triplicate independent experiments. P-values
were determined by two-tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001).

3.5. TNFAIP1 inhibits HCC progression by blocking the trans-activation
of NF-kB

suppresses the transcriptional activities of NF-xB in HEK293FT [21]
and uterine cancer [13] cells, implying that TNFAIP1 may also inhibit
the trans-activation of NF-«B in HCC cell. In this study, we found that
the NF-«B reporter activities were significantly inhibited in
MHCC97H-TNFAIP1 stable cells, but significantly increased in

CCND1, MMP2, MMP9, and VEGF had been reported to be NF-«B
target genes [32—35], and our previous study suggested that TNFAIP1
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SMMC7721-shTNFAIP1 stable cells compared with the control cells
(Fig. 5a). Moreover, immunofluorescence staining showed that p65
nuclear signals were markedly decreased in MHCC97H-TNFAIP1 sta-
ble cells (Fig. 5b), but dramatically increased in SMMC7721-
shTNFAIP1 stable cells (Fig. 5¢). Subsequently, we sought to deter-
mine how TNFAIP1 inhibits the trans-activation of NF-«B in HCC cell.
The results showed that MHCC97H-TNFAIP1 stable cells displayed
the decreased expression of p-p65, p-IkBa, and p-IKKe/B, but
increased expression of l«Be, in comparison to the control cells. In
contrast, the knockdown of TNFAIP1 resulted in the increased levels
of p-p65, p-lkBa and p-IKKe/B, but a reduction of IkBa in
SMMC7721-shTNFAIP1 stable cells, compared with the control cells
(Fig. 5d). Similar results were found in the xenograft tumors induced
by MHCC97H-TNFAIP1 stable cells and SMMC7721-shTNFAIP1 stable
cells (Fig. 5e). These data indicate that TNFAIP1 decreases the phos-
phorylation of IKKx/B and IxBe, prevents the degradation of IxBo
and the phosphorylation of p65, and eventually leads to the inhibi-
tion of the trans-activation of NF-«B.

Various lines of evidence suggest that NF-kB promotes HCC cell
proliferation, migration, invasion, and angiogenesis through upregu-
lation of CCND1, MMP2, and VEGF expression by binding to their pro-
moter regions [32-35]. Based on our observation that TNFAIP1
suppresses the trans-activation of NF-«B, we reasoned that TNFAIP1
might inhibit HCC cell proliferation, migration, invasion, and angio-
genesis by blocking the trans-activation of NF-«B. To prove our
hypothesis, MHCC97H and SMMC7721 cell were infected with
shTNFAIP1 and shControl lentiviral particles to generate MHCC97H-
ShTNFAIP1 and SMMC7721-shTNFAIP1 stable cells, and treated with
pyrrolidine dithiocarbamic acid (PDTC, a NF-«B inhibitor) for 48 h.
After 48 h, the mRNA levels of CCND1, MMP2, and VEGF were deter-
mined. The results showed that the knockdown of TNFAIP1 upregu-
lated the mRNA levels of CCND1, MMP2, and VEGF, but the effect was
largely abolished after treatment with PDTC (Fig. 5f and g). Taken
together, these findings indicate that TNFAIP1 inhibits HCC progres-
sion by blocking the trans-activation of NF-«B.

3.6. TNFAIP1 interacts with CSNK2B and promotes its ubiquitin-
mediated degradation and suppresses CSNK2B-dependent NF-«kB trans-
activation

To further elucidate the molecular mechanism underlying the
inhibitory effect of TNFAIP1 on the trans-activation of NF-«B, Co-IP
assay coupled with LC-MS/MS assay was used to identify TNFAIP1-
interaction proteins in HCC cells. CSNK2B, a regulatory subunit of
CK2 was identified (Fig. 6a). Interestingly, our previous study had
reported that CSNK2B was implicated in binding and phosphoryla-
tion of TNFAIP1 [20], indicating that CSNK2B is an important
TNFAIP1-associated protein. The interaction between endogenous
TNFAIP1 and CSNK2B in MHCC97H cells (Fig. 6b) or tagged TNFAIP1
and CSNK2B in HEK293FT cells (Fig. 6¢) was verified by Co-IP. Fur-
thermore, the glutathione S-transferase (GST) pull-down assay
showed that the region spanning residues 97—316 of TNFAIP1 was
required for the direct interaction with CSNK2B (Fig. 6d). Taken
together, these results indicate that TNFAIP1 directly interacts with
CSNK2B.

To investigate whether TNFAIP1 regulates CSNK2B protein levels,
TNFAIP1 plasmid was transfected into MHCC97H cells in a dose-
dependent manner. Western blot analysis indicated that TNFAIP1
dose-dependently decreased CSNK2B protein expression in
MHCC97H cells (Fig. 6e). To investigate whether TNFAIP1 induces
CSNK2B degradation by affecting its protein stability, the protein
half-life of CSNK2B in MHCC97H-TNFAIP1 stable cells and control
cells were analyzed. The results revealed that the degradation rate of
CSNK2B was much more rapid in MHCC97H-TNFAIP1 stable cells
than that in the control cells (Fig. 6f). TNFAIP1 is a BTB domain-con-
taining protein, which serves as a substrate adaptor for cullin3

(Cul3)-based ubiquitin ligases and mediates ubiquitination degrada-
tion of some proteins via a Cul3/TNFAIP1 ubiquitin ligase complex
[8,36]. To investigate whether CSNK2B is a substrate of the Cul3/
TNFAIP1 ubiquitin ligase complex, the MHCC97H-TNFAIP1 stable
cells and control cells were treated with a proteasome inhibitor,
MG132. The results showed that TNFAIP1-induced CSNK2B down-
regulation was rescued by treatment with MG132 (Fig. 6g). Subse-
quently, the effect of knockdown of TNFAIP1 on the endogenous
interaction between CSNK2B and Cul3 was investigated. The results
showed that the interaction between CSNK2B and Cul3 was signifi-
cantly attenuated in MHCC97H by infecting with shTNFAIP1 lentiviral
particles (Fig. 6h), indicating that TNFAIP1 may induce CSNK2B deg-
radation via the Cul3/TNFAIP1 ubiquitin ligase complex. To further
confirm the results, we examined the effect of knockdown of Cul3 or
TNFAIP1 on CSNK2B stability in MHCC97H cells by infecting with
shCul3 or shTNFAIP1 lentiviral particles. As expected, the knockdown
of Cul3 or TNFAIP1 caused significantly increased expression of
CSNK2B (Fig. 6i and j). We further examined the level of CSNK2B
ubiquitination, and found that the knockdown of TNFAIP1 signifi-
cantly decreased CSNK2B ubiquitination in MHCC97H by infecting
with TNFAIP1-shTNFAIP1 lentiviral particles (Fig. 6k). Furthermore,
we also observed that co-expression of Cul3 and TNFAIP1 potentiated
CSNK2B ubiquitination in combination with Rbx1 (the catalytic sub-
unit of Cul3 family ligases) and ubiquitin plasmids in HEK293FT cells
(Fig. 61). Taken together, these data indicate that TNFAIP1 induced
degradation of CSNK2B via the Cul3/TNFAIP1 ubiquitin ligase com-
plex.

Previous studies have indicated that CK2 promotes aberrant acti-
vation of NF-xB in many cancers by directly phosphorylating IKK,
IkBe, and p65 [37-39]. According to our previous conclusions, we
supposed that TNFAIP1 inhibited the trans-activation of NF-«B by
down-regulating CSNK2B. Firstly, we found that CSNK2B dose-
dependently enhanced NF-«B reporter activities in MHCC97H cells
(Fig. 6m). Moreover, we observed that CSNK2B overexpression led to
an increase in the expression of CCND1, MMP2, and VEGF, and also
the phosphorylation of IkBa (Ser 32), IKKe/B (Ser 176/180), p65
(Ser536), and p65 (Ser529) in both MHCC97H and SMMC7721 cells
(Fig. 60). These data suggested that CSNK2B plays an important role
in the activation of NF-xB pathway. To further confirm our hypothe-
sis, MHCC97H cells were infected with shTNFAIP1 or shCSNK2B or
shControl and co-transfected with NF-«B luciferase reporter plasmid.
Luciferase reporter assay showed that knockdown of TNFAIP1 signifi-
cantly activated NF-«B reporter activity, whereas, the effect was abol-
ished by silencing CSNK2B (Fig. 6n). Moreover, Western blot analysis
showed that knockdown of CSNK2B markedly attenuated the phos-
phorylation levels of p65 (Ser536) and p65 (Ser529), as well as the
expression of the NF-«B target proteins, including CCND1, MMP2,
and VEGF, induced by knockdown of TNFAIP1 in both MHCC97H and
SMMC7721 cells (Fig. 6p). In conclusion, these data indicate that
TNFAIP1 inhibits trans-activation of NF-«B through selective downre-
gulation of CSNK2B.

3.7. CSNK2B reverses the anti-carcinogenic effect of TNFAIP1

CSNK2B has been found to regulate cell proliferation, migration,
invasion, and angiogenesis by activating the trans-activation of NF-
kB in Head and Neck Cancer [19]. To investigate whether the anti-
carcinogenic effect of TNFAIP1 is mediated by down-regulation of
CSNK2B, MHCC97H and SMMC7721 cells were infected with TNFAIP1
or TNFAIP1/CSNK2B lentiviral particles. Western blot assay showed
that TNFAIP1 and CSNK2B were overexpressed in MHCC97H and
SMMC7721 cells (Supplementary Figure S3 a and b). CCK8 assay
showed that co-expression of CSNK2B and TNFAIP1 significantly
attenuated the inhibitory effect of TNFAIP1 on MHCC97H and
SMMC7721 cells proliferation (Fig. 7a). Similarly, transwell assay
showed that co-expression of CSNK2B and TNFAIP1 in MHCC97H and
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Fig. 5. TNFAIP1 inhibits the trans-activation of NF-«B. a. The luciferase activity was detected in MHCC97H cells infected with TNFAIP1 or the control lentivirus and in SMMC7721
cells infected with shTNFAIP1 or shControl lentivirus by co-transfected with NF-«B luciferase reporter plasmid. Relative luciferase activities represent mean =+ SEM from triplicate
independent experiments (**P < 0.01, ***P < 0.001, Student’s t-test). b. Immuofluorescence microscopy staining p65 antibody in MHCC97H cells infected with TNFAIP1 or the con-
trol lentivirus, the green signal represents p65 staining and blue signal represents nuclear DNA staining by DAPI. Scale bar, 10 wm. c. Immunofluorescence microscopy staining p65
antibody in SMMC7721 cells infected with shTNFAIP1 or shControl lentivirus, the green signal represents p65 staining and blue signal represents nuclear DNA staining by DAPL.
Scale bar, 10 wm. d. Western blot analysis of p65, p-p65, IxBe, p-l«Be, IKKer/ and p-IKKee/8 in MHCCI7H cells infected with TNFAIP1 or the control lentivirus and in SMMC7721
cells infected with shTNFAIP1 or shControl lentivirus. e. Tumors from MHCC97H-TNFAIP1, MHCC97H—Control, SMMC7721-shTNFAIP1 and SMMC7721-shControl groups were
used to detect the expression of p65, p-p65, kB, p-IkBe, IKKee/ 8 and p-IKKer/B. f. RT-qPCR analysis of the mRNA levels of CCND1, MMP2 and VEGF in MHCC97H cells infected with
shControl or shTNFAIP1 lentivirus and treated with PDTC (20 wM) (*P < 0.05, **P<0.01, Student's t-test). g. RT-qPCR analysis of the mRNA levels of CCND1, MMP2 and VEGF in
SMMC7721 cells infected with shControl or shTNFAIP1 lentivirus and treated with PDTC (*P<0.05, **P < 0.01, ***P<0.001, Student's t-test). Data are presented as means + SEM
from triplicate independent experiments. P-values were determined by two-tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001).

overexpressed in lungs of nude mice by infected with TNFAIP1 or
CSNK2B stable cells (Supplementary Figure S3 c and d). Moreover, we
also observed that co-expression of CSNK2B and TNFAIP1 abrogated
the inhibitory effect of TNFAIP1 on tube formation in HUVECs cells by
infecting with TNFAIP1 or TNFAIP1/CSNK2B lentiviral particles in
vitro (Fig. 7g and h). Furthermore, we further analyzed the reciprocal
relationship between TNFAIP1 and CSNK2B in clinical HCC samples.
[HC analysis shows that TNFAIP1 was negatively correlated with
CSNK2B expression (Supplementary Figure S4). Altogether, these
data suggest that TNFAIP1 suppresses the trans-activation of NF-«B

SMMC7721 cells counteracted TNFAIP1-inhibited migration in vitro
(Fig. 7b and c). To further confirm this conclusion, MHCC97H-
TNFAIP1, MHCC97H-TNFAIP1-CSNK2B, SMMC7721-TNFAIP1,
SMMC7721-TNFAIP1-CSNK2B and Control stable cells were con-
structed by infecting with TNFAIP1 or TNFAIP1/CSNK2B lentiviral
particles, and were intravenously injected into 4-week-old female
nude mice through the tail vein. The result showed that co-expres-
sion of CSNK2B and TNFAIP1 in MHCC97H and SMMC7721 cells
counteracted TNFAIP1-inhibited lung metastasis in vivo (Fig. 7d-f).
Western blot assay showed that TNFAIP1 or CSNK2B was
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in the input and Co-IP complex captured with anti-Myc (Upper panel) and anti-HA antibodies (lower panel) in HEK293FT cells transfected with Myc-tagged TNFAIP1 and HA-tagged
CSNK2B. d. Western blot analysis of CSNK2B in GST pull-down complex by recombinant GST alone or GST-tagged TNFAIP1 (1-316), GST-tagged TNFAIP1 (1-96), GST-tagged TNFAIP1
(97-316) and His-CSNK2B proteins. e. Western blot analysis of CSNK2B level in MHCC97H cells transfected with TNFAIP1 plasmid (O g, 0.5 g, 1.0 g and 2.0 pg). f. Western blot analysis
of CSNK2B level in MHCC97H-TNFAIP1 stable cells and control cells after treatment with cycloheximide. g. Western blot analysis of CSNK2B level in MHCC97H-TNFAIP1 stable cells and
control cells after treatment with MG132. h. Immunoprecipitation analysis of the interaction between TNFAIP1, CSNK2B and Cul3 in MHCC97H cells infected with shTNFAIP1 or shControl
lentivirus. i. Western blot analysis of CSNK2B level in MHCC97H cells infected with shCul3 or shControl lentivirus. j. Western blot analysis of CSNK2B levels in MHCC97H cells infected
with shTNFAIP1 or shControl lentivirus. k. Inmunoprecipitation analysis for CSNK2B ubiquitination in MHCC97H cells infected with shControl or shTNFAIP1 lentivirus. . Immunoprecipita-
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MHCCI7H cells by co-transfected with CSNK2B plasmid (0 g, 0.5 g, 1.0 g and 2.0 ig) and NF-«B luciferase reporter plasmid (2.0 pg), relative luciferase activities represent mean =+
SEM from triplicate independent experiments (*P < 0.05, ***P < 0.001, Student's t-test). n. The luciferase activity was detected in MHCC97H cells infected with shTNFAIP1 or shCSNK2B or
shControl, relative luciferase activities represent mean + SEM from triplicate independent experiments (**P < 0.01, ***P < 0.001, Student's t-test). 0. Western blot analysis of CCND1,
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CSNK2B plasmid (0 g, 0.5 jug, 1.0 g and 2.0 pg). p. Western blot analysis of CCND1, MMP2, VEGF, p65, p-p65 (ser536), p-p65 (ser529), CSNK2B, TNFAIP1 and S-actin in MHCC97H cells
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mined by two-tailed Student’s t-test (“P < 0.05, **P < 0.01, ***P < 0.001).

by down-regulation of CSNK2B, whereas CSNK2B overexpression overexpression of TNFAIP1 inhibits HCC cell proliferation, migration,

reverses the anti-carcinogenic effect of TNFAIP1 in HCC (Fig. 7i). invasion, metastasis, and angiogenesis through selectively downre-
gulating CSNK2B via the ubiquitin-mediated degradation pathway,
4. Discussion which then blocks NF-«B trans-activation (Fig. 7i). Therefore, we

have identified TNFAIP1 as a potential therapeutic target of HCC, and

Although TNFAIP1 has been reported to be involved in the pro- our study provides insight into the role of TNFAIP1 in HCC pathogen-

gression of many cancers [9,14,30,40], the regulatory roles of esis and suggests that the TNFAIP1/CSNK2B/NF-«B pathway could be
TNFAIP1 in HCC and the molecular mechanism remains largely a putative therapeutic target in HCC.

unknown. In this study, our results showed that TNFAIP1 is specifi- Along with other studies, our findings suggest that TNFAIP1 is a

cally downregulated in HCC clinical samples and cells; and that multi-faceted tumor suppressor in many cancers. In this study, we
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elucidated the significant impact of TNFAIP1 on the inhibition of HCC
cell proliferation, migration, invasion, angiogenesis, and induction of
apoptosis. Consistently, we had previously reported that TNFAIP1
inhibits growth and invasion, induces apoptosis in uterine cancer
[13], and attenuates proliferation of gastric carcinoma [14]. More-
over, TNFAIP1 has been shown to promote apoptosis of HeLa cells [9].
Recently, emerging evidence has identified TNFAIP1 as a critical tar-
get for the inhibition of cell proliferation, migration, and invasion of
NSCLC [6,7,40] and pancreatic cancer [41]. Therefore, these findings
regarding the multi-faceted inhibitory role of TNFAIP1 in HCC, NSCLC,
gastric carcinoma, cervical carcinoma, and pancreatic cancer suggest
that TNFAIP1 is potentially important for the development of thera-
peutics for these cancers. However, it is worth noting that TNFAIP1
has also been reported to induce cell growth and inhibit apoptosis in
osteosarcoma cells [30], as well as mediate cell migration in MDA-
MB231 human mammary carcinoma cells [5]. The exact molecular
mechanisms underlying the different roles of TNFAIP1 in various can-
cers still remain to be elucidated. It is possible that TNFAIP1 may
dynamically regulate different cancers, or be determined by different
interactors under distinct cellular contexts in different cancers to
finally contribute to various intracellular events.

Our previous study reported that TNFAIP1 induces apoptosis and
exerts an inhibitory effect on cell proliferation and invasion in uterine
cancer cells through downregulating the NF-«B pathway [13]. In the
present study, we demonstrated that in HCC, TNFAIP1 is also a potent
inhibitor of NF-«B, an important transcription factor that has been
reported to be involved in driving angiogenesis and metastasis of
HCC [35]. The molecular mechanisms regarding the role of NF-«B in
regulating angiogenesis and metastasis have been well studied. It is
well known that NF-«B can upregulate MMP2 and MMP9 expression
via directly binding to their promoter regions, which belongs to the
family of zinc-dependent endopeptidases that degrade almost all
extracellular matrix components and plays vital roles in promoting
cancer invasion and metastasis [33,34]. Moreover, NF-kB can pro-
mote angiogenesis by binding to the VEGF promoter and triggering
its transcription [42]. NF-xB has also been reported to control cell
growth and differentiation through transcriptional regulation of
CCND1 [32]. In the present study, we found that TNFAIP1 dramati-
cally downregulates NF-«B target genes, including CCND1, MMP2,
MMP9, and VEGF, strongly suggesting that TNFAIP1 inhibits cell pro-
liferation, angiogenesis, and metastasis via suppressing trans-activa-
tion of NF-«B.

Although we previously reported that TNFAIP1 inhibits the tran-
scriptional activities of NF-«B via binding and promoting the degra-
dation of KCTD10 [21], the exact molecular mechanisms underlying
the role of TNFAIP1 in inhibiting NF-xB remains poorly understood,
which led us to identify NF-«kB-associated proteins that were bound
and regulated by TNFAIP1. Our previous studies revealed the interac-
tion of TNFAIP1 with CSNK2B [20]. In this study, we further identified
CSNK2B as a binding protein using Co-IP coupled with LC-MS/MS
analysis. Previous studies have shown that CK2 can mediate the acti-
vation of NF-«B induced by serum factors via phosphorylating the
IKK complex and promoting IkBo (a NF-«B endogenous inhibitor)
degradation and releasing p65 Ser536/p50 [17]. Moreover, CK2
induced phosphorylation of IkBa at Ser-283, Ser-289, Ser-293, and
Thr-291, as well as phosphorylation of p65 at Ser529 to activate NF-
kB directly [38,43]. Therefore, CK2 subunits are critical to controlling
trans-activation of NF-«B. Considering significant overexpression of
CK2« and CK2p8 has been found in HCC [44], and CK2 has been
reported to be closely associated with HCC cell apoptosis, prolifera-
tion, migration and invasion [45-47], it is reasonable to question
whether CSNK2B is implicated in the TNFAIP1-mediated inhibitory
effect on NF-«B trans-activation and HCC cell proliferation, migration,
invasion, and angiogenesis. In the present study, we found that: (1)

Over-expression of CSNK2B significantly enhanced trans-activation
of NF-«B in a dose-dependent manner in HCC cell; (2) CSNK2B silenc-
ing attenuated TNFAIP1 knockdown-induced trans-activation of NF-
kB in HCC cell; and (3) CSNK2B over-expression reversed the anti-
carcinogenic effect of TNFAIP1 in the progression of HCC cell prolifer-
ation, migration, and angiogenesis. These results strongly suggest
that TNFAIP1 is a primary negative regulator of CSNK2B, and thereby
inhibits trans-activation of NF-xB and subsequently restricts HCC cell
proliferation, metastasis, and angiogenesis (Fig. 7i).

Another important finding is that CSNK2B was identified as a
novel substrate of TNFAIP1/Cul3 ubiquitination protein complexes. It
has been well documented that TNFAIP1 is an evolutionarily con-
served BTB adapter for Cul3-mediated ubiquitination-dependent pro-
tein degradation. For example, TNFAIP1 can be recruited to Cul3-
based ubiquitin ligase complexes, specifically promoting the ubiquiti-
nation and degradation of RhoA, thereby affecting actin cytoskeleton
structure and cell movement [8]. In addition, TNFAIP1/Cul3 ubiquiti-
nation protein complexes have been implicated in estrogen-related
receptor o (ERRa)-triggered RhoA instability and impaired cell
migration [5]. Therefore, it would be interesting to investigate
whether CSNK2B is a novel substrate that would be ubiquitinated
and degraded by TNFAIP1/Cul3 ubiquitination protein complexes. In
this study, we found that silencing of endogenous TNFAIP1 or Cul3
markedly increased CSNK2B protein expression, and knockdown of
TNFAIP1 attenuated the binding of CSNK2B to Cul3, as well as ubiqui-
tination of CSNK2B. Moreover, co-expression of Cul3, TNFAIP1, and
ubiquitin in HEK293FT cells significantly potentiated polyubiquitina-
tion of CSNK2B. In addition, it is worth noting that we also identified
Isoform 2 of Cul3 and ubiquitin-conjugating enzyme E2 as CSNK2B-
interacting proteins using Co-IP combined with LC-MS/MS analysis
(Supplementary Table S3). These studies suggest that TNFAIP1 is a
vital adaptor protein for mediating the assembly of substrate protein,
CSNK2B, into Cul3 ubiquitination protein complexes for ubiquitina-
tion. However, whether TNFAIP1/Cul3 ubiquitination protein com-
plexes mediate K48-linked ubiquitination of CSNK2B still remains to
be determined.

Regarding KCTD10, a member of the TNFAIP1 family, KCTD10
also contains a highly conserved BTB domain, which is generally
thought to mediate homo- or heterotypic interactions [48]. Our
previous study reported that KCTD10 is involved in regulating
the inhibitory effect of TNFAIP1 on transcriptional activities of
NF-xB [21]; thus, it is possible that KCTD10 may also be impli-
cated in regulating CSNK2B stability through binding to TNFAIP1/
Cul3 ubiquitination protein complexes. Although the role of
KCTD10 has not been investigated in the present study, KCTD10
has been reported to be an adaptor of the Cul3/KCTD10 E3 com-
plex and was essential for RhoB degradation in human epidermal
growth factor receptor 2 (EGF2)-positive breast cancer cells [49].
Therefore, KCTD10 binds to TNFAIP1, perhaps to afford multiple
substrate orientations within the same Cul3 ubiquitination pro-
tein complex in order to regulate the substrate dynamically. This
issue will be further investigated in the future.

In summary, we have identified TNFAIP1 as a critical negative
regulator that controls multiple facets essential for HCC prolifera-
tion, metastasis, and angiogenesis. In particular, we showed that
the anti-carcinogenic effect of TNFAIP1 involves the induction of
CSNK2B ubiquitination and degradation via formation of
TNFAIP1/Cul3 ubiquitination protein complexes, subsequently
leading to the inhibition of NF-«B and its downstream target
genes, including MMP2/MMP9, VEGF, and CCND1. This study also
demonstrated that TNFAIP1 might be a novel marker for the
prognosis of HCC and a potential therapeutic target. Elevation of
the expression of TNFAIP1 might be beneficial for HCC treatment
in the clinic.
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Fig. 7. CSNK2B reverses the anti-carcinogenic effect of TNFAIP1. a. CCK8 assay to determine cell proliferation in MHCC97H cells (upper) or in SMMC7721 cells (lower) were infected
with TNFAIP1 or TNFAIP1/CSNK2B and Control lentiviral particles at 24, 48, 72 and 96 h (**P < 0.01, ***P < 0.001, Student's t-test). b. Cell migration assay for MHCC97H cells (upper)
and SMMC7721 cells (lower) were infected with TNFAIP1 or TNFAIP1/CSNK2B and Control lentiviral particles using transwell membranes. Scale bars, 25 wm. c. The migrated cells
were stained with crystal violet and the number of cell migration was counted in five random fields of each filter (***P < 0.001, Student’s t-test). d. Photomicrographs of metastatic
lung nodules in nude mice by tail-vein injection of MHCC97H-TNFAIP1, MHCC97H-TNFAIP1-CSNK2B and Control stable cells (upper), and SMMC7721-TNFAIP1, SMMC7721-
TNFAIP1-CSNK2B and Control stable cells (lower). The arrows indicate the metastatic nodes on the surface of the lung (n=7/group). e. Lung nodules were stained by hematoxylin
and eosin (H&E) staining kit and the number of lung metastatic foci in each group was calculated (f) (n = 7/group) (***P < 0.001, Student's t-test). Scale bar, 200 wm. g. HUVEC cells
were infected with TNFAIP1 or TNFAIP1/CSNK2B lentiviral particles. The tube formation was observed under a Diaphot Inverted Microscope Camera System (Leica). Scale bar,
100 pm. h. The number of branch points and the length of the tube were quantified by counting five random fields (**P < 0.01, Student's t-test). i. The schematic diagram shows the
effect of TNFAIP1 on HCC cell proliferation, apoptosis, metastasis and angiogenesis through suppression of the CSNK2B/NF-«B signaling. Data are presented as means 4 SEM from
triplicate independent experiments. P-values were determined by two-tailed Student’s t-test (**P < 0.01, ***P < 0.001).
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