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Abstract— The molecular mechanisms of innate immunity are closely associated with the d-
evelopment of non-alcoholic fatty liver disease (NAFLD). TNF-« is a key cytokine involved
in the pathogenesis of metabolic inflammation like NAFLD. Melanoma differentiation-
associated gene 5 (MDAS) is a member of the intracellular RNA helicase family proteins
that play a pivotal role in an antiviral immune response. Previous studies have demonstrated
that TNF-« induces the expression of MDAS5 in some types of cells. However, the correlation
between TNF-« and the expression of MDAS in hepatocytes remains unknown. In the
present study, we used two human hepatocellular carcinoma cell lines, HuH-7 and HLE,
and examined the expression of MDAS in these cells upon stimulation with TNF-cc. The
expression of MDAS induced by TNF-« was analyzed by quantitative real-time RT-PCR and
western blotting. Next, RNA interference against MDAS was performed and the expressions
of CXCL10 and STAT1 were examined. We found that the expression of MDAS had
increased upon stimulation with TNF-« in a concentration-dependent manner. Gene silencing
against MDAS suppressed the expression of TNF-a-induced CXCL10 in both cells. In HLE
cells, gene silencing of MDAS impaired STAT1 phosphorylation 24 h after stimulation with
TNF-«. On the other hand, TNF-a-induced STAT1 phosphorylation was not detected in
HuH-7 cells. These results indicated that MDAS positively modulated the TNF-o-induced
expression of CXCL10 in both STAT1-dependent and -independent manner and may be
associated with metabolic inflammation in the liver.
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well as the innate immune responses for the hepatitis virus
infection [1]. In the pathogenesis of the non-alcoholic fatty
liver disease (NAFLD), TNF-« is associated with the
development of the obesity-linked insulin resistance [2]
and is mainly produced by the adipocytes and Kupffer
cells. Obesity causes an increased secretion of adipokines
such as TNF-« and interleukin-6. Impaired integrity of the
intestinal barrier causes an influx of lipopolysaccharide
(LPS) derived from the gut microbiome to the liver via
the portal vein. Kupffer cells activated due to the stimuli
with LPS secrete many inflammatory cytokines [3, 4].
During these processes, the hepatocytes are exposed to
excessive levels of inflammatory cytokines including
TNF-o. Furthermore, various chemokines are known to
modulate inflammation. They play important roles in
recruiting the immune cells to inflamed sites and activating
Kupffer cells, hepatic stellate cells, endothelial cells, and
hepatocytes [5, 6]. Among them, C-X-C motif chemokine
10 (CXCL10), predominantly secreted by the hepatocytes
and liver sinusoidal endothelial cells, plays a pivotal role in
the pathogenesis of NASH and is regarded as a potential
therapeutic target [6, 7]. In a previous report, it has been
revealed that TNF-c is a highly potent inducer of CXCL10
in hepatocytes [8].

Melanoma differentiation-associated gene 5 (MDAS)
and retinoic acid-inducible gene-I (RIG-I) are members of
the DExH RNA helicase family proteins [9]. MDAS and
RIG-I function as sensors for the viral RNA and conse-
quently lead to the production of type I interferons (IFNs)
[10]. Many studies have reported that MDAS is critically
involved in the antiviral responses against hepatitis B, C,
and D viruses [11-14]. On the other hand, it has also been
implicated in the chronic inflammation caused by non-viral
stimuli. Previously, we had reported that an increase in the
expression of MDAS was observed in the gastric mucosa
infected with Helicobacter pylori [15]. Moreover, there are
increasing evidences describing the association of MDAS
with autoinflammation and autoimmune responses [16,
17]. Although it has been reported that TNF-¢ induces
the expression of MDAS in HO-1 melanoma cells [9], it
remains unknown whether MDAS is induced similarly in
hepatocytes stimulated with TNF-x. Additionally, no re-
ports on the association of MDAS with CXCL10 expres-
sion in hepatocytes are available.

In the present study, we used two human hepatocel-
lular carcinoma (HCC) cell lines as experimental models of
hepatocytes and investigated the expression of MDAS in
these cells when stimulated with TNF-o. Additionally, we
assessed the effect of gene silencing against MDAS on
TNF-o-induced CXCL10 expression.
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MATERIALS AND METHODS

Materials

A recombinant human TNF-« was purchased from
Roche Diagnostics (Manheim, Germany). Dulbecco’s
modified eagle’s medium (DMEM) containing
Glutamax™, fetal bovine serum (FBS), Lipofectamine
RNAIMAX reagent, oligo(dT);»_13, and M-MLV reverse
transcriptase were obtained from Invitrogen (Frederick,
MD, USA). Small interfering RNA (siRNA) against
MDAS5 and IFN regulatory factor 1 (IRF1) and non-
silencing negative control siRNA were purchased from
Qiagen (Hilden, Germany). A siRNA against NF-kB p65
and rabbit polyclonal anti-MDAS antibody were purchased
from Cell Signaling Technologies (Danvers, MA, USA)
and Immuno-Biological Laboratories (Fujioka, Gunma,
Japan), respectively. Rabbit polyclonal anti-signal trans-
ducers and activators of transcription 1 (STAT1) antibody
(sc-346) and mouse monoclonal anti-phosphorylated
STAT1 (p-STAT1) antibody (sc-136229) were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). A
rabbit anti-3-actin antibody was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Anti-rabbit I[gG HRP-
conjugated antibody (#1858415), anti-mouse IgG HRP-
conjugated antibody (#1858413), and BCA Protein Assay
Reagent were purchased from Pierce/Thermo Scientific
Inc. (Waltham, MA, USA). A SsoAdvanced Universal
SYBR Green Supermix solution was obtained from Bio-
Rad Laboratories Inc. (Hercules, CA, USA). A NucleoSpin
RNA kit was purchased from Macherey-Nagel GmbH &
Co. KG (Diiren, Germany). Polyvinylidene fluoride
(PVDF) membranes and Luminata Crescendo Western
HRP substrate were from Millipore Corporation (Billerica,
MA, USA). An enzyme-linked immunosorbent assay
(ELISA) kit for CXCL10 was obtained from R&D systems
(Minneapolis, MN, USA).

Cell Culture

A well-differentiated and non-differentiated human
HCC cell lines, HuH-7 and HLE, respectively, were cul-
tured in DMEM containing Glutamax™ with 10% FBS
and maintained in an incubator with 5% CO, at 37 °C. For
the RNA interference (RNAI) experiments, the cells were
transfected with siRNA against MDAS, p65, IRF1, and a
negative control siRNA using the Lipofectamine
RNAIMAX reagent, according to the manufacturer’s in-
structions. After 24 h of transfection, the culture medium
was changed and the cells were treated with 10 ng/ml TNF-
o for 24 h. Then, the culture medium was collected and the
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Table 1. Oligonucleotide Primers for Real-Time Quantitative PCR

cDNA Primers
MDAS F: 5-GTTGAAAAGGCTGGCTGAAAAC-3’
R: 5'-TCGATAACTCCTGAACCACTG-3'
pan IFN-« F: 5-AGAATCTCTCCTTTCTCCTG-3'
R: 5-"TCTGACAACCTCCCAGGCAC-3'
IFN-3 F: 5-CCTGTGGCAATTGAATGGGAGGC-3’
R: 5-CCAGGCACAGTGACTGTACTCCTT-3'
STAT1 F: 5-CAGTTCTCCCAAGGGAGTTAG-3'

R: 5-GTATGCAGTGCCACGGAAAGC-3'
IRF1 F: 5-CGGGGCTCATCTGGATTAATAAAGAGG-3'
R: 5-GGATGTGCCAGTCGGGGAGAGTG-3'

CXCL10 F: 5-TTCAAGGAGTACCTCTCTCTAG-3’
R: 5'-CTGGATTCAGACATCTCTTCTC-3'
GAPDH F: 5-GCACCGTCAAGGCTGAGAAC-3'

R: 5-ATGGTGGTGAAGACGCCAGT-3'

cells were lysed. Analysis using quantitative real-time re-
verse transcription-polymerase chain reaction (QPCR) was
conducted on the RNA extracted from the cells. Western

(a HuH-7

MDAS W ——— —

B-actin e —————
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blotting and ELISA were performed using cell lysates and
culture medium, respectively.

RNA Isolation and qPCR

Total RNA was extracted from the cells using the
NucleoSpin RNA kit according to the manufacturer’s in-
structions. Single-strand cDNA was synthesized from 1 pg
of total RNA using the oligo d(T);,_;g primers and M-
MLV reverse transcriptase. A JPCR was performed using a
Bio-Rad CFX real-time PCR thermocycler with
SsoAdvanced Universal SYBR Green Supermix solution.
The primer sequences used were as described in Table 1.
Each sample was run in triplicate.

Western Blot Analysis

The cells were washed twice with PBS and lysed
using Laemmli’s reducing sample buffer. The protein con-
centration was measured using the BCA Protein Assay
Reagent. Each protein sample of 15 pg was loaded onto
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Fig. 1. TNF-« induced the expression of MDAS in HuH-7 and HLE cells. a The HuH-7 cells were treated with various concentrations of TNF-« for 24 h and
their cell lysates were subjected to western blotting to detect MDAS and (3-actin. b The HLE cells were treated with TNF-« as presented in (a) and western
blotting of MDAS and f3-actin were performed. ¢ The cells were treated with various concentrations of TNF-o for up to 24 h. Total RNA was extracted from
the cells and the mRNA expression of MDAS was analyzed by qPCR. d The cells were treated with 10 ng/ml TNF-« for 24 h. Total RNA was extracted from

cells and the mRNA expression of MDAS was analyzed by qPCR.
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a7.5% or 10-20% SDS-polyacrylamide gel and subjected
to electrophoresis, after which, the separated proteins were
transferred onto a PVDF membrane. The membrane was
blocked for 120 min in Tris-buffered saline with Tween 20
(TBS-T; 50 mM Tris-HCI, 250 mM NaCl and 0.1% Tween
20) containing 5% nonfat dry milk and incubated overnight
at 4 °C with an antibody against MDAS (1:1000), p-STAT 1
(1:1000), STAT1 (1:1000), or [3-actin (1:2000), followed
by incubation with a horseradish peroxidase-labeled sec-
ondary antibody for 1 h at room temperature.
Immunodetection was carried out using Luminata Crescen-
do substrate.

ELISA

ELISA was performed to examine the secretion of
CXCL10 by HuH-7 and HLE cells. The concentration of
CXCL10 in the supernatant of culture media was deter-
mined using an ELISA kit, according to the manufacturer’s
instructions.

HuH-7
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Statistical Analysis

All data was presented as the mean + SD. The statis-
tical significance was determined using a Student’s ¢ test. A
P value of <0.05 was considered to be statistically
significant.

RESULTS

TNF-o Induces the Expression of MDAS in HuH-7 and
HLE

Firstly, we examined whether TNF- could upregu-
late the expression of MDAS in two human hepatocellular
carcinoma cell lines HuH-7 and HLE. As shown in Fig. la
and b, MDAS protein was induced in a concentration-
dependent manner upon stimulation with TNF-«x. In the
HLE cells, the mRNA of MDAS began to increase at 4 h
after the treatment with TNF-o reached the maximal level
at 8 h and then decreased gradually (Fig. 1¢). In the HuH-7

HLE
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Fig. 2. The cells were treated with 10 ng/ml TNF-o for up to 24 h. Total RNA was extracted from the cells and the mRNA expression was analyzed by qPCR.
The mRNA expression of IFN-f3 (a), IRF1 (c), and CXCL10 (e) in HuH-7 and HLE (b, d, and f, respectively) were examined.
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cells, the MDAS mRNA continued to increase until 16 h
and then decreased (Fig. 1¢). The expression level of the
MDAS5 mRNA in HuH-7 was substantially lower than that
in HLE (Fig. 1d). Next, we analyzed the mRNA expression
of IFN-f3, IRF1, and CXCL10 in these cell lines stimulated
by TNF-o. The results showed that the expression level of
the IFN-3 mRNA was lower in HuH-7 (Fig. 2a) than in
HLE (Fig. 2b). The results of mRNA expression for IRF1
(Fig. 2¢, d) and CXCL10 (Fig. 2e, f) were also found to be
similar. Thus, it can be suggested that the responsiveness to
TNF-« was lower in HuH-7 than in HLE and the induction
of IFN-3 was modest in HuH-7.

TNF-a-Induced MDAS Expression Is Mediated by NF-
kB

Thereafter, we examined the effects of NF-kB and
IRF1 on the expression of MDAS in HuH-7 and HLE
stimulated with TNF-x. The results showed that gene
silencing against NF-kB p65 almost suppressed the
MDAS5 expression induced by TNF-« in both cells
(Fig. 3a, b). On the other hand, gene silencing against
IRF1 significantly suppressed the expression of MDAS in
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HLE (Fig. 3b, d), but not in HuH-7 (Fig. 3a, c). Therefore,
it can be suggested that the expression of MDAS induced
by TNF-a was mediated by NF-kB and IRF1 was also
involved in its expression in some types of cells.

Gene Silencing against MDAS Attenuates TNF-«x-
Induced CXCL10 Expression

We carried out gene silencing against MDAS to in-
vestigate its influence on the expression of CXCL10 in-
duced by TNF-«. Effective knockdown was confirmed by
qPCR and western blotting (Fig. 3a—d). As shown in
Fig. 4a, gene silencing against MDAS elicited a significant
decrease of CXCL10 mRNA expression in HuH-7 stimu-
lated by TNF-«, and similar results were obtained in HLE
as well (Fig. 4b). The knockdown of MDAS reduced TNF-
a-induced CXCL10 protein production by approximately
75% and 50% in HuH-7 and HLE, respectively (Fig. 4c, d).

Gene Silencing Against MDAS Suppresses TNF-o-
Induced STAT1 Phosphorylation in HLE

STAT-1 is a key transcriptional factor required for the
expression of CXCL10 in hepatocytes. Therefore, we
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Fig. 3. TNF-a-induced MDAS expression is mediated by NF-kB. The cells were transfected with siRNA against MDAS, NF-kB p65, IRF1, or non-
silencing negative control and incubated for 24 h. After changing the culture medium, the cells were treated with 10 ng/ml TNF-« for 24 h. Total RNA was
extracted from the cells and the mRNA expression of MDAS in a HuH-7 and b HLE was analyzed by qPCR (n=3, *p <0.01). The cell lysates were
subjected to western blotting for detection of MDAS and (3-actin in ¢ HuH-7 and d HLE.
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Fig. 4. Gene silencing against MDAS attenuated TNF-o-induced CXCL10 expression. The cells were transfected with siRNA against MDAS or non-
silencing negative control and incubated for 24 h. After changing the culture medium, they were treated with 10 ng/ml TNF-« for 24 h. Total RNA was
extracted from the cells and the mRNA expression of CXCL10 was analyzed by qPCR. The expression levels of CXCL10 mRNA in a HuH-7 and in b HLE
(n=3,*p <0.01). The concentration of CXCL10 protein in the culture media of ¢ HuH-7 and d HLE was examined by ELISA (n =3, *p <0.01, **p < 0.05).

performed gene silencing against MDAS and investigated
the occurrence of phosphorylation of the STAT1 protein.
The p-STAT1 protein was not detected in HuH-7 upon
stimulation with TNF-«, whereas the phosphorylation of
the STAT1 protein was detected in HLE at 24 h after
treatment with TNF-o (Fig. 5a). The knockdown of
MDAS resulted in the inhibition of phosphorylation of
the STAT1 protein in HLE. The results of qPCR revealed
that the mRNA level of STAT 1 was not increased in HuH-7
stimulated with TNF-o (Fig. 5b), whereas the marked
upregulation of STAT1 mRNA was detected in HLE (Fig.
5¢). Moreover, the gene silencing against MDAS signifi-
cantly suppressed the expression of STAT1 in HLE (Fig.
5c). Since it is widely known that type I or II IFN was
essential for the activation of STAT1, we evaluated the
expression of IFN-oc and -3 mRNA in both cells. The
expression of [IFN-oc mRNA was analyzed by qPCR using
pan-specific primers. The mRNA level of pan IFN-« and
IFN-3 was almost unchanged in HuH-7 upon stimulation
with TNF-o (Fig. 6a, c). Contrary to expectations, trans-
fection of siRNA against MDAS resulted in the

upregulation of pan IFN-o¢ mRNA in HLE (Fig. 6b).
Nevertheless, the expression levels of STAT1 mRNA and
protein were not affected by the transfection as shown in
Fig. 5. Thus, it can be suggested that this cellular response
is a non-specific reaction and has no direct influence on the
present results. In contrast, the expression of IFN-3 mRNA
was enhanced by the treatment with TNF-oc and signifi-
cantly suppressed by the knockdown of MDAS in HLE
(Fig. 6d).

DISCUSSION

RIG-I-like receptor (RLR) is a term used commonly
to describe three RNA helicases, RIG-I, MDAS, and labo-
ratory of genetics and physiology 2 (LGP2), and plays a
critical role in sensing double-stranded RNA during viral
infection. Many studies have revealed that RLRs are es-
sential to antiviral responses. On the other hand, there are
increasing evidences to prove that the innate immune sys-
tem may be an important regulator of metabolic and
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Fig. 5. Silencing of the MDAS gene suppressed TNF-x-induced STAT 1 phosphorylation in HLE. The cells were transfected with siRNA against MDAS and
incubated for 24 h. After changing the culture medium, the cells were treated with 10 ng/ml TNF-o for up to 24 h. a The cell lysates were subjected to western
blotting to analyze the expression of p-STAT1, STAT 1, and 3-actin. Total RNA was extracted from cells and the expression of STAT1 mRNA in b HuH-7 and

¢ HLE was examined by qPCR (n=3, *p <0.01).

cardiovascular diseases [18]. Pan ef al. have reported that
RIG-I was upregulated in rodent models of type 2 diabetes
mellitus [19]. We have reported that RIG-I was strongly
expressed in the macrophages of the atherosclerotic lesions
[20]. Toyoda et al. have reported that RIG-I was correlated
with the occurrence of hepatic steatosis in patients with
chronic hepatitis C [21]. Although there is a possibility that
MDAS5 may be associated with the development of meta-
bolic inflammation, it has not yet been elucidated.

In the present study, we focused on the function of
TNF- as a key inducer of MDAS because it plays a
pivotal role in the development of metabolic inflammation,
and we have previously reported that TNF-o had induced
the expression of RLRs in some types of cells like macro-
phages and synoviocytes [20, 22]. In this study, we found
that TNF- could induce the expression of MDAS in
human HCC cell lines HuH-7 and HLE without any viral
stimuli and was mediated by NF-«B. Interestingly, IRF1
was involved in its expression only in HLE. Previous
reports have shown that IRF1, originally identified as a
regulator of IFN-f3 gene [23], was induced upon

stimulation with TNF-« in hepatocytes [24] and [FIH]
gene, which encodes MDAS that is known to be one of
the IFN-stimulated genes. Therefore, it is suggested that
the NF-kB/IRF1/IFN-f3 pathway is important for the ex-
pression of MDAS in HLE. Moreover, the expression of
IFN-3 and the phosphorylation of STAT1 were inhibited
by the knockdown of MDAS suggesting that it enhanced
the IFN-(3/STAT1 signaling and the possibility of the pres-
ence of a positive feedback loop between IFN-{3 and
MDAS in HLE. On the other hand, it is confirmed that
IRF1 was not required for the expression of MDAS in
HuH-7, suggesting that the IFN-3/STAT1 signaling was
not deeply involved in its expression in HuH-7. It is as-
sumed that the expression of MDAS was affected by the
activation level of the IFN-3/STAT1 signaling in response
to TNF-o because the expression level of MDAS was
substantially lower in HuH-7 than in HLE. We could not
clarify the molecular mechanisms associated with the dif-
ference in responsiveness to TNF-« between HuH-7 and
HLE. It can be speculated that differences in genetic back-
grounds, such as a mutation of p53, may influence the
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Fig. 6. The cells were transfected with siRNA against MDAS and incubated for 24 h. After changing the culture medium, they were treated with 10 ng/ml
TNF-o for 24 h and total RNA was extracted from the cells. The expression levels of pan a IFN-o mRNA and ¢ IFN-f3 in b HuH-7 and d HLE were analyzed

by gPCR (n=3, *p<0.01).

cellular responses. Although NF-kB was essential for the
expression of MDAS in both cells, we could not elucidate
whether the induction of MDAS was directly mediated by
NF-«B in this study. Further investigations are needed.

In our previous studies, we have demonstrated that
MDAS modulated the expression of CXCL10 in human
mesangial cells and astrocytoma cells [25, 26]. In the present
study, we have analyzed the role of MDAS induced by
TNF-o in the expression of CXCL10 in hepatoma cell lines.
It was observed that a knockdown of the MDAS gene
resulted in a marked decline of CXCL10 production in
HuH-7 and HLE cells stimulated by TNF-«, suggesting that
MDAS positively modulated the expression of CXCL10.
Because it has been reported that STAT1 is critically in-
volved in the induction of CXCL10 in hepatocytes [27], it is
possible that MDAS can modulate the CXCL10 expression
by enhancing the IFN-(3/STAT1 pathway. In this study, we
demonstrated that gene silencing against MDAS impaired
STAT1 phosphorylation in HLE upon stimulation with
TNF-a. On the other hand, TNF-a-induced STAT1 phos-
phorylation was not detected in HuH-7, suggesting that
IFN-3/STAT1 signaling was not activated by TNF-x in
the cells. These results indicated that MDAS positively
modulated the TNF-a-induced expression of CXCL10 in
both STAT1-dependent and -independent manner. Although
the precise mechanisms of STAT1-independent pathway

remain unclear, we speculate that MDAS may exert some
influence on the activity of a transcriptional factor other than
STAT1 or the post-transcriptional regulation such as the
stabilization of the mRNA.

CXCL10 is closely associated with the development
of various kinds of chronic liver diseases. In murine
NASH, CXCL10-deficient mice exhibit significantly at-
tenuated liver inflammation compared to the wild type
mice, which occurs due to a reduction in the number of
infiltrated macrophages [28]. Zhang ef al. reported that the
hepatic levels of CXCL10 mRNA were significantly high
in patients with NASH [7]. These reports suggested that
CXCLI10 could be deeply involved in the pathogenesis of
NAFLD and can be regarded as a strong candidate to
therapeutically target NAFLD. Therefore, it can be sug-
gested that MDAS modulates the inflammation of NAFLD
via CXCL10 involvement and might be a potential thera-
peutic target.

CONCLUSION

In the present study, we found that MDAS was in-
duced by TNF-o and positively modulated TNF-o-
induced CXCL10 expression in HuH-7 and HLE cells.
MDAS may be critically involved in hepatic inflammation.



Melanoma Differentiation-Associated Gene 5

COMPLIANCE WITH ETHICAL STANDARDS

Conflict of Interest. The authors declare that they have
no conflict of interest.

REFERENCES

11.

Tilg, H., and A.R. Moschen. 2010. Evolution of inflammation in
nonalcoholic fatty liver disease: the multiple parallel hits hypothesis.
Hepatology 52 (5): 1836-1846.

Hotamisligil, G.S., N.S. Shargill, and B.M. Spiegelman. 1993. Ad-
ipose expression of tumor necrosis factor-alpha: direct role in
obesity-linked insulin resistance. Science 259 (5091): 87-91.
Tomita, K., G. Tamiya, S. Ando, K. Ohsumi, T. Chiyo, A. Mizutani,
N. Kitamura, K. Toda, T. Kaneko, Y. Horie, J.Y. Han, S. Kato, M.
Shimoda, Y. Oike, M. Tomizawa, S. Makino, T. Ohkura, H. Saito,
N. Kumagai, H. Nagata, H. Ishii, and T. Hibi. 2006. Tumour
necrosis factor alpha signaling through activation of Kupffer cells
plays an essential role in liver fibrosis of non-alcoholic
steatohepatitis in mice. Gut 55 (3): 415-424.

Rivera, C.A., P. Adegboyega, N. van Rooijen, A. Tagalicud, M.
Allman, and M. Wallace. 2007. Toll-like receptor-4 signaling and
Kupffer cells play pivotal roles in the pathogenesis of non-alcoholic
steatohepatitis. Journal of Hepatology 47 (4): 571-579.

Marra, F., and F. Tacke. 2014. Roles for chemokines in liver disease.
Gastroenterology 147 (3): 577-594.

Chen, W., J. Zhang, H.N. Fan, and J.S. Zhu. 2018. Function and
therapeutic advances of chemokine and its receptor in nonalcoholic
fatty liver disease. Therapeutic Advances in Gastroenterology 11: 1—
13.

Zhang, X., J. Shen, K. Man, E.S.H. Chu, T.O. Yau, J.C.Y. Sung,
M.Y.Y. Go, J. Deng, L. Lu, V.W.S. Wong, J.J.Y. Sung, G. Farrell,
and J. Yu. 2014. CXCLI10 plays a key role as an inflammatory
mediator and a non-invasive biomarker of non-alcoholic
steatohepatitis. Journal of Hepatology 61 (6): 1365-1375.

Narumi, S., H. Yoneyama, H. Inadera, K. Nishioji, Y. Itoh, T.
Okanoue, and K. Matsushima. 2000. TNF-alpha is a potent inducer
for IFN-inducible protein-10 in hepatocytes and unaffected by GM-
SCF in vivo, in contrast to IL-1beta and IFN-gamma. Cytokine 12
(7): 1007-1016.

Kang, D.C., R.V. Gopalkrishnan, Q. Wu, E. Jankowsky, A.M. Pyle,
and P.B. Fisher. 2002. Mda-5: an interferon-inducible putative RNA
helicase with double-stranded RNA-dependent ATPase activity and
melanoma growth-suppressive properties. Proceedings of the Na-
tional Academy of Sciences of the United States of America 99 (2):
637-642.

Yoneyama, M., M. Kikuchi, K. Matsumoto, T. Imaizumi, M.
Miyagishi, K. Taira, E. Foy, Y.M. Loo, M. Gale Jr., S. Akira, S.
Yonehara, A. Kato, and T. Fujita. 2005. Shared and unique
functions of the DExD/H-box helicases RIG-I, MDAS5 and
LGP2 in antiviral innate immunity. Journal of Immunology
175 (5): 2851-2858.

Guo, H., D. Jiang, D. Ma, J. Chang, A.M. Dougherty, A. Cuconati,
T.M. Block, and J.T. Guo. 2009. Activation of pattern recognition
receptor-mediated innate immunity inhibits the replication of hepa-
titis B virus in human hepatocyte-derived cells. Journal of Virology
83 (2): 847-858.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2103

Dansako, H., M. Tkeda, and N. Kato. 2007. Limited suppression of the
interferon-beta production by hepatitis C virus serine protease in cultured
human hepatocytes. The FEBS Journal 274 (16): 4161-4176.

Cao, X., Q. Ding, J. Lu, W. Tao, B. Huang, Y. Zhao, J. Niu, Y.J. Liu, and
J. Zhong. 2015. MDAS plays a critical role in interferon response during
hepatitis C virus infection. Journal of Hepatology 62 (4): 771-778.
Zhang, Z., C. Filzmayer, Y. Ni, H. Siiltmann, P. Mutz, M.S. Hiet,
F.W.R. Vondran, R. Bartenschlager, and S. Urban. 2018. Hepatitis D
virus replication is sensed by MDAS and induces IFN-[3/A responses
in hepatocytes. Journal of Hepatology 69 (1): 25-35.

Tatsuta, T., T. Imaizumi, T. Shimoyama, M. Sawaya, K. Tanji, T.
Matsumiya, H. Yoshida, K. Satoh, and S. Fukuda. 2012. Expression
of melanoma differentiation associated gene 5 (MDAY) is increased
in human gastric mucosa infected with Helicobacter pylori. Journal
of Clinical Pathology 65 (9): 839-843.

Funabiki, M., H. Kato, Y. Miyachi, H. Toki, H. Motegi, M. Inoue, O.
Minowa, A. Yoshida, K. Deguchi, H. Sato, S. Ito, T. Shiroishi, K.
Takeyasu, T. Noda, and T. Fujita. 2014. Autoimmune disorders
associated with gain of function of the intracellular sensor MDAS.
Immunity 40 (2): 199-212.

Dias Junior, A.G., N.G. Sampaio, and J. Rehwinkel. 2019. A
balancing act: MDAS in antiviral immunity and autoinflammation.
Trends in Microbiology 27 (1): 75-85.

Xu, M., P.P. Liu, and H. Li. 2019. Innate immune signaling and its
role in metabolic and cardiovascular diseases. Physiological Re-
views 99 (1): 893-948.

Pan, Y., GM. Li, H.G. Zhong, M.J. Chen, T.T. Chen, L.L. Gao,
H.W. Wu, and J. Guo. 2016. RIG-I inhibits pancreatic 3 cell prolif-
eration through competitive binding of activated Src. Scientific
Reports 6: 28914.

Imaizumi, T., N. Yagihashi, K. Kubota, H. Yoshida, H. Sakaki, S.
Yagihashi, H. Kimura, and K. Satoh. 2007. Expression of retinoic
acid-inducible gene-I (RIG-I) in macrophages: possible involvement
of RIG-I in atherosclerosis. Journal of Atherosclerosis and Throm-
bosis 14 (2): 51-55.

Toyoda, H., T. Kumada, S. Kiriyama, M. Tanikawa, Y. Hisanaga, A.
Kanamori, T. Tada, S. Kitabatake, and Y. Murakami. 2013. Associ-
ation between hepatic steatosis and hepatic expression of genes
involved in innate immunity in patients with chronic hepatitis C.
Cytokine 63 (2): 145-150.

Imaizumi, T., T. Arikawa, T. Sato, R. Uesato, T. Matsumiya, H.
Yoshida, M. Ueno, S. Yamasaki, T. Nakajima, M. Hirashima, K.
Sakata, Y. Ishibashi, S. Toh, C. Ohyama, and K. Satoh. 2008.
Involvement of retinoic acid-inducible gene-I in inflammation of
rheumatoid fibroblast-like synoviocytes. Clinical and Experimental
Immunology 153 (2): 240-244.

Miyamoto, M., T. Fujita, Y. Kimura, M. Maruyama, H. Harada, Y.
Sudo, T. Miyata, and T. Taniguchi. 1988. Regulated expression of a
gene encoding a nuclear factor, IRF-1, that specifically binds to IFN-
{3 gene regulatory elements. Cell 54 (6): 903-913.

Geller, D.A., D. Nguyen, R.A. Shapiro, A. Nussler, M. Di Silvio, P.
Freeswick, S.C. Wang, D.J. Tweardy, R.L. Simmons, and T.R.
Billiar. 1993. Cytokine induction of interferon regulatory factor-1
in hepatocytes. Surgery 114 (2): 235-242.

Imaizumi, T., T. Aizawa-Yashiro, T. Matsumiya, H. Yoshida, S.
Watanabe, K. Tsuruga, T. Tatsuta, F. Xing, R. Hayakari, P. Meng,
and H. Tanaka. 2013. Interaction between interferon-stimulated gene
56 and melanoma differentiation-associated gene 5 in toll-like re-
ceptor 3 signaling in normal human mesangial cells. American
Journal of Nephrology 37 (2): 118-125.

Imaizumi, T., K. Murakami, K. Ohta, H. Seki, T. Matsumiya, P.
Meng, R. Hayakari, F. Xing, T. Aizawa-Yashiro, T. Tatsuta, H.
Yoshida, and H. Kijima. 2013. MDAS and ISG56 mediate CXCL10



2104

27.

expression induced by toll-like receptor 4 activation in U373MG
human astrocytoma cells. Neuroscience Research 76 (4): 195-206.
Tomita, K., A. Kabashima, B.L. Freeman, S.F. Bronk, P. Hirsova,
and S.H. Ibrahim. 2017. Mixed lineage kinase 3 mediates the induc-
tion of CXCL10 by a STAT-1-dependent mechanism during hepa-
tocyte lipotoxicity. Journal of Cellular Biochemistry 118 (10):
3249-3259.

Kawaguchi, Sakuraba, Haga, Matsumiya, Seya, Endo, Sawada, lino, Kikuchi, Hiraga, Fukuda, and Imaizumi

28. Tomita, K., B.L. Freeman, S.F. Bronk, N.K. LeBrasseur, T.A. White,
P. Hirsova, and S.H. Ibrahim. 2016. CXCL10-mediates macrophage,
but not other innate immune cells-associated inflammation in murine
nonalcoholic steatohepatitis. Scientific Reports 6: 28786.

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



	Melanoma Differentiation-Associated Gene 5 Positively Modulates TNF-α-Induced CXCL10 Expression in Cultured HuH-7 and HLE Cells
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Cell Culture
	RNA Isolation and qPCR
	Western Blot Analysis
	ELISA
	Statistical Analysis

	RESULTS
	TNF-α Induces the Expression of MDA5 in HuH-7 and HLE
	TNF-α-Induced MDA5 Expression Is Mediated by NF-κB
	Gene Silencing against MDA5 Attenuates TNF-α-Induced CXCL10 Expression
	Gene Silencing Against MDA5 Suppresses TNF-α-Induced STAT1 Phosphorylation in HLE

	DISCUSSION
	CONCLUSION
	References



