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ABSTRACT
Nuclear factor of activated T cells 3 (NFATc3) has been reported to upregulate type I interferons (IFNs) 
expression, and the abnormal expression and activation of NFATc3 were closely related to tumorigenesis. 
However, the potential function of NFATc3 in hepatitis B virus (HBV)-related hepatocellular carcinoma 
(HCC) remains to be elucidated. In this study, we found that NFATc3 gene was frequently deleted and 
downregulated in HCC tumor tissues, and that the downregulation of NFATc3 was associated with poor 
prognosis of HCC patients. The gain- and loss-of-function experiments demonstrated that NFATc3 
inhibited HCC cell proliferation and invasion, as well as HBV replication. Mechanistically, NFATc3 could 
bind to the promoters of IFNL1 and IFNB1 genes and prompt the production of IFNs and interferon- 
stimulated genes. Furthermore, retinoic acid-inducible gene-I (RIG-I) pathway activation increased NFATc3 
expression and nuclear localization, and activated NFATc3 further enhanced RIG-I-mediated IFN 
responses. Collectively, our findings reveal a novel regulatory signaling cascade, the RIG-I/NFATc3/IFNs 
axis, which inhibits hepatocarcinogenesis and HBV replication by enhancing the immune response in 
hepatocytes, and this functional axis might potentially be exploited for therapeutic benefits in the clinical 
treatment of HBV-related HCC.
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1. Introduction

Chronic hepatitis B caused by hepatitis B virus (HBV) infection 
is the leading cause of cirrhosis and hepatocellular carcinoma 
(HCC).1 Despite the existence of effective prophylactic vaccine, 
approximately 257 million people worldwide are living with 
chronic HBV infection and high risk of developing cirrhosis 
and HCC.2 It is recognized that accumulation of genetic 
damage due to immune-mediated hepatic inflammation was 
involved in HCC development.3 However, the complex and 
multifactorial pathogenic mechanisms underlying the develop-
ment of HBV-related HCC are still poorly understood.

The nuclear factor of activated T cells (NFAT) family is 
a group of calcium/calcineurin-dependent transcription factors 
which is originally identified as mediators for activation of 
cytokine genes in T cells during immune response.4 More 
than three decades after the discovery, the NFAT proteins are 
found to be expressed in many kinds of cells other than 
immune cells and play critical roles during and after embryonic 
development, including inflammatory response, cardiac valve 
formation, myocardial development and other biological 
processes.5 The NFAT family has four typical members, 

including NFATc1, NFATc2, NFATc3 and NFATc4. 
Accumulating evidences has indicated that the abnormal 
expression of NFAT proteins was involved in the development 
and progression of cancers.6 However, different NFAT pro-
teins appeared to have distinct roles in the development of 
cancers.

NFATc3 is a member of NFAT family which has been 
shown to have either pro-tumor or anti-tumor effects, depend-
ing on the physiologic and cellular context. For example, T cell 
lymphoma and breast cancer were more frequently observed in 
Nfatc3 deficient mice, which suggested that NFATc3 appeared 
to have anti-tumor potential in these two cancers.7,8 While in 
oral/oropharyngeal squamous cell carcinomas, NFATc3 
expression and activation promoted tumor development.9,10 

However, the expression status and function of NFATc3 in 
hepatocarcinogenesis remain largely unknown.

The human interferon (IFN) response is a key innate 
immune mechanism to fight virus infection and tumor devel-
opment. IFNs are a group of signaling proteins released by host 
cells in response to the presence of viruses, bacteria, parasites 
and tumor cells.11 After binding to receptors, IFNs activate 
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downstream JAK-STAT pathways and induce hundreds of 
interferon-stimulated genes (ISGs) to exert anti-tumor and 
anti-virus function. Among IFNs, type I IFNs are representa-
tive cytokines of host innate immune response, which have 
been used in clinical treatment for HBV infection and 
HCC.12,13 Type III IFNs (also called IFN-λ) are predominantly 
expressed in hepatocytes which also exert significant anti-viral 
activity and extensive anti-tumor function in various types of 
cancers including HCC.14,15 Recently, NFATc3 has been found 
to positively regulate type I IFNs production and enhance 
interferon regulate factor 7 (IRF7)-mediated IFN response in 
plasmacytoid dendritic cells (pDCs), 16 while in hepatocytes, 
IRF7 is mainly involved in retinoic acid-inducible gene-I (RIG- 
I)/mitochondrial antiviral protein (MAVS) pathway.17 In 
hepatocytes, whether NFATc3 plays a role in RIG-I/MAVS- 
mediated innate immunity and regulates the expression of 
IFNs, especially IFN-λs, remains to be elucidated.

In the present study, we aim to explore the role of NFATc3 
in the regulation of HBV replication and HCC development. 
We found that NFATc3 expression was downregulated in HCC 
tissues caused by gene copy deletion. Interestingly, we identi-
fied that NFATc3 functions as a downstream transcription 
factor of RIG-I-MAVS-IRF7 pathway to upregulate IFNL1 
and IFNB1 expression in hepatocytes, thereby inhibiting onco-
genic properties of HCC cells as well as HBV replication. Thus, 
our findings provide new insights into the function and 
mechanism of NFATc3 in hepatocarcinogenesis.

2. Materials and methods

2.1. Clinical samples and patient information.

Seventy-five pairs of frozen HCC samples were collected from 
the Affiliated Cancer Hospital of Zhengzhou University from 
2009 to 2012. All HCC tissues were histopathologically con-
firmed with primary HCC criteria and showed cirrhosis of 
varying degrees. All cases were hepatitis B surface antigen 
(HBsAg) positive, with elevated or normal levels of alanine 
aminotransferase (ALT), and ranged in age from 28 to 
75 years old. The clinicopathological characteristics of patients 
including gender, age, Barcelona Clinic Liver Cancer (BCLC) 
stage, tumor size and number, capsule, intrahepatic metastasis, 
portal venous thrombus, and alpha-fetoprotein (AFP) levels 
were shown in Supplementary Table S1. Seven normal liver 
tissues were obtained from healthy liver donors. The study 
protocol was approved by the Ethics Committee of Peking 
University Health Science Center. Informed consent was 
obtained from each participant.

2.2. Databases

The gene sequence information was obtained from National 
Center for Biotechnology Information (NCBI) database 
(https://www.ncbi.nlm.nih.gov/). The Cancer Genome Atlas 
(TCGA) data were downloaded from MEXPRESS (https://mex 
press.be) and cBioPortal for Cancer Genomics (http://www. 
cbioportal.org/) websites for further analysis.18–20 The genomic 
profiles included DNA methylation, copy-number alteration 
(CNA) and mutation from GISTIC and mRNA expression 

z-scores (RNA Seq V2 RSEM). The GSE83148 data were down-
loaded from Gene Expression Omnibus (GEO) (http://www. 
ncbi.nlm.gov/geo/).21 The prognostic value of gene mRNA 
expression in TCGA was evaluated using an online database, 
Kaplan-Meier Plotter (www.kmplot.com).22 To analyze the 
overall survival (OS) of HCC patients, samples were split into 
two groups by best cutoff (high vs. low expression) and 
assessed by a Kaplan-Meier survival plot, with the hazard 
ratio (HR) of 95% confidence intervals (CI) and log-rank 
p value.

2.3. Cell lines

HEK293T, Hep3B, SMMC7721, SNU449, SK-Hep1, Huh7, 
HepG2 and 2fTGH cells were maintained in DMEM supple-
mented with 10% fetal bovine serum, 100 U/mL penicillin, 
100 µg/mL streptomycin and 5% CO2. For HepAD38 cells, 
the media were additionally supplemented with 400 µg/mL 
G418 sulfate (InvivoGen).23 HEK293T, Hep3B, SNU449, SK- 
Hep1, Huh7 and HepG2 cells were purchased from the 
American Type Culture Collection (Manassas, VA, USA). 
Human HCC cell line SMMC7721 was purchased from Cell 
Resources Center of Peking Union Medical College (Beijing, P. 
R. China), and the origin of SMMC7721 has been proved with 
STR, hepatic gene expression and specific gene mutations.24 

2fTGH-ISRE cells were provided by Professor Fuping You 
(Peking University, Beijing, China).25

2.4. Plasmids and transfection

HBV expression plasmid contains 1.2 × C type HBV genome 
was constructed with pBlueBac4.5 vector which can only repli-
cate in prokaryotic cells. The prcccDNA and pCMV-Cre plas-
mids were gifts from Professor Qiang Deng (Fudan University, 
Shanghai, China) 26 NFATc3 cDNA clone (Origene) was con-
structed into pcDNA3.1/V5-His vector, which can express 
wild-type NFATc3 protein with His-tag in C terminal. 
NFATc3 cDNA clone was also constructed into pLEX-MCS 
vector, which can express NFATc3 wild-type protein with Flag- 
tag in C terminal. Luciferase plasmids containing IFNB1 pro-
moter and interferon-stimulated response element (ISRE), 
constructed into PGL3-basic vector, were gifts from Professor 
Jianhua Yang (Baylor College of Medicine, Houston, TX, 
USA).27 IFNL1 promoter (region: −986 to −1) was cloned 
into pGL3-Basic vector (Promega, US). NFATc3 binding sites 
on IFNB1 and IFNL1 promoters were mutated by the site- 
directed mutagenesis method (Takara, PrimerSTAR Max 
DNA Polymerase, Japan) with the constructs encoding wild- 
type IFNB1-Luc and IFNL1-Luc as the template. Expressing 
plasmids of IRF3, IRF7 and MAVS were gifts from Professor 
Fuping You (Peking University, Beijing, China).28 All vectors 
were transfected into cells using lipofectamine 2000 
(Invitrogen, Carlsbad, CA).

2.5. Sendai virus infection

The Sendai virus (SeV) was provided by Professor Fuping 
You28 and kept at −80°C. After thawing, the virus was added 
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into the cultural supernatant, and cells were harvested after 
24–36 hours.

2.6. IFN pathway blocking

Recombinant orthopoxviral immunomodulatory proteins 
(B18R, Ebioscience, US) were added into the cultural super-
natant with a final concentration of 200 ng/mL, the super-
natant and cells were harvested after 24–120 hours.

2.7. CCK-8 assay

A total of 1 × 104 cells were seeded in 96-well plates with six 
duplications, and then CCK-8 assay (Beyotime, CN) was car-
ried out to assess cell viability through measuring the absor-
bance at the wavelength of 450 nm by the TECAN infinite 
M200 Multimode microplate reader (Tecan, Mechelen, 
Belgium).

2.8. Transwell assay

Transwell assay was conducted to measure the ability of cell 
migration. Around 100 μL serum-free medium containing cells 
(1 × 106 cells/mL) were planted into the upper chamber with 
a pore size of 8 μm (Corning, Corning, NY, US), meanwhile, 
800 μL medium containing 10% FBS was added in the lower 
chamber. After 48 hours, migrated cells were fixed with paraf-
ormaldehyde and stained with crystal violet (Beyotime, CN), 
then counted with Image-pro Plus 6.0 software under 40× mag-
nification (five views per well). The experiments were per-
formed in triplicate and repeated 3 times.

2.9. Wound healing assay

Cells were seeded in the 6-well plates. After 12 hours, the cell 
monolayer was scratched with a sterile 10 μL pipette tip to 
generate a line-shaped wound. Then the cells were cultured in 
DMEM without FBS. Forty-eight hours later, images of the 
scratches were acquired with a digital camera. The scratch 
areas were quantified using Image-pro Plus 6.0 software. The 
experiments were performed in triplicate and repeated 3 times.

2.10. Dual luciferase reporter assay

Cells were seeded in 24-well plates, then transfected with the 
IFNB1-Luc or IFNL1-Luc plasmids together with pRL-TK 
renilla vector (Promega, US). Thirty-six hours after transfec-
tion, cells were lysed and luciferase activity was detected with 
a dual-luciferase reporter assay kit (Promega, US). The 
two fTGH-ISRE luciferase assay was performed as previously 
described.25 The experiments were performed in triplicate and 
repeated 3 times.

2.11. Quantitative real-time PCR

Total RNAs were extracted from the cells or tissues using 
TRIzol® Reagent according to the manufacturer’s instructions 
(Invitrogen) and genomic DNA was removed using DNase 
I (TaKara). The reverse transcription of total RNA to cDNA 

was performed with Thremo RT supermix kit. Quantitative 
Real-time PCR (qRT-PCR) was performed using the ABI 
StepOnePlus Real-time PCR Detection System (Applied 
Biosystems, US) with an SYBR green fluorescence system. 
The primers used in this study are provided in 
Supplementary Table S3, using CTBP as internal control gene 
for hepatoma cells and GAPDH for HEK293T. The experi-
ments were performed in triplicate and repeated 3 times.

2.12. RNA-sequencing and data analysis

SeV-infected WT and NFATc3-KO SMMC7721 cells were 
sent to Majorbio-Tech for sequencing. The transcriptome 
library was prepared following TruSeqTM RNA sample pre-
paration Kit from Illumina (San Diego, CA) using 1 μg of 
total RNA. Firstly, messenger RNA was isolated according 
to polyA selection method by oligo (dT) beads and then 
fragmented by fragmentation buffer firstly. Secondly, dou-
ble-stranded cDNA was synthesized using a SuperScript 
double-stranded cDNA synthesis kit (Invitrogen, CA) with 
random hexamer primers (Illumina). Then the synthesized 
cDNA was subjected to end-repair, phosphorylation and ‘A’ 
base addition according to Illumina’s library construction 
protocol. Libraries were size selected for cDNA target frag-
ments of 200–300 bp on 2% Low Range Ultra Agarose 
followed by PCR amplified using Phusion DNA polymerase 
(NEB) for 15 PCR cycles. After quantified by TBS380, 
paired-end RNA-seq sequencing library was sequenced 
with the Illumina HiSeq xten/NovaSeq 6000 sequencer 
(2 × 150 bp read length), and the data were analyzed on 
the free online platform of Majorbio Cloud Platform (www. 
majorbio.com).

2.13. Methylation-specific restrictive enzyme-based 
quantitative PCR (MSRE-qPCR)

MSRE-qPCR was performed as described, 29 and designed 
primers were as follows:

NFATc3 methy forward:5’- 
AGGCCCTGCCCATTGGGGTTCGCT-3ʹ;

NFATc3 methy reverse:5’- 
TTCGCCCCGGTGGCTGCGCCT-3ʹ.

2.14. CRISPR/Cas9 strategy

SMMC7721 cells were transduced with double Px458-Cas9 
plasmids containing guide RNA targeting NFATc3 gene, and 
then Cas9 expressing cells were selected and clonal expanded. 
The knockout efficiency was determined by immunoblotting. 
The sequences of the two guide RNA targeting NFATc3 gene 
were as follows:

First (sense), 5ʹ-CCGATGACTACTGCAAACTG-3ʹ;
Second (sense), 5ʹ-CGCCGCCGCCCCCGGGCTCG-3ʹ.

2.15. Chromatin immunoprecipitation assay

HEK293T cells were fixed, lysed, and sonicated. Precleared 
lysates were incubated overnight at 4°C with mouse anti-Flag 
antibody, or control mouse IgG. Immunocomplex was 
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collected, purified, and analyzed by Real-time PCR. Primers 
used for ChIP-PCR were as followed:

IFNB1: Forward: 5ʹ-gttcttgaattctcaggtcg-3ʹ; Reverse: 5ʹ- 
cccactttcacttctccctt-3ʹ;

IFNL1: Forward: 5ʹ-ccttcttgatgcagctccca-3ʹ; Reverse: 5ʹ- 
cacgcaaaatgggcaatcca-3ʹ.

2.16. Nuclear-cytoplasmic protein fractionation and 
western blotting

Cells were seeded in 60 mm dishes, and nuclear-cytoplasmic 
fractionation was conducted using the lysate buffers of NEPER 
Nuclear and Cytoplasmic Extraction Reagents kit (Thermo 
Fisher Scientific, US) according to the manufacturer’s protocol, 
supplemented with protease inhibitor cocktail (Roche). The 
protein lysates were separated by 10% sodium dodecyl sulfates 
polyacrylamide gel and then electrophoretically transferred 
(Bio-Rad) onto the PVDF membrane (Amersham 
Biosciences, Uppsala, Sweden). After blocking, membranes 
were incubated with the relevant primary antibodies at 4°C 
overnight, and then incubated with the secondary antibodies at 
room temperature for one hour, LaminB1 was used as internal 
control protein for nucleus, GAPDH, α-Tublin and β-Actin for 
cytoplasm or total. Band signals were visualized by Odyssey 
Imager (LI-COR Biosciences, Lincoln, NE). The antibodies 
used for immunoblot and/or immunoprecipitation assays 
were provided in Supplementary Table S4.

2.17. Tumor xenograft assay

A total of 2.5 × 106 WT and NFATc3-KO SMMC7721 cells 
were injected into underarm skin on each side of the same 
nude mouse simultaneously (6-week old, female), then the 
mice were monitored for tumor forming every 3 days, tumor 
dimensions were measured twice a week and tumor volume 
was calculated using Volume = π/6×(length)×(width)2. After 
eight weeks, the mice were sacrificed and tumors were obtained 
for measuring the sizes and weights of tumors. All experiments 
in mice were conducted according to institutional guidelines of 
Peking University Health Science Center.

2.18. Hydrodynamic injection (HDI)

The hydrodynamic injection was performed as previously 
described.30 Briefly, 16 μg plasmids were injected into the tail 
vein of C57BL/6 mice (6-week old, male) in 2 mL PBS (almost 
equivalent to 8% of the mouse body weight) within 5 seconds. 
Then sera were collected at 3, 5 and 7th days post-injection. 
C57BL/6 mice were purchased from the Department of 
Laboratory Animal Science, Peking University Health Science 
Center. Animals were housed in specific pathogen-free barrier 
facilities. All experiments in mice were conducted according to 
institutional guidelines of Peking University Health Science 
Center.

2.19. Detection of HBV DNA

The HBV DNA in the cell culture medium and sera of mice 
were extracted using the EasyPure Viral DNA Kit (TransGen 

Biotech, CN) according to the manufacturer’s instructions. 
Then the HBV DNA was detected by qPCR assay. The serial 
dilutions of pBB4.5–1.2× HBV plasmid were used as standards 
of quantification. The experiments were performed in triplicate 
and repeated 3 times.

2.20. Detection of HBsAg and HBeAg

The levels of HBsAg and HBeAg in the cell culture supernatant 
or mouse sera were measured in triplicate by the diagnostic kit 
for the quantitative determination of HBsAg or HBeAg (time- 
resolved Immunofluorometric Assay) (PerkinElmer, Waltham, 
MA, USA) following the manufacturer’s instructions.

2.21. Statistical analysis

For all the bar graphs, data were presented as means ± SD. 
GraphPad Prism software, version 7.00 for Windows 
(GraphPad Software, Inc., La Jolla, CA), was used for survival 
curves, charts, and statistical analysis. For the comparison of 
quantitative data between groups, the Student’s t-test was used, 
otherwise, independent sample rank sum test was used; survi-
val was calculated using Kaplan-Meier’s method and compared 
using log-rank test; Spearman rank correlation test was used to 
calculate the correlation between two nonparametric values. 
Differences in means were considered statistically significant at 
P < .05. Significance levels are: *, P < .05; **, P < .01; ***, 
P < .001; ****, P < .0001; ns, not significant.

3. Results

3.1. NFATc3 expression is downregulated in HCC tissues 
due to gene deletion

Based on the data from The Cancer Genome Atlas (TCGA), we 
investigated the expression of NFATc3 in HCC. The results 
showed that NFATc3 expression was downregulated in HCC 
tissues (Figure 1a) and the lower NFATc3 expression was 
significantly correlated with the poor 5-year overall survival 
(OS) in patients with HCC (n = 343, P= .048) (Figure 1b). 
Consistently, we confirmed that the mRNA level of NFATc3 in 
tumor tissues was significantly lower than that in paired para- 
tumor tissues, and both were significantly lower than that in 
normal liver tissues in our HBV-related HCC cohort (Figure 
1c). The downregulation of NFATc3 was further confirmed at 
the protein level in five pairs of HBV-related HCC tissues 
(Figure 1d). In line with the survival data from TCGA, patients 
with lower NFATc3 mRNA expression had significantly lower 
5-years OS rate (P= .021) than those with higher NFATc3 
expression (Figure 1e) in our HBV-related HCC cohort. 
Moreover, we investigated the correlations between the expres-
sion status of NFATc3 and clinical parameters including tumor 
size, tumor number, TNM stage and BCLC stage, but no 
significant correlation was found (Table S2). We also analyzed 
the expression and clinical significance of NFATc1, NFATc2 
and NFATc4 in TCGA database. However, no survival prog-
nosis associations between these genes expression and HCC 
patients were observed (Supplementary Figure 1a). These 
results indicated that NFATc3 expression was downregulated 
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in HCC and might be related to the development and progres-
sion of HCC.

Next, we analyzed the potential mechanism for the down-
regulation of NFATc3 expression in HCC. Based on the 
TCGA-HCC database, we analyzed the copy number altera-
tions (CNAs) of NFATc3 gene and found that NFATc3 gene 

was deleted in 44% (152/343) HCC tissues, which was the 
highest deletion rate among NFAT family genes (Figure 1f). 
In consistent with this result, our previous array-based com-
parative genomic hybridization (aCGH) data of 25 HBV- 
related HCC tissues31 showed that NFATc3 gene also had the 
highest deletion rate (24%, 6/25) (Figure 1g). Importantly, the 

Figure 1. NFATc3 expression is downregulated in HCC tissues due to gene copy deletion. (a) NFATc3 mRNA levels in tumor (n = 372) and non-tumor (n = 50) tissues in 
TCGA-HCC database. (b) The association of NFATc3 expression status in tumor tissues and the prognosis of HCC patients (n = 364) in TCGA database. (c) NFATc3 mRNA 
levels in normal hepatic tissues (n = 7), paired para-tumor (n = 75) and tumor (n = 75) tissues of HBV-related HCC in our cohort, measured by qRT-PCR. (d) NFATc3 
protein expression level in tumor (T, n = 5) and paired para-tumor (PT, n = 5) tissues of HBV-HCC patients in our cohort, examined by western blot. (e) The association of 
NFATc3 expression in tumor tissues and the prognosis of HCC patients (n = 60) in our HBV-related HCC cohort. (f, g) The copy number alterations (CNAs) of NFAT family 
genes in tumor tissues (n = 372) in TCGA-HCC database (f) and in HBV-related HCC tissues (n = 25) revealed by aCGH analysis (g). (h) NFATc3 mRNA expression in tumor 
tissues of NFATc3 copy neutral (0), heterozygous deletion (−1) and duplication (1/2) groups in TCGA-HCC database. (i) NFATc3 gene CNAs in HCC tissues caused by HBV, 
HCV and non-virus pathogenies. (a, c, h) Data were presented as the mean ± SD, P value was calculated by performing un-paired Student’s t-test, ***, P < .001; ****, 
P < .0001; ns, not significant. (b and e) Survival was calculated using Kaplan-Meier’s method and compared using log-rank test. (d) Data were representative of three 
experiments.
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corresponding mRNA expression level of NFATc3 in gene 
copy deleted HCC tissues was significantly lower than that in 
neutral tissues (Figure 1h), while the expression level of 
NFATc1, NFATc2 and NFATc4 had no difference between 
these two groups (Supplementary Figure 1b). Furthermore, 
we analyzed the CNAs of NFATc3 gene in HCC with different 
etiology including HBV, HCV and non-virus infection in 
TCGA database. The results showed that NFATc3 gene dele-
tion occurred in all three kinds of HCC, while the deletion 
frequency in HBV-HCC group (51%) was the highest (Figure 
1i). Consistently, the NFATc3 mRNA expression was also 
downregulated in the deletion group of HBV-HCC tissues 
(Supplementary Figure 1c). To explore other causes of 
NFATc3 downregulation, the methylation status of NFATc3 
CpG island site in non-tumor and tumor tissues was also 
compared. However, no significant difference of NFATc3 
gene methylation between tumor and non-tumor tissues in 
TCGA database (Supplementary Figure 1d) or in paired 
tumor and para-tumor tissues derived from HBV-related 
HCC patients was observed (Supplementary Figure 1e), indi-
cating the downregulation of NFATc3 expression was not 
caused by methylation modification. We also analyzed the 
NFATc3 gene mutation profile in TCGA-HCC database and 
found that there were five tumor samples with NFATc3 gene 
missense mutations among 372 HCC samples. Taken together, 
these results indicated that NFATc3 expression was downre-
gulated mainly due to gene deletion in HCC tumor tissues, 
especially in HBV-related HCC.

3.2. NFATc3 inhibits the proliferation and migration 
capabilities of hepatoma cells

To better understand the role of NFATc3 in HCC, we deter-
mined the effects of NFATc3 on proliferation and migration 
abilities of HCC cells by using gain- and loss-of-function 
experiments. According to endogenous NFATc3 protein 
expression levels (Supplementary Figure 2a), we constructed 
a stable NFATc3 knockout (NFATc3-KO) SMMC7721 cell line 
by CRISPR-Cas9 gene-editing system (Supplementary Figure 
2b), while overexpressed NFATc3 in SK-Hep1 and SNU449 
cells (Supplementary Figure 2c). The cell viability assay 
revealed that overexpression of NFATc3 significantly inhibited 
the proliferation of SNU449 (Figure 2a) and SK-Hep1 (Figure 
2b) cells from the third day after NFATc3 overexpression. 
Conversely, NFATc3 knockout accelerated the proliferation 
of SMMC7721 cells (Figure 2c). To extend our understanding 
of NFATc3 on tumor development in vivo, we subcutaneously 
injected NFATc3-KO and WT SMMC7721 cells into 4-week- 
old nude mice. As expected, we observed that the volume 
curves indicated faster growth of tumors in NFATc3-KO cells 
(Figure 2d, left panel) and the tumors formed by NFATc3-KO 
cells (Figure 2d, right panel) exhibited larger sizes and weights 
(Supplementary Figure 2d), suggesting that NFATc3 knockout 
could promote the growth of hepatoma cells. Next, we per-
formed wound healing and transwell assays to detect the effects 
of NFATc3 on cell migration ability. The results showed that 
NFATc3 overexpression significantly inhibited the migration 
(Figure 2e) and invasion (Figure 2g) capabilities of SK-Hep1 
and SNU449 cells according to statistical results of scratch area 

change (Supplementary Figure 2e) and the number of cells 
invading through the membrane (Supplementary Figure 2g). 
In contrast, knockout of NFATc3 significantly facilitated the 
migration (Figure 2f) and invasion of SMMC7721 cells (Figure 
2h) which had a smaller scratch area ratio (Supplementary 
Figure 2f) and more cells invading through the membrane 
(Supplementary Figure 2h). Taken together, these results indi-
cated that NFATc3 might function as a suppressor gene by 
inhibiting the proliferation and migration abilities of hepatoma 
cells.

3.3. NFATc3 effectively decreases the replication of HBV

It is well known that HBV infection is a leading cause of HCC. 
However, it remains unclear whether NFATc3 could suppress 
liver cancer by inhibiting HBV replication. To investigate the 
role of NFATc3 on HBV replication, we detected the levels of 
HBV-indicated markers in NFATc3 overexpressing or knock-
out hepatoma cells. The results of qPCR, ELISA and RT-qPCR 
assays showed that ectopic NFATc3 expression significantly 
decreased the levels of HBV DNA, hepatitis B surface antigen 
(HBsAg) and hepatitis B e antigen (HBeAg) in culture super-
natant, and 3.5 kb HBV RNA in cells, when we co-expressed 
NFATc3 and HBV replisome in Hep3B cells (Figure 3a). 
Consistently, the overexpression of NFATc3 led to the similar 
results in HepAD38 cells, a tetracycline inducible HBV expres-
sing cell line (Figure 3b). In contrast, the levels of HBV- 
indicated markers were greatly elevated in NFATc3-KO 
SMMC7721 cells, as compared to WT cells (Figure 3c). 
Moreover, we confirmed that NFATc3 and 1.2x HBV plasmids 
co-delivered into mice by hydrodynamic injection significantly 
decreased both HBsAg and HBeAg levels in mice sera (Figure 
3d). These results indicated that NFATc3 significantly inhib-
ited HBV replication in hepatocytes.

Next, we analyzed the correlation between HBV DNA level 
and NFATc3 expression in HCC patients. Based on the data 
derived from our HBV-related HCC patient cohort, we found 
that patients with lower NFATc3 mRNA expression in para- 
tumor tissues had significantly higher serum HBV DNA levels 
(Figure 3e), supporting the potential anti-viral role of NFATc3 
against HBV.

3.4. NFATc3 is critical for IFN responses in hepatocytes

According to the previous studies, NFATc3 could upregulate 
type I IFNs expression downstream the Toll-like receptor 7/9 
in pDCs to inhibit virus replication.16 In nonimmune cells, 
RIG-I is an important pattern recognition receptor (PRR) to 
recognize viral RNA, and induce downstream IFN response.32 

It has been reported that the RNA sensor RIG-I could recog-
nize HBV derived pre-genomic RNA (pgRNA) to promote 
IFN-λ production.33 Thus, to further explore the effect of 
NFATc3 on immune genes expression in hepatocytes, we per-
formed next-generation RNA sequencing (RNA-Seq) in WT 
and NFATc3-KO SMMC7721 cells, with Sendai virus (SeV) 
infection which can activate innate immune through RIG-I 
pathway.34 Using RNA-seq approach, we first analyzed differ-
entially expressed genes (DEGs, fold change > 2) between two 
groups (Figure 4a) and screened out innate immune-related 
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DEGs (Figure 4b). With further analysis of the RNA-seq 
results, we found that only the expression of IFNB1 in type 
I IFNs and type III IFNs (IFNL1, IFNL2 and IFNL3) could be 
detected in SMMC7721 cells, while IFNAs were below the 
detection limit. Compared to WT cells post infection, the 

expression of IFNL1 was significantly downregulated in 
NFATc3-KO SMMC7721 cells (-Log10 (P adjust) = 17, Log2 
(fold change) = 2.21). However, the expression of IFNB1, 
IFNL2 and IFNL3 showed no significant difference between 
two groups of cells (Figure 4c). Besides IFNs, some ISGs were 

Figure 2. NFATc3 inhibits the proliferation and migration capabilities of hepatoma cells. (a,b) Continuous CCK-8 assay for 5 days in SNU449 (a) and SK-Hep1 (b) cells after 
NFATc3 expression or vector plasmids transfected for 48 hours. (c) Continuous CCK-8 assay for 5 days in WT& NFATc3-KO SMMC7721 cells with normal culture. (d) The 
growth curve of tumors formed by WT (n = 10) and NFATc3-KO SMMC7721 (n = 10) cells in nude mice (Left panel) and representative images of xenografted tumors 
exfoliated from nude mice (Right panel) at day 56 after inoculation. (e) Representative images of wound healing experiments in SNU449 and SK-Hep1 cells with or 
without NFATc3 overexpressed for 48 hours. (f) Representative images of wound healing experiments in WT& NFATc3-KO SMMC7721 cells with normal culture. (g) 
Representative images of Transwell experiments in SNU449 and SK-Hep1 cell lines with or without NFATc3 overexpressed for 48 hours. (h) Representative images of 
Transwell experiments in WT& NFATc3-KO SMMC7721 cells with normal culture. (a-d) Data were presented as the mean ± SD, P value was calculated by performing un- 
paired Student’s t-test, *, P < .05; **, P< .01; ***, P < .001; ns, not significant. (e-h) Data were representative of three experiments.
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Figure 3. NFATc3 effectively decreases HBV replication. (a, b) Transient co-transfected 1.2x HBV plasmid and NFATc3 plasmid or vector in Hep3B cell lines (a), transient 
transfected NFATc3 plasmid or vector in HepAD38 cells (tet-off, b), after 5 days and detect four HBV indicators, HBsAg, HBeAg, and HBV DNA in cultural supernatant, 3.5 
kb HBV RNA in cell. (c) Transient co-transfected prcccDNA plus pCMV-Cre or pCMV-vector in WT& NFATc3-KO SMMC7721 cells for 5 days, detected HBV indicators. (d) In 
the C57BL/6 wide-type mouse model established by hydrodynamic tail vein injection of 1.2× HBV replication clone plasmid, together transfecting with human NFATc3 
expressing or vector plasmids, and detected HBsAg and HBeAg levels in peripheral blood of the mice at 3, 5 and 7 days. (e) The peripheral blood HBV DNA levels 
between high (n = 18) and low (n = 18) NFATc3 expression groups (according expression median in para-tumor tissues) in our HBV-related HCC cohort. Data were 
presented as the mean ± SD, P value was calculated by performing un-paired Student’s t-test, *, P < .05; **, P< .01; ***, P < .001; ns, not significant.
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also downregulated significantly in NFATc3-KO SMMC7721 
cells (Figure 4d).

To confirm the effect of NFATc3 on IFNs and ISGs expres-
sion after SeV infection, we performed qRT-PCR to detect the 
mRNA expression levels of IFNL1, IFNB1, ISG15, ISG54 and 
RIG-I, which are important and highly induced immune genes 
in hepatocytes.35–37 The results showed that mRNA levels of 
IFNL1, IFNB1, ISG15, ISG54 and RIG-I were significantly 
lower in NFATc3-KO SMMC7721 cells than that in WT cells 
post SeV infection (Figure 4e). And consisted of the mRNA 
level, the protein level of RIG-I was also downregulated in 
NFATc3-KO SMMC7721 cells after SeV infection (Figure 4f). 
Conversely, overexpression of NFATc3 in HEK293T cells 
increased the mRNA level of these genes (Figure 4g) and the 
protein level of RIG-I (Figure 4h) after SeV infection. Taken 

together, these results suggested that NFATc3 could specifi-
cally upregulate IFNL1 and IFNB1 expression and activate 
downstream ISGs in hepatocytes. Since the endogenous 
expression level of IFNAs was too low in hepatoma cells and 
knockout of NFATc3 did not affect the expression of IFNL2 
and IFNL3 genes, we did not analyze these IFNs in this study.

3.5. NFATc3 induces the transcription of IFNs by binding 
to their promoters

It has been reported that NFATc3 can bind to the consensus 
sequence (T/AGGAAA) within the promoter regions of the 
target genes.38 We analyzed the sequences in the promoter 
regions of IFNL1 and IFNB1 genes and found that both 

Figure 4. NFATc3 is critical for IFN responses. (a-d) WT and NFATc3-KO SMMC7721 cells were infected with SeV for 12 hours, the RNA was harvested followed by RNA- 
sequencing analysis. (a) The volcano map of upregulated (red), downregulated (green) and no significant difference (gray) expression of genes between two groups. (b) 
Heat map of differentially expressed immune genes. (c, d) The expression of IFNs (c) and ISGs (d) between two groups. (e, f) WT/NFATc3-KO SMMC7721 cells were 
infected with SeV for 24 hours, measured IFNs and ISGs expression by qRT-PCR (e), and RIG-I expression by western blot (f). (g, h) Vector control and NFATc3 
overexpressing HEK293T cells were infected with SeV for 24 hours, measured IFNs and ISGs expression by qRT-PCR (g), and RIG-I expression by western blot (h). Data 
were presented as the mean ± SD, P value was calculated by performing un-paired Student’s t-test, *, P < .05; **, P< .01; ***, P < .001; ns, not significant. (a-d) n = 3 
cultures. (f, h) Data were representative of three experiments.
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promoters contained potential NFATc3 binding sites. To 
explore whether NFATc3 regulates the transcription of 
IFNB1 and IFNL1 genes in hepatocytes, we constructed luci-
ferase reporter plasmids containing the promoter regions of 
IFNL1 and IFNB1 genes with wild-type or mutant (T/ 
AGGAAA to T/ACCTTT) NFATc3 binding sites (Figure 5a). 
By using dual luciferase reporter system, we demonstrated that 
NFATc3 increased the transcriptional activities of wild-type 
promoters of IFNL1 and IFNB1 in HEK293T and hepatoma 
cell lines including SK-Hep1, SNU449, and Hep3B respec-
tively, and this effect was attenuated or even abolished when 
NFATc3 binding site was mutated (Figure 5b,c). In addition, 
the luciferase activity of both wild-type IFNB1 and IFNL1 
promoter was increased by NFATc3 in a dose-dependent man-
ner, while mutant IFNB1 and IFNL1 promoters were not 
affected by NFATc3 (Supplementary Figure 3a, b). Further 
ChIP-PCR assay confirmed that NFATc3 could bind to the 
targeted DNA fragments in IFNB1 and IFNL1 promoters 
(Figure 5d). Meanwhile, we observed that the interferon- 
stimulated response element (ISRE) activities were also acti-
vated by ectopic NFATc3 expression in HEK293T and hepa-
toma cell lines including Hep3B, SNU449, and SK-Hep1 
(Supplementary Figure 3c). Consistent with this result, treated 
with culture supernatants from all four cells with ectopic 
NFATc3 expression could significantly increase luciferase 
activities in 2 fTGH-ISRE cells (Supplementary Figure 3d), 
supporting the induction of IFNs in those NFATc3 overexpres-
sing cells.

Next, we confirmed that the mRNA levels of IFNL1, IFNB1, 
ISG15 and ISG54 were significantly upregulated in hepatoma 
cell lines (Figure 5g) with overexpression of NFATc3. Similar 
results were observed in HEK293T cells (Supplementary Figure 
3e). Importantly, transient transfection of NFATc3 plasmid in 
NFATc3-KO SMMC7721 cells could rescue the expression of 
IFNL1, IFNB1, ISG15 and ISG54 (Figure 5h). As for RIG-I, 
which could inhibit HCC carcinogenesis and predict HCC 
patient prognosis, 39,40 a positive correlation was found 
between RIG-I and NFATc3 mRNA expression in TCGA- 
HCC database (Figure 5e), and RIG-I protein level was 
increased after NFATc3 overexpressing in HEK293T and 
Hep3B cells (Figure 5f). Furthermore, we confirmed that the 
mRNA level of NFATc3 was positively correlated with that of 
IFNL1 (Figure 5i) and IFNB1 (Figure 5j) in para-tumor tissues 
from HBV-related HCC patients. And in HBV-infected liver 
tissues from GSE83148 database, positive correlations between 
NFATc3 and IFNL1/IFNL3 expression also existed 
(Supplementary Figure 3f, g). The above results indicated that 
NFATc3 could bind to the promoter regions of IFNL1 and 
IFNB1, and promote their transcription and downstream ISGs 
expression in hepatocytes.

3.6. IFNs pathway mediates the anti-HCC and anti-HBV 
functions of NFATc3 in hepatocytes

The IFNs are important immune cytokines which have 
been used for treatment of hepatitis B and HCC. To further 
confirm whether NFATc3 exerts anti-HCC and anti-HBV 
function through upregulating IFNs in hepatocytes, we 
treated NFATc3 overexpressed SK-Hep1, SNU449 and 

HepAD38 cells by using recombinant orthopoxviral immu-
nomodulatory proteins (B18R), an IFN receptors antago-
nist, to block type I and type III IFN pathways.41,42 We 
found that the inhibitory effects of NFATc3 on the cell 
proliferation were reversed in SK-Hep1 and SNU449 cells 
(Figure 6a,b). Similarly, B18R treatment significantly atte-
nuated the inhibitory effects of NFATc3 on HBV replica-
tion (Figure 6c). These results suggested that NFATc3 plays 
important anti-HCC and anti-HBV roles in an IFN- 
dependent manner in hepatocytes.

3.7. NFATc3 enhances RIG-I/MAVS/IRF7-mediated IFN 
response

The downstream signaling mediated by RIG-I requires the 
protein adaptor MAVS, which coordinates the activation of 
IRF3 and IRF7 and thereby inducing IFNs expression.32 To 
investigate whether NFATc3 is involved in RIG-I pathway- 
mediated IFNs induction, we performed a series of experi-
ments by using NFATc3 overexpressing and knockout cells. 
First, we detected the transcriptional activities of wild-type 
IFNL1 and IFNB1 promoters after co-expressing NFATc3 
with MAVS, IRF7 and IRF3 respectively in HEK293T cells. 
The results showed that overexpression of any of these pro-
teins could upregulate the promoter activities of wild-type 
IFNL1 and IFNB1, while NFATc3 exhibited significantly 
stronger synergistic effects on IFN promoters only when co- 
expressing with MAVS (Figure 7a) or IRF7 (Figure 7b). 
However, no such synergistic effect on mutant IFNL1 promo-
ter was observed (Supplementary Figure 4a). Such upregulat-
ing effects of NFATc3 on IFNB1 and IFNL1 promoters 
exhibited a dose-dependent manner with MAVS 
(Supplementary Figure 4b) or IRF7 co-expression 
(Supplementary Figure 4c). Secondly, we tested the expres-
sion of IFNL1 and IFNB1 after co-expressing NFATc3 with 
MAVS and IRF7, respectively. The synergistic effects between 
NFATc3 and MAVS or IRF7 on upregulating the expression 
of IFNs (Figure 7c) and downstream ISGs (Figure 7d) were 
also confirmed in HEK293T cells. These results were further 
supported in WT and NFATc3-KO SMMC7721 cells. As 
shown in Figure 7e, knockout of NFATc3 significantly wea-
kened the promoter activities of IFNL1 and IFNB1 after 
MAVS or IRF7 overexpression. Consistently, NFATc3 knock-
out significantly inhibited MAVS- or IRF7-induced IFN 
response in SMMC7721 cells (Figure 7f,g). Next, the tran-
scriptional activities of IFNL1 and IFNB1 promoters were 
detected in HEK293T cells with NFATc3 overexpression 
and in SMMC7721 cells with NFATc3 knockout after SeV 
infection. The synergistic effects between NFATc3 and MAVS 
or IRF7 on upregulating the transcription activities of wild- 
type IFNL1 and IFNB1 promoters were also observed in 
HEK293T (Figure 7h) and SMMC7721 cells (Figure 7i). And 
the upregulating effect of NFATc3 on IFNL1 promoter 
activity after RIG-I activation was not observed when 
NFATc3 binding site was mutated in HEK293T cells 
(Supplementary Figure 4d). These findings indicated that 
NFATc3 might be involved in RIG-I/MAVS/IRF7-mediated 
IFN response in hepatocytes.
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Figure 5. NFATc3 induces the transcription of IFNs by binding to their promoters. (a) Diagram for wide-type and mutant binding sites of NFATc3 on IFNL1 and IFNB1 
promoters. (b, c) Transfected with plasmid encoding NFATc3 or empty vector in HEK293T and hepatoma cell lines for 36 hours, detected luciferase activities of NFATc3 
wide-type and binding site-mutant IFNL1 (b) and IFNB1 (c) promoters. (d) ChIP and semi-quantitative PCR were used to detect interactions between NFATc3 to IFNL1 
and IFNB1 promoters after over-expressing NFATc3 with flag-tag in HEK293T cells for 48 hours, integrated optical density of each band was measured and analyzed. (e, 
f) qRT-PCR analysis of IFNs and ISGs expression in SNU449, SK-Hep1, Hep3B (e) and NFATc3-KO SMMC7721 (f) cells with or without NFATc3 expression plasmid 
transfected for 48 hours. (g) Expression correlation between NFATc3 and RIG-I gene in liver tissues in TCGA database. (h) Protein levels of NFATc3 and RIG-I in 293 T and 
Hep3B cells after over-expressed NFATc3 for 48 hours. (i, j) Analysis of expression correlations between NFATc3 and IFNL1 (i, n = 36) or IFNB1 (j, n = 18) in para-tumor 
tissues of HBV-related HCC patients in our cohort. (b, c, e-h) Data were presented as the mean ± SD, P value was calculated by performing un-paired Student’s t-test, *, 
P < .05; **, P< .01; ***, P < .001; ns, not significant. (g, i, j) Spearman rank correlation test was used to calculate a correlation between two nonparametric values. (d, h) 
Data were representative of three experiments.
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3.8. RIG-I/MAVS/IRF7 pathway upregulates NFATc3 
expression and promotes its nuclear localization

The expression status of NFAT proteins and their translocation 
from the cytoplasm to the nucleus are critical for activating the 
transcription of downstream target genes.43 Thus, we investi-
gated whether the activation of RIG-I/MAVS/IRF7 pathway 
could regulate the expression and localization of NFATc3. The 
qRT-PCR and western blot assays identified a significant upre-
gulation of NFATc3 mRNA and protein level in both 
SMMC7721 (Figure 8a) and Huh7 cells infected with SeV 
(Figure 8c). In addition, the nuclear localized NFATc3 protein 
was significantly increased both in SMMC7721 (Figure 8b) and 
Huh7 cells (Figure 8d). In consistent with the above results, 

overexpression of either MAVS or IRF7 also increased endo-
genous expression and nuclear localization of NFATc3 in 
SMMC7721 (Figure 8e,f) and Huh7 cells (Figure 8g,h). 
Furthermore, in GSE83148 database, NFATc3 mRNA level 
was positively correlated with MAVS and IRF7 mRNA levels 
in liver tissues (Supplementary Figure 5a, b). Taken together, 
the above results suggested that RIG-I/MAVS/IRF7 pathway 
might mediate NFATc3 activation through upregulating its 
expression and promoting its nuclear localization.

To further explore the relationship between NFATc3 and 
RIG-I pathway in HCC, we analyzed our aCGH data and 
TCGA-HCC database. The results showed that besides 
NFATc3, high deletion frequencies of RIG-I, MAVS and 

Figure 6. IFNs pathway mediates the anti-HCC and anti-HBV functions of NFATc3 in hepatocytes. (a, b) Continuous CCK-8 assay for 5 days in SNU449 (a) and SK-Hep1 (b) 
cells after NFATc3 expression plasmid or vector transfected for 48 hours, added DMSO or B18R (200 ng/mL). (c) NFATc3 was overexpressed in HepAD38 cells with DMSO 
or B18R (200 ng/mL) added, 5 days later, four HBV indicators, HBV DNA, HBsAg, HBeAg in supernatant and 3.5 kb HBV RNA in cell were detected. Data were presented as 
the mean ± SD, P value was calculated by performing un-paired Student’s t-test, *, P < .05; **, P < .01; ***, P < .001; ns, not significant.
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Figure 7. NFATc3 enhances RIG-I/MAVS/IRF7-mediated IFN response. (a,b) Luciferase activities of wild-type IFNL1 (a) and IFNB1 (b) promoters in HEK-293 T cells co- 
transfected plasmids encoding MAVS, IRF7 and IRF3 with NFATc3 or empty vector for 36 hours. (c,d) qRT-PCR analysis of IFNs (c) and ISGs (d) mRNA expression in 
HEK293T cells transfected with plasmids encoding MAVS or IRF7 together with NFATc3 or empty vector for 48 hours. (e), Luciferase activities of IFNL1 and IFNB1 
promoters were detected after transfection of plasmids encoding MAVS or IRF7 in WT and NFATc3-KO SMMC7721 cells for 48 hours. (f, g) IFNs (f) and ISGs (g) mRNA 
levels detected after overexpression of MAVS or IRF7 in WT and SMMC7721-KO cells. (h) Luciferase activities of IFNL1 and IFNB1 promoters were measured in vector 
control and NFATc3 overexpressing HEK293T cells infected with SeV for 24 hours. (i) Luciferase activities of IFNL1 and IFNB1 promoters were measured in WT/NFATc3-KO 
SMMC772 cells infected with SeV for 24 hours. Data were presented as the mean ± SD, P value was calculated by performing un-paired Student’s t-test, *, P < .05; **, 
P< .01; ***, P < .001; ns, not significant.

ONCOIMMUNOLOGY e1869388-13



IRF7 were also found in HCC tumor tissues. More than half of 
the tumor tissues had at least one of these genes deleted in our 
cohort (Supplementary Figure 5c) and data from TCGA-HCC 

database (Supplementary Figure 5d). Similar to NFATc3, 
downregulated expression of RIG-I and IRF7 was also 
observed in gene copy deleted groups compared to neutral 

Figure 8. RIG-I/MAVS/IRF7 pathway upregulates NFATc3 expression and promotes its nuclear localization. (a-d) After infected with SeV for 12 hours, the mRNA and total 
protein levels of NFATc3 and RIG-I in SMMC7721 (a) and Huh7 (c) cells were detected, and the cytosolic and nuclear NFATc3 protein levels in SMMC7721 (b) and Huh7 
cells (d) were also detected. (e-h) After overexpressing MAVS or IRF7 in hepatoma cells for 48 hours, the mRNA and total protein levels of NFATc3 in SMMC7721 (e) and 
Huh7 (g) cells were detected, and the cytosolic and nuclear NFATc3 protein levels in SMMC7721 (f) and Huh7 cells (h) were also detected. (a, c, e, and g) Data were 
presented as the mean ± SD, P value was calculated by performing un-paired Student’s t-test, *, P < .05; **, P< .01; ***, P < .001; ns, not significant. Data were 
representative of three experiments.
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groups in HCC tumor tissues (Supplementary Figure 5e). The 
mRNA levels of these two genes were also lower in HCC tumor 
tissues compared with non-tumor samples (Supplementary 
Figure 5f). Taken together, these results indicated that the 
disability of innate immunity due to NFATc3/RIG-I/MAVS/ 
IRF7 axis inactivation plays an important role in 
hepatocarcinogenesis.

4. Discussion

NFAT proteins were firstly described almost three decades ago. 
Since then, the physiological functions of different NFAT 
homologues in the immune system and many other tissues 
have been uncovered. However, the role of individual NFAT 
members in the context of tumorigenesis and virus infection in 
hepatocytes remains unrevealed. We reported here for the first 
time that NFATc3 gene was frequently deleted and caused its 
downregulated expression in HCC, and propose the possibility 
that NFATc3 might function as a tumor suppressor by activat-
ing anti-tumor and anti-virus immune responses in hepato-
cytes. Mechanistically, NFATc3 functions as a downstream 
transcription factor of RIG-I-MAVS-IRF7 pathway to upregu-
late IFNL1 and IFNB1 expression in hepatocytes.

The involvement of NFAT proteins in carcinogenesis and 
immunity has been reported.44 In this study, the downregula-
tion of NFATc3 was found mainly caused by gene copy dele-
tion in HCC tumor tissues, and more importantly, lower 
NFATc3 expression was associated with poor prognosis of 
HCC patients. More than that, NFATc3 inhibited the prolif-
eration and migration capabilities of hepatoma cells, suggested 
a potential tumor suppressor role of NFATc3 in HCC. In 
addition, NFATc3 inhibited HBV replication in both in vitro 
and in vivo HBV replication systems. In line with this, negative 
correlation was found between NFATc3 mRNA level and 
serum HBV viral load in HBV-related HCC patients. Thus, 
we conclude that NFATc3 is able to suppress HCC by inhibit-
ing cell proliferation and migration, as well as HBV replication 
since HBV is a carcinogenic virus.45 However, further studies 
are needed to confirm the interference between NFATc3 and 
HBV replication in HBV model systems that recapitulate nat-
ural infection process.

As transcription factors, NFAT proteins induce the expres-
sion of cytokines including IL-2, IL-3, IL-4, and IL-5.46 It has 
been postulated that NFATs are not involved in IFNs produc-
tion based on evolutionary analysis.47 However, a recent study 
has demonstrated that NFATc3 is a unique member of the 
NFAT family that plays a critical role in regulating type 
I IFNs production in pDCs.16 In this study, we analyzed the 
sequences of all type I and type III IFN promoters and found 
that NFAT binding site (T/AGGAAA) exists within the pro-
moters of all type I IFNs, as well as IFNL1, but not IFNL2 or 
IFNL3. Since among all type I IFNs, only the expression of 
IFNB1 could be detected in SMMC7721 cells in our RNA-seq 
data, we focused on the regulatory effect of NFATc3 on IFNB1 
and IFNL1 in our further study. By using ChIP-PCR, qRT-PCR 
and luciferase assays, we demonstrated that NFATc3 could 
bind to the promoter regions of both IFNB1 and IFNL1 and 
transcriptionally activate the expression of IFNs. Also, NFATc3 
could activate ISGs expression by upregulating IFNs 

expression. Furthermore, we confirmed that the IFNs receptor 
antagonist could attenuate the inhibitory effects of NFATc3 on 
both HCC cell proliferation and HBV replication. Thus, we 
conclude that NFATc3 plays important anti-HCC and anti- 
HBV roles in an IFN-dependent manner in hepatocytes.

As for the RIG-I pathway, RIG-I first recognizes exogenous 
RNA, then the adaptor MAVS forms prion-like aggregates on the 
mitochondria to recruit downstream kinases and thereby phos-
phorylates IRF7 to regulate IFNs and ISGs expression.35,48 In 
HBV-infected hepatocytes, RIG-I recognizes HBV pgRNA and 
induces IFN-λ expression.33 In this study, we found that NFATc3 
participated in the RIG-I pathway to enhance type I and type III 
IFN responses in hepatocytes. On the one hand, NFATc3 could 
enhance the upregulating effect of RIG-I pathway on IFNL1 and 
IFNB1 promoter activities via synergizing with MAVS and IRF7, 
which was further confirmed by their synergistic effects on 
upregulating the expression of IFNs and ISGs. On the other 
hand, RIG-I pathway activation and overexpression of MAVS 
or IRF7 could upregulate NFATc3 expression at both mRNA 
and protein levels, and promote NFATc3 protein translocating 
into cell nucleus. These results revealed a previously unknown 
aspect of NFATc3 that functions as a novel positive feedback 
regulator of RIG-I pathway in hepatocytes. However, the detailed 
mechanism of this regulation between NFATc3 and RIG-I path-
way remains to be further investigated.

Meanwhile, it has been reported that NFATc3 could inter-
act with IRF7 to promote its nuclear localization, 16 and we 
also found that IRF7 conserved recognition sequences 
(GAAA)49 existed on the promoter of NFATc3 gene. In 
addition, we noticed a smaller band of NFATc3 protein 
detected by western blot in hepatoma cell nucleus after SeV 
stimulation or MAVS and IRF7 overexpression. Since NFAT 
protein is usually activated upon dephosphorylation by calci-
neurin, afterward translocating into nucleus, 50 the band of 
NFATc3 with lower molecular weight implicated the depho-
sphorylation and activated status of NFATc3 protein in the 
nucleus (Figure 8). So, the possible regulation mechanism of 
RIG-I pathway on NFATc3 is that, after RIG-I activation, the 
phosphorylated IRF7 interacts with NFATc3 to form an IRF7/ 
NFATc3 complex and promotes NFATc3 nuclear localiza-
tion, while in the nucleus, IRF7 further functions as 
a transcription factor binding to NFATc3 promoter and 
upregulating its expression. Further studies are needed to 
explore the effects and detailed mechanism of RIG-I pathway 
on NFATc3 protein activation.

In summary, this study demonstrates that NFATc3 directly 
binds to the promoter regions of IFNL1 and IFNB1 to activate 
their transcription in a synergized manner with RIG-I pathway, 
and plays a crucial role in inhibiting HBV replication and HCC 
tumorigenesis in hepatocytes. During multiple steps of hepa-
tocyte carcinogenesis, deletion of NFATc3 and other genes of 
RIG-I pathway might facilitate viral replication and eventually 
promote tumorigenesis. These results provide new insights 
into the complex molecular regulatory mechanisms of RIG-I/ 
NFATc3/IFNs axis during HBV-related HCC carcinogenesis.
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HBV Hepatitis B virus
HCC Hepatocellular Carcinoma;
IFNs Interferons
IFNB1 Interferon Beta 1
IFNL1 Interferon Lambda 1
ISGs Interferon-Stimulated Genes
ISRE Interferon-Stimulated Response Element
TCGA The Cancer Genome Atlas
GEO Gene Expression Omnibus
NFATc3 Nuclear Factor of Activated T cells 3
RNA-seq RNA-sequencing
RIG-I Retinoic Acid-Inducible Gene I
pgRNA pre-genomic RNA
MAVS Mitochondrial Antiviral Signaling Protein
TLR Toll-Like Receptor
IRF Interferon Regulate Factor
IL-2 Interleukin-2
pDCs plasmacytoid Dendritic Cells
CNAs Copy Number Alterations
OS Overall Survival
MSRE-qPCR Methylation Specific Restrictive Enzyme based quan-

titative PCR
ChIP Chromatin Immunoprecipitation
SeV Sendai virus
qPCR quantitative polymerase chain reaction
qRT-PCR Quantitative reverse transcription PCR
HBsAg Hepatitis B surface Antigen
HBeAg Hepatitis B e Antigen
NFATc3-WT NFATc3 gene Wild Type
NFATc3-KO NFATc3 gene Knock Out.
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