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Abstract. The retinoic acid-induced protein I (Rig-I/Ddx58),
(RIG-]) initiates a signaling cascade that induces innate immune
defences which is associated with the production of type I
interferons (IFNs) and inflammatory cytokines to establish an
antiviral state. Aberrant RIG-I signaling leads to inflammation,
autoimmune diseases and cancer. However, the role of RIG-I
in hepatocellular carcinoma (HCC) is still unknown. Here, we
observed that RIG-I expression was downregulated in HCC
tissues and loss of RIG-I expression was correlated with poor
clinicopathological features. Additionally, we demonstrated
that patients with positive RIG-I expression had a better 3-year
survival and RIG-I was an independent factor for predicting the
prognosis of HCC patients. Elevated RIG-I expression inhibited
the proliferation, migration, and invasion of HCC. Inhibiting
RIG-Iwithits specific siRNA was able to attenuate the malignant
behavior of HCC cells. Moreover, RIG-I inhibited the invasive
behavior through downregulating matrix metalloproteinase-9
(MMP9). Mechanistically, RIG-I enhances IFN-a response by
amplifying IFN-a effecter signaling via strengthening STAT1
activation. Addressing this pathway, we identified that RIG-I
may serve as a prognostic marker and that MMP9 may be a
potential target of RIG-I in HCC.

Introduction

Hepatocellular carcinoma (HCC) is the sixth most common
malignancy worldwide and is among the leading common
causes of global cancer related mortality, especially in
China (1). Despite considerable diagnostic and therapeutic
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advances in recent years, the overall prognosis of HCC
patients remains unsatisfactory because of the high rate of
recurrence and metastasis. Patients who have undergone
radical resection have a high rate of relapse, even when treated
with adjuvant systemic and targeted therapies, including
transcatheter arterial chemoembolization and sorafenib.
Substantial functional studies of pro-oncogenes and tumor
suppressor genes have greatly contributed to the advance of
knowledge on the molecular mechanism of HCC development
(2). However, the validation of biomarkers, which may help to
predict regional and distant invasion and metastasis, is still an
unresolved problem. Thus, it is critical to clarify the molecular
mechanisms underlying the invasive and metastatic potential
of HCC and identify a molecular biomarker that can predict
the prognosis of patients.

The retinoic acid-induced protein I (Rig-I, encoded
by Ddx58) contains two N-terminal caspase recruitment
domains (CARDs), a central DExH box helicase/ATPase
and a C-terminal regulatory domain (CTD). The CTD can
recognize cytoplasmic viral RNA such as vesicular stomatitis
virus (VSV) and Sendai virus (3). Through activating down-
stream pathways, CARDs serve as a critical sensor for host
recognition of RNA virus to activate innate immune cells such
as dendritic cells. CARDs also directly induce expression of
type I interferon (IFN) and apoptosis in tumor cells (4). Thus,
here we focus on whether RIG-I plays a role in the invasion
and metastasis of HCC. We also investigated whether the
signaling pathway RIG-I-IFN functioned in HCC and discov-
ered a specific downstream molecule of this pathway, which
was proved to be an effective approach to controlling HCC.

For the adjuvant therapy, interferon-o (IFN-a) can prolong
HCC patients survival (5,6) and has been approved by the FDA
as a therapeutic method to treat HCC, either in single therapy
or combination therapy with other anticancer drugs (5,6). It has
various biological properties, including immunomodulation,
antiviral effect and antiproliferative activity (7). Considerable
research has been undertaken to clarity the molecular mecha-
nisms responsible for its versatile biological functions (8). In
the classical signaling pathway, IFN-a binds to the cell-surface
receptors and subsequently activates the JAK (Janus activated
kinase)-STAT (signal transducer and activator of transcrip-
tion) signaling cascade (9). Phosphorylated Stat dimers finally
translocate into the nucleus where they activate target genes
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which are involved in multiple cellular processes (10),
including cell proliferation, apoptosis (11), carcinogenesis (12),
and immune inhibition in tumor microenvironment (13). As a
consequence of these different functions, it was revealed that
the coordination and cooperation of multiple distinct signaling
cascades are required for response to interferon. Thereby, these
induce transcription of interferon-stimulated genes (ISGs)
that are involved in anti-proliferation, anti-invasion and anti-
metastasis activity (14,15). MMP9 is one of the ISGs and is
involved in proteolytic degradation of the extracellular matrix,
which is a critical step in tumor invasion. Aberrant expression
of MMP9 is strongly correlated with malignant tumor grade
(16,17). Moreover, RIG-I can enhance response to IFN-a
therapy in HCC. The induced RIG-I expression on IFN-a
stimulation may be a positive feedback of IFN-a response to
amplify IFN-a effector signaling and ensure a longtime IFN-a
efficacy (18). However, the detailed role that RIG-I plays in
IFN-a signaling pathway is still unknown.

In this study, we investigated whether RIG-I could regulate
MMP9 expression in HCC cells. In addition, we investigated
the roles of RIG-I in modulating the efficacy of IFN-a and
explored its possibility as prognostic biomarker and its
potential applications as a predictive element for therapeutic
interventions. Our results indicated that RIG-I suppressed
MMP9 expression through IFN-a-JAK-STATI1 pathway, and
RIG-I strengthened the IFN-JAK-STAT effector signaling by
promoting STAT1 activation and then enhanced therapeutic
response to IFN-a therapy in HCC. Therefore, the RIG-I and
IFN-a expression may be feedback to ensure longtime IFN-a
efficacy and RIG-I expression may have tumor-suppressive
effects in cancer cells.

Materials and methods

Ethics statement. Written informed constent was obtained
from all patients recruited in this study. The ethics committee
of our hospital approved all protocols according to the
Helsinki Declaration of 1975. In addition, all experimental
protocols were approved by the institutional animal care and
use committee of our hospital.

Patients and specimens. Cancerous tissues and adjacent non-
cancerous (>2 cm distance to the resection margin) hepatic
parenchyma were obtained from 80 HCC patients who under-
went curative resection surgery from 2010 to 2011 in the First
Affiliated Hospital of Xi'an Jiaotong University, Department
of Hepatobiliary Surgery. The patients did not have any other
malignancies and did not receive chemotherapy or radio-
therapy before operation. Fresh tissues were frozen at -80°C
for RNA and protein analyses. One section of each specimen
was stained with hematoxylin and eosin (H&E) staining for
pathological diagnosis. Samples were obtained from 63 men
and 17 women aged 36-78 years with a median age of 55 years.
Clinical data were collected from the medical records.
Informed consent was obtained from all patients before the
study began. The Investigation and Ethics Committee of our
hospital approved all protocols.

Immunohistochemical staining. Tissues were fixed in
formalin and embedded in paraffin before sectioning. Briefly,

1711

the sections (4 ym) were deparaffinized in xylene and rehy-
drated by stepwise washes in decreasing ethanol, quenched for
endogenous peroxidase in 3% hydrogen peroxide, followed by
boiling in retrieval solution to expose antigens and then slides
were incubated with the primary antibody against RIG-I (Cell
Signaling Technology) overnight at 4°C. The reaction was
visualized with diaminobenzidine and counterstained with
hematoxylin, which resulted in a brown-colored stain at the site.
All slides were stained with hematoxylin and eosin for histo-
logic analysis and observed by two pathologists independently
to evaluate the results. The measurement of positive staining
density was performed by an immunohistochemical score and
the percentage of tumor cells showing specific staining. The
intensity was assessed by four grades: O for none; 1 for weak;
2 for moderate; 3 for strong. The percentage of positive cells
was divided into four degrees: 0 for <5%; 1 for 5-25%; 2 for
26-50%; 3 for >50%. The total scores >1 were defined as posi-
tive. The overall intensity and percentage were evaluated at 10
independent fields (x400).

Cell culture. The human HCC cell lines Huh7, HepG2, Hep3B,
SMMC-7721, Bel-7402 and normal human liver permanent
cell line LO2 were obtained from Shanghai Institute of Cell
Biology, Chinese Academy of Sciences, Shanghai, China.
All of them were maintained in high-glucose DMEM supple-
mented with 10% heat-inactivated fetal bovine serum (FBS).
DMEM medium, FBS and trypsin/EDTA were purchased
from Invitrogen Co. (Carlsbad, CA, USA). All cell lines were
cultured at 37°C in a humidified incubator in 5% CO,.

Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR). Total RNA was extracted from HCC cell lines and
tissues with TRIzol reagent (Invitrogen) according to the manu-
facturer's protocol, and reversed transcribed with RevertAid™
first-strand cDNA synthesis kit (Fermentas Burlington, ON,
Canada). RIG-I mRNA levels were determined by gPCR using
SYBR Premix Ex Taq (Takara, Dalian, China) and normalized
with GAPDH using the following primers: RIG-I forward,
5''TGT GCT CCT ACA GGT TGT GGA-3', and reverse,
5'-CAC TGG GAT CTG ATT CGC AAA A-3'; GAPDH
forward, 5-CAA GGT CAT CCA TGA CAA CTT TG-3', and
reverse, 5'-GTC CAC CAC CCT GTT GCT GTA G-3'. The
primers were synthesized by GenePharma Co., Ltd. (Shanghai,
China). The PCR products were visualized on 2% agarose gel
and quantitative RT-PCR was performed at least three times
per sample. The relative gene expression was calculated with
the 2-ACt method. Three independent experimental replicates
were performed.

Western immunoblotting. Cells and tissues were lysed on
ice in RIPA lysis buffer according to manufacturer-provided
instructions. The protein concentration was quantified with the
BCA reagent (Hercules, CA, USA). Equal amounts of protein
were divided for electrophoresis on an 8-15% SDS-PAGE gel
and then transferred to a nitrocellulose membrane (Millipore,
Billerica, MA, USA). After blocking with 5% non-fat milk for
1 h, the membranes were incubated with antibodies, respec-
tively, overnight at 4°C, after washed 3 times with TBS/0.1%
Tween-20, blots were incubated with horseradish peroxidase-
conjugated secondary antibodies (Bio-Rad, Hercules, CA,
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USA). Chemiluminescence detection was performed according
to the manufacturer's instructions (Bio-Rad). f-actin was
measured to control for equal loading.

Celltransfection and clone selection. The pGFP-RIG-I plasmid
was constructed by Shanghai GeneChem Co. Transfection
was performed using Lipofectamine™ 2000 (Invitrogen)
according to the manufacturer's instructions. At 48 h after
transfection, the cells were collected for further assessment.
Stable transfection clones were obtained after 3-week selection
with Geneticin (G418) from Invitrogen at a dose of 600 pg/ml.
Stably transfected clones were determined by qRT-PCR and
immunoblotting for the level of RIG-I expression.

RNA interference. The human RIG-I specific siRNA were
5'-GGU GGA GGA UAU UGC AAC UTT-3' (sense) and
5'-AGU UGC AAU AUC CUC CAC CTT-3' (antisense); the
scrambled control RNA sequences were 5'-UUC UCC GAA
CGU GUC ACG UTT-3' (sense) and 5'-ACG UGA CAC GUU
CGG AGA ATT-3' (antisense). siRNA was synthesized from
Genechem (Shanghai, China). siRNA duplexes were trans-
fected at a final concentration of 10 nM.

Colony formation assay. Five hundred LO2, Huh7, HepG2,
Hep3B, SMMC-7721, Bel-7402 cells were placed in 6-well
plates and maintained in DMEM containing 10% FBS. When
the single cell grows to a 50-cell colony, colonies were fixed
with 20% methanol and stained with 0.1% crystal violet at
room temperature for 15 min.

Wound healing assay. Briefly, the HCC cells were grown and
transfected with empty vector and pGFP-RIG-I plasmid for
48 h. The cells were collected and seeded into 6-well plates
and cultured to >90% confluency in a monolayer. Scratch
wound were made using a 200-u1 pipette tip. Images of wounds
were taken with a phase contrast microscope at 0, 24 and 48 h.
The distance from one side to the other was measured using
Image Pro-Plus 6.0 software (Media Cybernetics, USA). For
each experiment, 5 visual fields and 2 repeated wells were
measured with three replications.

MTT assay. Proliferation was determined using the MTT assay
(Roche Diagnostics, USA). After 48-h incubation following
pEGFP-RIG-I plasmid (Gendicine, Sibiono GeneTech Co.,
Ltd., Shenzhen, China) addition, cells were cultured further
for 0-72 h, as before, the effect of IFN-a (Peprotech) on HCC
cell growth was determined. The absorbance of the samples
was measured using a model 550 microplate reader (Bio-Rad
Laboratories), at a wavelength of 570 nm corrected to 655 nm.
Three experimental replicates were performed.

Invasion assay. Cell invasion assays were performed using
24-well transwells (8-ym pore size; Millipore) coated with
Matrigel (BD Biosciences, San Jose, CA, USA). In total,
1x10° cells were suspended in 100 1 DMEM and added to
the upper chamber, and 600 ul DMEM containing 20% FBS
was placed in the lower chamber. After 24 h of incubation,
the cells remaining in the top surface of Matrigel membrane
was swabbed carefully and the membrane was fixed with 4%
paraformaldehyde for 10 min and stained with 0.1% crystal
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violet solution for 10 min. Cells in five microscopic fields were
counted and photographed randomly to obtain the mean cell
number in each membrane. All experiments were performed
in triplicate.

Immunofluorescence staining. After designated treatment,
HCC cells were fixed with 4% paraformaldehyde for 10 min
at room temperature, permeabilized in 0.5% Triton X-100
for 10 min, and blocked in 1% BSA for 1 h. Fixed cells were
then incubated with the RIG-I (1:100) primary antibody at 4°C
overnight. Cells were washed and incubated with goat anti-
rabbit FITC (green) IgG antibody (ZSGB-BIO Inc., Beijing,
China) at 1:100 dilution for 60 min. Nuclei were stained with
DAPI for 5 min. The cells were visualized by a fluorescent
microscope (Nikon, Japan) using appropriate excitation and
emission spectra at x400 magnification.

Invivo experiments. Ten BALB/ca female nude mice (Shanghai
Institute of Materia Medica, Chinese Academy of Science),
4-6-week-old, were kept in laminar-flow cabinets under specific
pathogen-free conditions, and handled according to the recom-
mendations of the National Institutes of Health guidelines for
care and use of laboratory animals. For the tumor challenge,
2x10° Hep3B-pEGFP-RIG-I plasmid or Hep3B-mock tumor
cells in 100 ul of Matrigel were injected subcutaneously into
the flanks of nude mice, and tumor growth was monitored each
week. There were five animals in each group. The mice were
sacrificed on day 28 after implantation. Tumor tissues were
prepared for western blot analysis and immunostaining.

Statistical analysis. Statistical analysis was performed with
SPSS software (version 16.0, SPSS, Chicago, IL, USA). All
data are shown as the mean + SD. Differences between two
groups were estimated with Student's t-test and ANOVA.
Statistical significance was defined as P<0.05.

Results

RIG-I expression is significantly decreased in HCC. We
examined 80 HCC samples and corresponding adjacent non-
cancerous hepatic tissues for RIG-I mRNA expression using
semi-quantitative RT-PCR. The average RIG-I/GAPDH level
in HCCs was significantly lower than that in non-cancer tissues
(Fig. 1A). Consistent with its RNA expression, RIG-I protein
expression was also obviously lower in HCC tissues (Fig. 1B).
Immunohistochemical study showed that RIG-I protein was
detectable in both cancer and non-cancer tissues (Fig. 1C).
However, the positive immunoreactivity was correlated with
~85% non-cancerous tissues (68/80), while only 40% in HCC
cases (32/80) showed positive protein staining. The RIG-I
protein staining was observed in the cytoplasm, and tended to
be greater in the non-cancer cells after analysis of the results of
THC scores using Mann-Whitney test (x> = 34.56, P<0.01). We
concluded that RIG-I expression was significantly decreased
in HCC.

RIG-I expression is a predictor of HCC progression and prog-
nosis of HCC patients. To determine the potential role of RIG-I
in HCC progression, we evaluated the correlation between
RIG-I expression and histopathological parameters in patients
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Figure 1. RIG-I expression is significantly decreased in HCC, RT-PCR analysis, western blotting, immunohistochemical staining of representative tissues from
80 HCC samples. (A) Ratio of average RIG-I/GAPDH expression in HCC compared with corresponding non-cancer hepatic tissues. (B) The average RIG-1/f-
actin level in HCCs. (C) Immunohistochemistry using anti-RIG-I antibodies; representative IHC staining of RIG-I in adjacent normal tissues (c and e) and in
HCC tissues (d and f). (a and b) For pathological diagnosis in H&E; (c and d) original magnification x100; (c) high RIG-I expression; (d) low RIG-I expression;

(e and f) x400 magnification; (¢) high RIG-I expression; (f) low RIG-I expression.
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Figure 2. Survival rates of HCC patients. (A) Disease-free survival rates of patients with HCCs. (B) Overall survival rates of patients with HCCs. High expression

of RIG-I was significantly associated with improved prognosis.
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Table I. Correlations between RIG-I expression and clinico-
pathological characteristics.

Expression level

Clinical Cases Positive Negative P-value®

parameters (n) (n=32) (n=48)

Age (years)
<65 46 17 29 0.645
=65 34 15 19

Gender
Male 63 22 41 0.097
Female 17 10 7

Tumor size (cm) 0.013*
<5 41 22 19
=5 39 10 29

Tumor number 0.783
Solitary 63 26 37
Multiple 17 6 11

Edmondson
I+1I 39 19 15 0.020*
+1v 41 13 33

TNM stage 0.003"
I-1I 36 21 15
m-1v 44 11 33

Capsular infiltration 0.402
Present 64 24 40
Absent 16 8 8

Vascular invasion 0.007*
Present 61 19 42
Absent 19 13 6

AFP (ng/ml) 0.633
<400 53 20 33
=400 27 12 15

HBsAg 0.773
Positive 71 28 43
Negative 9 4 5

P<0.05.
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with HCC. Clinical association analysis using a Pearson * test
revealed that the reduced RIG-I expression in HCC tissues
was correlated with large tumor size (=5 cm; P=0.013), venous
infiltration (P=0.007), high histological grade (Edmondson-
Steiner grade III + I'V; P=0.020) and advanced tumor stage
(TNM stage III + IV; P=0.003) (Table I). Its expression level
was not correlated with gender, age, HBV infection or histo-
logical differentiation degree. These results indicate a potential
role of RIG-I expression in inhibiting aggressive phenotypes
in HCC.

Next, as RIG-I expression is significantly decreased in
HCC, we further assessed whether the level of RIG-I in tumor
tissues predicted the prognosis of patients. We followed up
the HCC patients recruited in this study to obtain prognostic
information of 73 HCC cases (91.3%). The median duration
of follow-up was 26 months (range, 9-38 months). Using the
median IHC score of RIG-I in HCC tissues as the cut-off value,
after analyzing them with the Kaplan-Meier survival curve, we
found that patients with high RIG-I expression had improved
disease-free survival and overall survival (Fig. 2, P<0.01).
Multivariate analysis that enrolled all of the significant clinical
factors for OS and DFS indicated that RIG-I positive expres-
sion (Table II) was an independent prognostic factor for HCC
patients. These results suggested that RIG-I expression was
effective in predicting prognosis of patients.

RIG-I expression in HCC cell lines. We performed RT-PCR
and qRT-PCR to analyze the differential mRNA levels
of RIG-I among HCC cell lines including SMMC-7721,
Bel-7402, Hep3B, Huh7 and HepG2, and the normal liver LO2
cells. We found that compared with LO2 cell line, all five HCC
cell lines expressed significantly lower levels of RIG-I mRNA
[Fig. 3A (RT-PCR) and B (qQRT-PCR), P<0.01]. Among these
HCC cell lines, RIG-I was noted to be highest in SMMC-7721
and lowest in Hep3B. Result of western blotting was consis-
tent with that of RT-PCR (Fig. 3C and D, P<0.01). We then
visualized the cellular location of RIG-I in these 6 HCC cell
lines using immunofluorescence (Fig. 3E). Consistent with the
immunohistochemical data from the HCC tissues, the single
cell-labeling revealed that positive staining for RIG-I protein
was intense in the cytoplasm of all the tested HCC cell lines.

RIG-I inhibits proliferation, migration and invasion of
HCC cells. To investigate the effect of RIG-I on HCC cells,
we measured RIG-I mRNA expression level and assessed

Table II. Multivariate Cox regression analysis of 3-year disease-free and overall survival of hepatocellular carcinoma.

Overall survival

Disease-free survival

Variables HR 95% CI P-value HR 95% CI P-value
RIG-I 3.612 1.109-7.987 0.003* 2.358 1.082-4.976 0.009*
Vascular nvasion 2.741 1.312-5.736 0.007* 2.592 1.273-5.286 0.009*
Edmondson grade 3.423 1.348-9.129 0.014* 2217 1.081-4.629 0.048*
TNM stage 4.201 1.527-10.619 0.027* 7314 2.018-23.69 0.030*

HR, hazard ratio; CI, confidence interval. *Statistically significant.
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Figure 3. Expression of RIG-I mRNA and protein in HCC cell lines. The cells of five hepatoma cell lines and a normal liver cell line were subjected to
(A) RT-PCR, (B) qRT-PCR, (C) western blotting and (D) summarized as RIG-I protein expression compared to 3-actin. (E) The location of RIG-I proteins
within cells of the six cell lines determined by single-labeled immunofluorescence assay. Green color indicates RIG-I-positive, blue color indicates the nuclear

staining. "P<0.01.

colony formation ability of LO2 cells and the HCC cell lines
including SMMC-7721, Bel-7402, Hep3B, Huh7 and HepG2.
LO2 expressing the highest RIG-I mRNA levels showed the
poorest ability to form colonies (Figs. 3B and 4A). In addi-
tion, RIG-I mRNA expression level was negatively correlated
with the number of cell colonies (t=-4.608, r=-0.893, P=0.016,
Fig. 4B).

Next, we enforced RIG-I expression in Hep3B and Huh7
cells which expressed RIG-I at low level employing RIG-I
expressing plasmid which contained GFP. Immunofluorescence
confirmed the successful transfection of RIG-I expressing
plasmid into these cells (Fig. 4C). qRT-PCR and western
blotting results confirmed that RIG-I mRNA and protein level
were significantly upregulated in these two cell lines after
transfection (Fig. 4D and E). Then, we evaluated the func-
tional role of RIG-I on tumor cells. After stably transfected

cells were individually selected, since the presence of RIG-I
reduces the ability of cell colony formation, we investigated
whether the overexpression of RIG-I mRNA affected cell
proliferation. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assay revealed that elevated RIG-I
significantly negatively affected the viability of Hep3B and
Huh?7 cell proliferation (Fig. 4F). Then we explored whether
RIG-I regulated HCC cell migration and invasion. First, we
examined the role of RIG-I in tumor cell migration using
wound scratch assay. As illustrated in Fig. 4G, enforced
expression of RIG-I significantly inhibit wound closure in
Hep3B and Huh?7 cells. To further validate these observations,
we examined the effects of RIG-I on HCC cell migration using
the transwell chamber without Martrigel. Indeed, tumor cells
derived from RIG-I-transfectants displayed less ability of
migration, compared with those derived from control vector
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were seeded into the Transwell chamber coated without or with Matrigel and incubated in DMEM containing 10% FBS for 24 h. Representative images and
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(Fig. 4H). Next, we determined the role of RIG-I in tumor cell
invasion. We performed these experiments using transwell
chamber with Matrigel. As illustrated in Fig. 41, upregulation
of RIG-I expression significantly decreased the number of
cells that invaded through Matrigel in comparison with that
derived from the vector.

To further identify these observations, we confirmed the
results in an opposite method by transfecting specific siRNA
to knock down RIG-I in SMMC-7721 and Bel-7402 cells

which expressed high levels of RIG-I endogenously. qRT-PCR
and western blotting results confirmed that RIG-I mRNA and
protein level were significantly downregulated by RIG-I siRNA
in these two cell lines (Fig. SA and B). Next, we investigated
whether RIG-I deregulation influenced tumor cell prolifera-
tion. Therefore, proliferation was assessed in SMMC-7721 and
Bel7402 cells. In these cells, obviously increased prolif-
eration rates were observed (Fig. 5C). At the same time,
downregulation of RIG-I remarkably promoted the wound
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Figure 5. RIG-I downregulates MMP9 via STAT1 activation and strengthens the IFN-JAK-STAT effector signaling. (A) qRT-PCR confirms the knock-
down in SMMC-7721 and Bel-7402 cells treated with RIG-I siRNA. (B) Western blotting confirmed RIG-I expression in SMMC-7721 and Bel-7402 cells.
(C) Proliferation rates were assessed by MTT assay. The proliferation rate of SMMC-7721 and Bel-7402 cells treated with RIG-I siRNA was significantly

greater than in control siRNA cells. (D) Wound healing assays showed that

RIG-I knockdown enhanced the migration of SMMC-7721 and Bel-7402 cells.

(E) RIG-I knockdown increased the number of migration. (F) RIG-I knockdown increased the number of invaded cells. (G) Expression of MMP9 protein

was enhanced by RIG-1 siRNA, overexpression of RIG-I significantly reduce

d MMP9 levels, as confirmed by western blot analysis. 3-actin served as loading

control. (H) IFN regulates MMP9 expression through the JAK-STAT pathway, and the inhibitory effect was time-dependent. (I) STAT1 phosphorylation
determined by western blotting in SMMC-7721 and Bel-7402 cells transfected with RIG-I siRNA and stimulated with IFN-a. (J) STAT1 nuclear translocation
determined by western blotting in SMMC-7721 and Bel-7402 cells transfected with RIG-I siRNA and stimulated with IFN-a. $-actin as internal control, and

Lamin A/C as nuclear marker and internal control. “P<0.01.

closure (Fig. 5D). Indeed, experiments of transwell chamber
without Matrigel strengthen the results (Fig. SE), tumor cells
with RIG-I knockdown displayed a higher ability of migration.
Consistently, the number of SMMC-7721 and Bel7402 cells
that invaded through Matrigel was enhanced remarkably after
RIG-I was downregulated (Fig. 5F). Collectively, these data
demonstrated that RIG-I inhibited HCC cell proliferation,
migration and invasion in vitro.

RIG-I regulates the expression of MMP9. Then we investi-
gated a potential mechanism for RIG-I in HCC cell migration
and invasion. Since MMP?9 is a member of the matrix metallo-
proteinase (MMP) family, which has important roles in tumor
cell migration and invasion (19-21), we assessed whether alter-
ation of RIG-I expression in HCC cells influenced the protein
expressions of MMP9. Results of western blotting confirmed
that overexpression of RIG-I significantly reduced the expres-
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Figure 6. There was positive correlation between protein expression of RIG-I and MMP9 in Hep3B xenografts of nude mice. (A and B) RIG-I enhanced the
effect of IFN-a inhibits the migration and invasion. (C and D) Exemplarily, tumor bearing mice and explanted tumors are depicted. Tumor size and weight
was plotted in (C) and (D), respectively. (E) Control Hep3B cells (p-EGFP-control), RIG-I overexpressing Hep3B cells (p-EGFP-RIG-I), respectively, were
implanted into nude mice via subcutaneous injection. Tumor nodules were measured using a caliper at different times after implantation. RIG-I overexpressing
Hep3B cells exhibited a greater tumor-inhibiting effect compared with control cells. "P<0.01 by two-way ANOVA. (F) Tumor nodules were subjected to
immunohistochemical staining for RIG-I and MMP9. Representative immunostaining revealed that RIG-I overexpression significantly reduced the number of
MMP?9 positive cells. ‘P<0.01, “P<0.01.

sions of MMP9. On the other hand, downregulation of RIG-I = RIG-I downregulates MMP9 via STATI activation and
remarkably enhanced the MMP9 expression (Fig. 5G). strengthens IFN-JAK-STAT effector signaling. Interferon-a
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(IFN-a), for the adjuvant therapy of HCC, Ugarte-Berzal et al
verified that it could inhibit migratory and invasive capacity
through downregulating MMP9 in chronic lymphocytic
leukemia (22). Whether IFN-a could suppress MMP9 in HCC
was still an unsolved question. As shown in Fig. 5SH, we found
the inhibitory effect of IFN-o on MMP9 was time-dependent
in Hep3B. Since the IFN-JAK-STAT cascade is a classical
pathway regulating MMP9 expression (23,24), we investigated
whether RIG-I modulated MMP9 expression through this
pathway. Because RIG-I is one of the IFN-stimulated genes
(18), which was significantly decreased in HCC, we investi-
gated the association of RIG-I expression with the response to
IFN-a therapy in HCC in vitro. The activation of the intracel-
lular JAK-STAT pathway mediates the downstream expression
upon IFN-a stimulation (7). In HCC cells, RIG-I knockdown
inhibited IFN-a-induced STAT1 activation and nuclear trans-
location (Fig. 51 and J), then contributed to downregulation
of MMPO. These results suggested that RIG-I promoted the
activation of IFN-JAK-STAT effector signaling in HCC cells.
Additionally, we examined the effects of IFN on HCC cell
migration and invasion (Fig. 6A and B). Consistently, RIG-I
overexpression significantly decreased the migration and inva-
sion compared to the single IFN effect. Collectively, these data
demonstrate that RIG-I may enhance the antitumor effect of
IFN-a by amplifying the IFN-JAK-STAT effector pathway in
HCC cells by promoting STAT1 activation.

Positive correlation between protein expression of RIG-I and
MMP9 in Hep3B xenografts of nude mice. To further prove our
in vitro findings that RIG-I affected tumor growth by inhib-
iting MMPO, we investigated Hep3B cells in a subcutaneous
tumor model. As shown in Fig. 6C and D, the size and weight
of xenografts derived from Hep3B RIG-I cells (p-EGFP-RIG-
I group) was significantly smaller than that one from Hep3B
control cells (p-EGFP-control group) at the 28th day after
HCC cells injection. Consistently, tumor growth curves, gener-
ated over 28 days, revealed that RIG-I overexpression slowed
down Hep3B tumor growth in mice (Fig. 6E). Additionally,
we carried out IHC assay on xenograft tissues and found
that RIG-I was expressed positively in all five xenografts
from Hep3B RIG-I group and there was negative expression
of MMP9 found in corresponding xenografts (Fig. 6F). The
RIG-I protein in xenografts from Hep3B RIG-I group was
detected in the cytoplasm, which was consistent with the
finding of IHC assessment for HCC patients. The results of
xenograft experiments confirmed that RIG-I suppresses the
growth of hepatocellular carcinoma through MMP9.

Discussion

The dismal prognosis of HCC has been attributed to the
post-surgical recurrence and metastasis-related de novo
tumor development (25). Distinct HCC-associated proteins or
microRNAs have also been proposed as biomarkers for patient
prognosis (26,27). However, scarce predictive biomarkers for
HCC prognosis is available in clinic to date. Herein, we for
the first time report the downregulation of RIG-I in HCC and
clarified the correlation between RIG-I expression and the
prognosis of patients. We initially investigated the expression
of RIG-I protein in 80 HCC patients using immunohisto-
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chemistry, qRT-PCR and western blotting. Our data showed
that the expression of RIG-I was significantly lower in HCC
compared with matched adjacent tissue. Furthermore, RIG-I
expression was significantly correlated with tumor size,
venous infiltration, Edmondson-Steiner grading and TNM
tumor stage. Thus, this is the first report showing the clinical
significance of RIG-I. Importantly, our data indicated that
RIG-I positive expression was significantly correlated with a
better 3-year survival for all HCC patients. Multivariate Cox
repression analysis found that RIG-I was an independent factor
in predicting both overall 3-year survival and disease-free
survival in HCC patients. These results showed that the status
of RIG-I was critical for prognosis determination in HCC
patients. In this study, we confirmed that RIG-I suppressed
tumor progression in HCC.

To investigate detailed mechanisms by which decreased
expression of RIG-I contributed to the poor prognosis of
patients with HCC, we first evaluated the in vitro expression
levels and cellular locations of RIG-I in 5 HCC cell lines and
compared them with that of a normal liver cell line. Consistent
with the low expression and cytoplasm location of RIG-I
in HCC tissue, RIG-I was expressed in cytoplasm in these
six HCC cell lines. As a tumor suppressor, we first demon-
strated that RIG-I was a key tumor suppressor that regulated
cell proliferation in different HCC cell lines, given that RIG-I
mRNA expression correlated negatively with colony forma-
tion ability. Moreover, upregulation of RIG-I significantly
suppressed HCC cell migration and invasion, whereas, when
RIG-I was repressed by a RIG-I-specific siRNA, the tumor
cell migration and invasion was markedly enhanced. Taken
together, our results suggested that RIG-I played an important
role in inhibiting HCC cell migration and invasion.

Mechanistically, it is well known that degradation of the
extracellular matrix surrounding tumors is the most common
feature of tumor cell invasion into surrounding tissues and
early metastasis. Members of the MMP family secreted by
invading tumor cells can degrade all essential components
of the extracellular matrix. Thus, expression levels of these
MMPs effectively reflect the aggressiveness of tumor cells
and are associated with poor prognosis in various cancers.
MMPO is an important member of MMP family which is
pivotal in degrading the basement membrane and has been
proven to facilitate tumor invasion and metastasis in many
types of cancer cells (19,28,29). It has also been shown that the
invasive and metastatic capabilities of HCC were restrained by
suppression of MMP9 (30,31). Indeed, in this study, we found
that inhibition of MMP9 expression was associated with the
suppression of HCC cell migration and invasion in vitro after
overexpression of RIG-I. In additional, we established an HCC
xenograft mouse model and found that MMP9 was absent
in xenografts with high RIG-I level. These results identify
conclusively that MMP9 is downregulated by RIG-I in HCC.
However, it is unknown how RIG-I regulates MMP9 expres-
sion. Further study will investigate this underlying mechanism.

Moreover, investigations of RIG-I in cancer also reported
that RIG-I activation by its ligand pppRNA could induce apop-
tosis in melanoma cells and ovarian cancer cells (4). IFN had
tumor-suppressive effects in cancer cells by IFN-JAK-STAT
pathway to attenuate MMPO. The induced RIG-I expression
and activation upon IFN-a stimulation could ensure a long-
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time IFN-a efficacy. We found that RIG-I was able to promote
STAT1 activation and nuclear translocation, its interaction with
STAT1 suggested that RIG-I might also function as an impor-
tant intracellular regulator to modulate the MMP9 signaling
pathway. Moreover, RIG-I antiviral signaling induced the
production of type I IFN, which activated the downstream
JAK-STAT pathway to induce IFN-stimulated genes expres-
sion (32). Here we found that RIG-I could amplify IFN-a
effector signaling. It could be informative to study crosstalk
between the RIG-I and IFN downstream pathways, especially
the regulation of IFN downstream signaling by molecules in
the RIG-I pathway.

The detailed mechanisms of RIG-I in preventing HCC
carcinogenesis need to be further investigated. We postulate
that host IFN-o may be important in the prevention of HCC
carcinogenesis and the overexpression of RIG-I may enhance
cellular response to IFN-a, inhibiting HCC carcinogenesis.
Moreover, as STAT1 activation by RIG-I may contribute to
suppression of MMP9 in the HCC development. Future work
will be needed to fully reveal the roles of RIG-I in the regula-
tion of IFN-a effector signaling and antitumor responses.
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