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Abstract: Background: Neuroblastoma (NB) is one of the most common malignant solid tumors
to occur in children, characterized by a wide range of genetic and epigenetic aberrations.
We studied whether modifications of the latter with a 5-aza-2′-deoxycytidine (decitabine, Dac)
DNA methyltransferase inhibitor can provide a therapeutic advantage in NB. Methods: NB cells with
or without MYCN amplification were treated with Dac. We used flow cytometry to measure cell
apoptosis and death and mitochondrial reactive oxygen species (mtROS), microarray to analyze gene
expression profile and bisulfite pyrosequencing to determine the methylation level of the DDX58/RIG-I
promoter. Western blot was used to detect markers related to innate immune response and apoptotic
signaling, while immunofluorescent imaging was used to determine dsRNA. We generated mtDNA
depleted ρ0 cells using long-term exposure to low-dose ethidium bromide. Results: Dac preferentially
induced a RIG-I-predominant innate immune response and cell apoptosis in SK-N-AS NB cells,
significantly reduced the methylation level of the DDX58/RIG-I promoter and increased dsRNA
accumulation in the cytosol. Dac down regulated mitochondrial genes related to redox homeostasis,
but augmented mtROS production. ρ0 cells demonstrated a blunted response in innate immune
response and apoptotic cell death, as well as greatly diminished dsRNA. The response of NB cells
to CDDP and poly(I:C) was potentiated by Dac in association with increased mtROS, which was
blunted in ρ0 cells. Conclusions: This study indicates that Dac effectively induces a RIG-I-related
innate immune response and apoptotic signaling primarily in SK-N-AS NB cells by hypomethylating
DDX58/RIG-I promoter, elevated mtROS and increased dsRNA. Dac can potentiate the cytotoxic
effects of CDDP and poly(I:C) in NB cells.
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1. Introduction

Neuroblastoma (NB) is the most common extracranial solid tumor to occur in children and is
responsible for about 15% of pediatric oncology deaths [1]. Risk factors include age older than 18 months
at diagnosis, advanced stage, unfavorable histologic grade and MYCN amplification. MYCN-amplified
NB is highly correlated with advanced disease stage and poor prognosis, which accounts for 20–25%
of overall and 40% of high-risk cases [2] and MYCN-nonamplified NB with elevated c-MYC expression
is also associated with a poor prognosis in NB [3].

In addition to genetic abnormalities, epigenetic aberrations play an important role in the
progression of NB. Epigenetic changes that occur in both single genes and at the genome-wide
level. Hypermethylation in the promoter region of tumor suppressor genes is associated with
poor outcome [4–7]. Genome-wide analysis of DNA methylation has revealed a DNA methylator
phenotype in NB with poor prognosis, characterized by the methylation of a subset of multiple CpG
islands [8,9]. Tumorigenic properties of NB can be inhibited by reversing epigenetic changes with DNA
methyltransferase inhibitor 5-aza-2′-deoxycytidine (decitabine, Dac) [10], which is also FDA-approved
for treating hematological malignancies [11]. Treatment of NB cells with Dac induced cell differentiation
and reduced proliferation and colony formation [12,13]. Further studies demonstrated that Dac can
potentiate the cytotoxic effects of current chemotherapies [14]. However, the molecular mechanism
underlying the clinical effects of Dac remains uncertain. The reactivation of aberrantly methylated
tumor suppressor genes following promoter demethylation has shown to grant an antitumor effect [15].
More recently, however, a couple of studies have demonstrated that the tumor-suppressing effect of
Dac can be attributed to an activated innate immune response, in which an increase of endogenous
dsRNA stimulates retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated
protein 5 (MDA5) and can then trigger mitochondrial antiviral signaling protein (MAVS)/interferon
regulatory factor 3 (IRF3) pathway, ultimately leading to cell death [16,17].

Mitochondria are responsible for the cellular bioenergetics and are involved in redox status.
Mitochondrial DNA (mtDNA) encodes tRNA, rRNA and proteins that are essential for oxidative
phosphorylation (OXPHOS). This versatile organelle, which includes mtDNA and other interior
components and associated proteins, constitutes a central hub of innate immune signaling [18].
The integrity of mitochondrial DNA (mtDNA) plays a central role in MAVS-related pathway activity in
HeLa cells [19,20]. In fact, our previous study demonstrated that mtDNA is involved in TLR3-agonist
induced oxidative stress and cell death in NB [21]. In this study, we demonstrated that Dac induces a
RIG-I-associated innate immune response and cell death in NB through hypomethylated DDX58/RIG-I
promoter and accumulated endogenous dsRNA. We also verified the involvement of mitochondria
in mediating the anti-NB effect of Dac by using the ρ0 cell devoid of mtDNA. Finally, we found that
Dac can potentiate the anti-NB effect of cisplatin and/or poly(I:C), which are known for targeting
mitochondria and stimulating innate immunity, respectively.

2. Materials and Methods

2.1. Cell Culture

Human NB cell lines (SK-N-AS, SK-N-FI, BE(2)-M17 and SKN-DZ) were purchased from
the American Type Culture Collection (Manassas, VA, USA). All cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (12100-046, Thermo Fisher Scientific, Waltham,
MA, USA) and supplemented with 10%-heat-inactivated fetal bovine serum (FBS; 10437-028, Thermo
Fisher Scientific, Waltham, MA, USA), GlutaMAX (35050-061, Thermo Fisher Scientific, Waltham,
MA, USA), non-essential amino acids (11140-050, Thermo Fisher Scientific, Waltham, MA, USA) and
an antibiotic–antimycotic (15240-062, Thermo Fisher Scientific, Waltham, MA, USA) in a 5%-CO2

humidified incubator at 37 ◦C. NB cells treated with 5-aza-2′-deoxycytidine (Dac) (A3656, Sigma-Aldrich,
St. Louis, MO, USA) at various doses were harvested after 3 or 5 days. For synergistic treatment
with other drugs, NB was first grown in medium containing 2.5-µM Dac for 3 or 5 days. Then,
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Dac-containing medium was washed out and replaced with fresh medium loaded with 50-µg/mL
poly(I:C)(tlrl-pic-5, Invivogen, San Diego, CA, USA), 10-µM cisplatin (Fresenius Kabi India, Pune, India)
or a combination of both.

2.2. Gene Expression Microarray Assay

Collected RNA samples were subjected to microarray assay to determine a gene expression profile.
We utilized Affymetrix Clariom D microarray chips for profiling. The RNA sample were first prepared
using the WT PLUS reagent kit (Affymetrix, Thermo Fisher Scientific, Waltham, MA, USA) followed
by hybridization on the Clariom D microarray chips. The raw data of Clariom D chips were first
subjected to quality control examination pursuant to the Affymetrix manuals. The chips that passed the
quality control criteria were then analyzed with Partek; a commercial software specific for microarray
data analysis.

2.3. Methylation Analysis Using Bisulfite Pyrosequencing

Pyrosequencing was conducted for four CpGs sites within the RIG-I/DDX58 promoter region.
Briefly, 500 ng of each genomic DNA sample was bisulfite-converted using the EpiTect Plus DNA
bisulfite kit (Qiagen, Hilden, Germany). The primer sequences used for bisulfate pyrosequencing are
listed in Supplementary Table S1. The PCR program was 95 ◦C for 5 min, 40 cycles of 94 ◦C for 30 s,
56 ◦C for 30 s and 72 ◦C for 30 s, followed by a final extension at 72 ◦C for 10 min. Single-stranded DNA
templates were prepared from the biotinylated PCR product using streptavidin-coated sepharose beads
(streptavidin sepharose high performance, GE Healthcare, Inc., Chicago, IL, USA), where the sequence
primer was annealed. Primed templates were sequenced using the PyroMark Q24 System (Qiagen, Inc.)
and the assay setup was generated using PyroMark Q24 Application Software 2.0 (Qiagen, Inc.).

2.4. Gene Knockdown

Knockdown of DDX58/RIG-I was conducted by using small-interfering RNA (siRNA). Control
scramble siRNA (si-CON) and si-RIG-I were purchased from (D-001810-10-20 and L-012511-00-0020,
respectively, Horizon Discovery, Cambridge, UK). Gene delivery of siRNA into cells was conducted
using lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s
protocol. Briefly, 5 × 106 cells were seeded in 100-mm culture dishes 24 h before transfection. Then,
25-nM siRNA in 7.5 µL DEPC water (tube 1) and 20 µL of lipofectamine RNAiMAX reagent (tube 2)
were separately diluted in 500 µL serum-free Opti-MEM (Invitrogen, Carlsbad, CA, USA), followed
by 15–20 min incubation at room temperature. Cultured cell then underwent 6 h of incubation with
siRNA-mix, followed by 18 h of incubation with growth medium. Finally, cells were divided into
no-treated and Dac-treated groups for subsequent 5 days.

2.5. MtDNA-Devoid ρ0 Cells

The procedure for generating mtDNA-devoid SK-N-AS cells (ρ0) has previously been described.
Briefly, cells were treated with 50-ng/mL ethidium bromide for 12 weeks in the presence of 1-mM
pyruvate and 50-µg/mL uridine. Limit dilution was employed to obtain single and stable ρ0 clones.
The mtDNA-depletion status was characterized by mtDNA copy number, mtDNA-coded protein
(cytochrome c oxygenase subunit 2, COX2) expression and inviable phenotype under a medium free of
pyruvate and uridine.

2.6. MtDNA Copy Number

We determined mtDNA content using real-time PCR (Light-cycler 480, Roche, Basel, Switzerland).
To determine content of nuclear DNA as a copy number reference, we used the forward primer 5′-GGC
TCTGTGAGGGATATAAAGACA-3′ and reverse primer 5′-CAAACCACCCGAGCAACTAATCT-3′,
both of which were complementary to the sequences of the chromosome 1 genome loci on 1q24-25.
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To analyze the mtDNA content, we used the forward primer 5′-CACAGAAGCTGCCATCAAGTA-3′

and reverse primer 5′-CCGGAGAGTATATTGTTGAAGAG-3′, both of which were complementary to
the sequences of ND2. The difference of threshold cycle number (∆Ct) values of the nuclear chromosome
1 gene and the mitochondrial ND2 gene were calculated during each PCR run. The mitochondrial
copy number was calculated using the following formula:

Copy number (copies/cell) = 2 × 2∆Ct (1)

2.7. Western Blotting

Proteins from no-treated control and drug-treated samples were separated in 8–12% SDS-PAGE gels
and were transferred onto 0.45-µm PVDF membranes (Millipore, Burlington, MA, USA) in a Trans-Blot®

SD Semi-Dry Transfer Cell (Bio-Rad) for 50 min at 400 mA. The membrane was blocked in 5% non-fat
milk powder/PBS-T (1X PBS, 0.1% Tween-20 (Sigma-Aldrich, St. Louis, MO, USA) and incubated
overnight at 4 ◦C with a blocking buffer containing primary antibodies, including anti-MDA5 (5321S,
Cell Signaling, Danvers, MA, USA), anti-RIG-I (3743S, Cell Signaling, Danvers, MA, USA), anti-TLR3
(ab62566, Abcam, Cambridge, UK), anti-p-IRF3 (ab76493, Abcam, Cambridge, UK), anti-MAVS
(sc-166583, Santa Cruz Biotechnology, Dallas, TX, USA), anti-c-PARP (9532S, Cell Signaling, Danvers,
MA, USA), anti-c-caspase3 (9661S, Cell Signaling, Danvers, MA, USA), anti-c-caspase9 (7237S, Cell
Signaling, Danvers, MA, USA), anti-c-caspase8 (9496S, Cell Signaling, Danvers, MA, USA) and
anti-Tom20 (sc-17764, Santa Cruz Biotechnology, Dallas, TX, USA). The membrane was washed and
then incubated for 1 h with 5% non-fat milk powder/PBS-T containing anti-rabbit IgG antibodies or
anti-mouse IgG antibodies and was then washed and imaged with enhanced chemiluminescence
(PerkinElmer, Waltham, MA, USA). The membrane images were analyzed using an AutoChemi image
system (UVP) or exposed to Fuji medical X-ray film, followed by quantification with Alpha View SA
3.4.0 (ProteinSimple, San Jose, CA, USA).

2.8. Flow Cytometry Detecting Cell Death and ROS

The percentage of cell death was determined using propidium iodide (PI) (Sigma-Aldrich, St. Louis,
MO, USA) and trypan blue (TB) staining, followed by cytometry-based analysis on the FL2 and FL3
channel, respectively. Briefly, cells were suspended in PBS and stained with PI or TB for 15 min at
room temperature. The mitochondrial ROS was measured by MitoSOXTM Red (Invitrogen, Carlsbad,
CA, USA). Cells were washed twice with PBS and stained with MitoSOX™ red (5 µM) for 30 min at
37 ◦C. Then cells were collected, washed twice with PBS and finally resuspended in a flow tube with
1 mL PBS. The fluorescent signal of cell suspension was then measured using a FACS caliber 101 flow
cytometer (BD Biosciences, San Jose, CA, USA) and analyzed using winMDI software.

2.9. Immunofluorescent Imaging

We seeded 1 × 104 cells on an 18-mm cover glass (GMA81-018, MATSUNAMI, Bellingham,
WA, USA). After being treated with 2.5-µM Dac for 5 days, cells were fixed in 4% formaldehyde,
washed and then permeabilized with 0.25% Triton X-100 in PBS for 10 minutes. Cells were subjected
to staining with primary antibodies mouse anti-dsRNA mAb J2 (1:200, 10010200; SCICONS, Szirák,
Hungary) for 2 h and rabbit anti-Tom20 pAb (1:100; sc11415, Santa Cruz Biotechnology, Dallas,
TX, USA) for 1 h, secondary antibodies Alexa 488-conjugated donkey anti-mouse (1:500, ab96873,
Abcam, Cambridge, UK) and Alexa 594-conjugated goat anti-rabbit (1:500, ab96883, Abcam, Cambridge,
UK) for 1 h and DAPI (D1306, Thermo Fisher Scientific, Waltham, MA, USA). After washing twice
with PBS, cover glass was mounted with Fluoromount-G® (0100-01, SouthernBiotech, Birmingham,
AL, USA). Super-resolution imaging was performed using a confocal microscope (LSM 980 with
Airyscan 2, Zeiss, Oberkochen, Germany). The fluorescence signal intensity of dsRNA was captured
under lower magnification (100×) of the Olympus FV10i confocal microscope. Quantification of the
dsRNA signal was obtained in three fields containing at least 17 cells for each group from three
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independent experiments. The quantification of fluorescent signal representing dsRNA level was
normalized to cell number.

2.10. Statistical Analysis

Data expressed as the mean± SEM were collected from at least three independent experiments.
Differences between two data sets were evaluated using two-tailed unpaired Student’s t-test. Statistical
tests between multiple data sets were analyzed using a one-way analysis of variance (ANOVA) followed
by post hoc Tukey’s test. A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Dac Preferentially Induces a RIG-I-Related Innate Immune Response and Cell Apoptosis in MYCN
Non-Amplified SK-N-AS NB

In the study by Ikegaki et al. [22], they demonstrated that the epigenetic modifier Dac could
induce the stemness phenotype of NB cells under five days of treatment. Therefore, we determined the
stemness or cytotoxic effect of Dac 2.5-µM for 5 days on SK-N-AS NB cells using propidium iodide (PI)
and trypan blue (TB) staining followed by flow cytometry analysis after 5 days of treatment. As shown
in Figure 1A, Dac significantly increased cell death with dose.

Next, we tested whether MYCN-amplification affects NB cells susceptibility to Dac.
MYCN-non-amplified SK-N-AS and MYCN-amplified SK-N-DZ human NB cells were treated with
2.5-µM Dac for 5 days. As shown in Figure 1B, Dac significantly increased the death rate in SK-N-AS
cells up to 8-fold and tripled the death rate in SK-N-DZ cells (p < 0.001 and p < 0.01, respectively).
SK-N-AS cells were more sensitive to Dac treatment (p < 0.001, Figure 1B). Double-staining with annexin
V/PI indicated that Dac treatment induces both early and late apoptosis significantly. (Supplementary
Figure S1A). To clarify the underlying mechanism, we utilized microarray to analyze the differential
gene expression in SK-N-AS cells in response to Dac (Supplementary Figure S1B). As shown in
Figure 1C, treatment with Dac induced some interferon-stimulated genes (ISGs), including DDX58,
which encodes RIG-I, a dsRNA sensor for initiating innate immune response.

Then we evaluated whether Dac could modify DDX58/RIG-I at the epigenetic level. After treatment
with Dac, the expression of DNA methyltransferase 1 (DNMT1) protein was decreased with different
dose (Figure 1D). We evaluated the methylation level of DDX58 promoter in four selected CpG sites
(Supplementary Figure S2) using bisulfite pyrosequencing. As shown in Figure 1E, Dac suppressed the
methylation level of DDX58 promoter. The results suggest that Dac affects the expression of DNMT1,
leading to the decreased methylation of DDX58/RIG-I.

Dac has been reported to stimulate the expression of endogenous dsRNA [16,17], so we explored
the role of Dac in inducing dsRNA in NB cells. The monoclonal antibody J2 (for dsRNA detection)
and anti-Tom20 (mitochondria inner membrane) were used to examine spatial distribution and
the production of dsRNA. In the untreated control (NT) group, the dsRNA signal expressed in a
faint intensity (Figure 1F) and could be observed within mitochondria (Supplementary Figure S3A).
In contrast, Dac-treated cells showed a stronger dsRNA expression, particularly in the cytosol (Figure 1F).
The quantification of dsRNA fluorescence signal was investigated under lower magnification from
three independent experiments (Figure 1F’ and Supplementary Figure S3B). These results suggest that
Dac may induce endogenous dsRNA and activate RIG-I, resulting in innate immune-related response.

Four different NB cells, including two MYCN non-amplified cells (SK-N-AS and SK-N-FI) and two
MYCN amplified cells (BE(2)M17 and SK-N-DZ) (Figure 1G) were used to clarify the innate immunity
response of Dac. Dac treatment induced marked RIG-1 protein expression in SK-N-AS and SK-N-FI
cells. Furthermore, such RIG-1 related downstream proteins as MAVS and phosphorylated IRF-3
(p-IRF3) were also detected only in SK-N-AS cells (Figure 1G). Moreover, the apoptosis indicator
cleaved caspase-9 in SK-N-AS cells was detected after the treatment of Dac (Figure 1G). However,
both no-treated and Dac-treated SK-N-FI cells presented a similar level of cleaved caspase-9 with
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seldom phosphorylation of IRF-3 (Figure 1G). In addition, the apoptotic rate of SK-N-FI cells remained
unchanged after Dac treatment (Supplementary Figure S3C). These findings indicate Dac-induced cell
apoptosis involved in the activation of the RIG-1 pathway in SK-N-AS cells only. In line with our previous
study, SK-N-AS, but not SK-N-FI and SK-N-DZ cells, exhibited activated innate immunity signaling
and marked apoptosis in response to immunostimulant stimulation [23]. Thereafter, we focused on the
implication of Dac-induced innate immunity signaling in triggering apoptosis of SK-N-AS cells.

Mitochondrial antiviral signaling protein ubiquitination and degradation is a vital step for activating
downstream innate immune response [24]. In our experiment, smaller degraded MAVS isoform (50 kDa)
was detected in AS and FI cells under Dac stimulation, while the expression of undegraded MAVS
protein was found in BE (2)M17 and SK-N-DZ cells (Figure 1G). We verified the degraded pattern of
MAVS in the context of provoked innate immune response in SK-N-AS cells by the use of poly (I:C)
(Supplementary Figure S4). A dose manner test revealed that Dac at 2.5-µM is an effective dose for
triggering innate immune signaling and apoptotic response in SK-N-AS cells (Figure 2A,B).

Then, we verified the role of DDX58/RIG-I by siRNA knockdown and found that inhibition of
RIG-I significantly attenuated the degraded form of MAVS, p-IRF3 and cleaved caspase-9 (Figure 2C).
Attenuated RIG-1 gene expression also suppressed the Dac-induced late phase cell apoptosis in
SK-N-AS cells (Figure 2D). As such, these results indicate that RIG-I acts as one of the positive
regulators in mediating the effect of Dac on innate immune signaling and NB apoptosis.

3.2. mtDNA Plays a Vital Role in Dac-Activated Innate Immune Response and Apoptosis

In our microarray data, we also found a series of downregulated mitochondrial genes following
Dac treatment, including genes related to anti-oxidant, chaperone and mitochondrial dynamics
(Figure 3A), which are critical to oxidative stress [25]. As oxidative stress is characterized by
overproduction of reactive oxygen species (ROS) that can cause damage to mitochondrial structure
and function [26], we evaluated mitochondrial ROS (mtROS) by using MitoSoxTM Red. As shown in
Figure 3B, Dac induced a significant increase in mtROS. This induced mtROS by Dac was significantly
suppressed in the presence of ROS scavenger N-acetylcysteine (NAC) (Figure 3B). Attenuation of
mitochondrial membrane potential by the treatment of Dac indicates impaired mitochondrial integrity
(Supplementary Figure S5A). As mitochondrial import machinery is implicated in regulating the
state of mitochondrial oxidative stress in NB cells [27], we further assess the TOM20, a mitochondrial
translocase of outer membrane. To validate the results from microarray and mt-ROS measurement
(Figure 3A,B), we checked the protein expression of TOM20 level and confirmed the expression of
TOM20 was significantly reduced in response to Dac (Supplementary Figure S5B).

Since mtDNA can trigger the innate immune response, we sought to clarify its role by generating
mtDNA-depleted SK-N-AS cells (AS-ρ0 cells). After long term exposure of ethidium bromide along
with supplementation of pyruvate and uridine, AS ρ0 cells presented devoid of mtDNA (Figure 3C),
as well as greatly reduced mtDNA-encoded protein cytochrome c oxidase 2 (COX2) (Figure 3D).
To confirm whether exposure of ethidium bromide leads to DNA damage of nuclear genome which
may trigger transformation of cellular nature, we compared the level of phosphorylation of γH2AX at
Serine 139 in SK-N-AS and AS-ρ0 cells. As shown in Supplementary Figure S6A, SK-N-AS and AS-ρ0

cells manifested similar level of γH2AX (p-S139). Unlike strikingly increased level of endogenous
dsRNA in Dac-treated SK-N-AS cells, AS-ρ0 cells presented an unchanged dsRNA level following Dac
stimulation (Figure 3E,E’; Supplementary Figure S6B).

AS-ρ0 cells treated with Dac also demonstrated an attenuated response in RIG-I, MAVS, p-IRF3,
cleaved caspase-9, -3 and PARP (Figure 3F). The cell death of AS-ρ0 cells was not affected by Dac,
compared to the original SK-N-AS cells (Figure 3G). These results verify that functional mitochondria
are required to convey Dac-induced innate immune response and apoptotic cell death in SK-N-AS NB
cells. However, the exact mechanism of mtDNA involving the Dac-induced effect in NB cells needs
further investigation.
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Figure 1. 5-aza-2′-deoxycytidine (Dac) preferentially induces a retinoic acid-inducible gene I
(RIG-I)-predominant innate immune response and cell apoptosis Human NB cells (SK-N-AS).
(A) SK-N-AS cells were treated with Dac from 0 to 10 µM for 5 days. Cell death was determined
using propidium iodide (PI) and trypan blue (TB) staining with the flow cytometry. † p < 0.05, ††† p <

0.001 between indicated groups; (B) cell death of human NB cell lines SK-N-AS and SK-N-DZ cells
treated with 2.5 µM Dac for 5 days; (C) SK-N-AS cells treated with 2.5 µM Dac or untreated control
(NT) for 5 days were harvested and subjected to microarray analysis. Histogram showing up-regulated
interferon-stimulated genes; (D) representative western blot of DNA methyltransferase 1 (DNMT1)
and densitometric data; (E) SK-N-AS cells were treated with or without 2.5-µM Dac or NT for 5 days.
Methylation level of four CpG sites at the DDX58/RIG-I promoter; (F) SK-N-AS cells were treated with
2.5-µM Dac or NT for 5 days. Representative immunofluorescent image of dsRNA (red), mitochondrial
outer membrane marker TOM20 (green) and DAPI-stained nuclei (blue). Poly(I:C), a synthetic analog
of dsRNA, was used as positive control. Scale bar, 5 µm. Insets contain magnified images highlighting
mitochondria and dsRNA. Note that Dac treatment causes an increased level of dsRNA in cytoplasm.
(F’) percentage of J2 fluorescence intensity (a.u., arbitrary unit) was quantified (representative images
shown in Supplementary Figure S3B) under relatively lower magnification (100X) of an Olympus
FV10i confocal microscope; (G) representative western blot result of proteins related to innate immune
response and apoptotic signaling in various NB cells with (BE and DZ) or without (AS and FI) MYCN
amplification. β-actin serves as loading control. Data shown as mean ± SD. * p < 0.05, ** p < 0.01 *** p <

0.001 when compared to 0-µM or NT group. NT—untreated.



Cells 2020, 9, 1920 8 of 14

Cells 2020, 9, x FOR PEER REVIEW 8 of 15 

 

 

Figure 2. Dose manner of innate immune response and apoptosis signaling under Dac treatment.
For dose manner test, SK-N-AS cells were treated with Dac from 0 to 10µM for 5 days. For siRNA-treated
experiments, SK-N-AS cells were treated with or without 2.5-µM Dac for 5 days. Representative western
blot result and histogram of densitometric quantification data of innate immune response markers
RIG-I, MAVS and p-IRF3 (A) and apoptotic signaling cleaved caspase-9, -3 and poly [ADP-ribose]
polymerase (PARP) (B); β-actin serves as loading control; (C) cells transfected with siRNA control
sequence (si-con) or siRNA-targeting RIG-I (si-RIG-I) or no treatment (NT) for 1 day followed by being
treated with 2.5-µM Dac for 5 days. Representative western blot results of RIG-I, MAVS, p-IRF3, cleaved
caspase-9 and PARP are shown. β-actin serves as the loading control. * p < 0.05, ** p < 0.01 between
indicated groups; (D) Cell apoptosis rate was measured using annexin V/PI staining by flow cytometry
from at least three independent experiments. * p < 0.05 Dac group compared with corresponding NT
group. # p < 0.05 between indicated groups. NT—untreated.
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staining and detected by a flow cytometry was expressed as percentage of mean fluorescence intensity 
(MFI). Co-treatment of 10-mM N-acetylcysteine (NAC) for 5 days serves as a ROS scavenger control; 
(C) mtDNA content of SK-N-AS and ρ0 cells was measured using qRT-PCR; (D) representative 
western blot results and densitometric quantification data of mtDNA-encoded COX2. β-actin serves 
as the loading control for normalization. *** p < 0.001 compared to SK-N-AS cells. (E) representative 
immunofluorescent image of dsRNA (red), mitochondrial outer membrane marker TOM20 (green) 
and DAPI-stained nuclei (blue) in ρ0 cells. Scale bar, 5 μm. Insets contain magnified images 
highlighting mitochondria and dsRNA. (E’) percentage of J2 fluorescence intensity (a.u., arbitrary 

Figure 3. mtDNA is required for Dac-activated dsRNA abundance and innate immune response and
apoptosis. (A) SK-N-AS cells treated with 2.5 µM Dac or NT for 5 days were harvested and subjected to
microarray analysis. Histogram showing down-regulated mitochondrial genes regarding anti-oxidant,
chaperon, fusion, tricarboxylic acid cycle (TCA) cycle, oxidative phosphorylation (OXPHOS) and
mitochondrial membrane structure; (B) mitochondrial ROS (mtROS) probed by MitoSoxTM red staining
and detected by a flow cytometry was expressed as percentage of mean fluorescence intensity (MFI).
Co-treatment of 10-mM N-acetylcysteine (NAC) for 5 days serves as a ROS scavenger control; (C) mtDNA
content of SK-N-AS and ρ0 cells was measured using qRT-PCR; (D) representative western blot results
and densitometric quantification data of mtDNA-encoded COX2. β-actin serves as the loading control
for normalization. *** p < 0.001 compared to SK-N-AS cells. (E) representative immunofluorescent
image of dsRNA (red), mitochondrial outer membrane marker TOM20 (green) and DAPI-stained nuclei
(blue) in ρ0 cells. Scale bar, 5 µm. Insets contain magnified images highlighting mitochondria and
dsRNA. (E’) percentage of J2 fluorescence intensity (a.u., arbitrary unit) was quantified (representative
images shown in Supplementary Figure S6B) under lower magnification (100X) of an Olympus FV10i
confocal microscope. * p < 0.05 between indicated groups; (F) representative western blot of RIG-I,
MAVS, p-IRF3, cleaved caspase-9, -3 and PARP are shown. β-actin serves as the loading control;
(G) cell death rate was detected using PI or TB staining with flow cytometry. * p < 0.05, ** p < 0.01
when compared to NT or parental cell group. † p < 0.05 between indicated groups. NT—untreated;
MFI—mean fluorescence intensity.
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3.3. Dac Potentiates Anti-NB Effect of CDDP and Poly(I:C)

Cisplatin (CDDP) is a chemotherapeutic agent commonly used to treat NB [28]. Poly(I:C) is also
a well-known immunostimulant, enabling activation of innate immune response through TLR3 [21].
We examined whether Dac can augment the effects of cisplatin and/or poly(I:C) on NB. Cells were
pretreated with 2.5-µM Dac for 5 days, followed by exposure to 10-µM CDDP, 50-µg/mL poly(I:C)
or both for 24 h (Figure 4A). Treatment with poly I:C alone or combination of poly I:C and CDDP
could induce higher ROS production (Figure 4B) and death rate in AS cells (Figure 4C). However,
additional Dac stimulation strikingly augmented mitochondrial ROS level in all groups (Figure 4B),
while AS ρ0 cells devoid of mtDNA greatly attenuated this ROS production with a limited cell death
rate (Figure 4C). The therapeutic effect of Dac with combination with other agents induced more cell
death through increasing ROS production.
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Figure 4. Dac potentiates mtROS-provoking and anti-NB effect of CDDP and poly(I:C). (A) Experimental
flow chart of drug combinations; (B) mitochondrial ROS (mtROS) probed by MitoSoxTM Red staining
and detected by flow cytometry; (C) cell death rate was detected using PI with flow cytometry. * p <

0.05 between SK-N-AS and ρ0 cells. † p < 0.05, †† p < 0.01, ††† p < 0.001 between indicated groups. § p <

0.05, §§ p <0.01, §§§ p < 0.001 between NT and Dac. NT—untreated; MFI—mean fluorescence intensity.

4. Discussion

In this study, we demonstrated that Dac treatment induces cell death on MYCN-non-amplified
NB cells through activation of the RIG-I-related innate immune response, which involves decreasing
methylated DDX58 promoter and the release of endogenous dsRNA. By modulating mitochondrial
ROS production, Dac enhanced the cytotoxic effect of poly I:C and CDDP on NB cells.

As a DNMT inhibitor, Dac presents broad effects in inducing cell differentiation and reduced
proliferation in NB [29]. Although Dac has been shown to provoke innate immune signaling to
exert an antitumoral effect [16,17], whether MYCN amplification hampers such effects of Dac on NB
cells remains unknown. In fact, MYCN amplification has been shown to repress cellular immunity,
while MYCN deletion was shown to restore the innate immune response [30,31]. The results of our
previous study suggest that NB with MYCN amplification shows resistance to immunostimulant
treatment. In this study, MYCN non-amplified NB cells showed more susceptible to Dac treatment
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than those with MYCN amplification, indicating that the presence of MYCN serves as a resistance
factor for treatment response.

Cytosolic PRRs such as RIG-I, MDA5 or TLR3 may potentially account for Dac-mediated immune
response. Activation of PRRs—along with MAVS—together trigger the nuclear translocation of IRF3/7
to turn on interferon-responsive genes. Under Dac treatment, these PRRs are activated and implicated
in the cell death of human bronchial epithelial cells [32], ovarian cancer cells [17] and colon cancer
cells [16]. In our study, RIG-I, but not MDA5 and TLR3, was significantly increased by Dac treatment,
suggesting that RIG-I is the predominant PRR in sensing Dac in MYCN non-amplification NB cells.
Regarding the antitumor effect of RIG-I, Liu et al. have demonstrated that downregulation of RIG-I in
hepatocellular carcinoma is correlated with poor clinical outcome, while in vitro overexpression of
RIG-I can enhance the interferon response to suppress proliferation of hepatocellular carcinoma [33].
Interestingly, our results demonstrated that siRNA-targeting RIG-I reverses Dac-induced innate
immune response and cell apoptosis, highlighting the implication of RIG-I in epigenetic modulation of
NB treatment.

In our study, we found that the DNMT1-inhibiting activity of Dac causes the hypomethylated
status of DDX58/RIG-I promoter, leading to its overexpression. The involvement of mtROS in innate
immune responses has been reviewed in much literature [34]. Agod et al. have reported that mtROS
play a central role in stimulating RIG-I-mediated interferon response in immune cells [35]. Herein, we
found that Dac increases mtROS in NB via an imbalanced expression profile of mitochondrial genes.
On the other hand, endogenous dsRNA could play a role in activating RIG-I and its downstream
immune signaling. Roulois et al. described that Dac treatment in colon cancer leads to an increase in
transcription of endogenous retrovirus, which generates intracellular dsRNA [16]. Similar findings
were exhibited by Chiappinelli et al. [17]. Meanwhile, Dhir et al. brought up another insight that
more than 95% of endogenous dsRNA comes from mitochondria, as evidenced by J2 antibody-based
immunoprecipitation along with RNA seq. These cytosolic dsRNAs act to trigger innate immune
signaling dependent on MDA5 and partly on RIG-I. In our study, we observed dsRNA colocalized with
mitochondria in untreated cells, while cytoplasmic dsRNA level was shown to increase in Dac-treated
NB cells. Notably, we did not observe this phenomenon in mtDNA-depleted ρ0 cells, suggesting the
possibility that Dac-induced dsRNA may be of mitochondrial origin. The lack of exact identification of
these dsRNA limits out study in explaining their origin.

The use of ρ0 cells enables to clarifying that mtDNA is important in Dac-induced RIG-I, dsRNA
accumulation as well as cell death. However, these cells are metabolically different from their
counterparts and inefficient mitochondria such as ρ0 cells have been largely involved in cancer
resistance [36–39]. Gonzalez-Sanchez et al. have reported that ρ0 cells of hepatocellular carcinoma
exhibit a reduction in Bax/Bcl-2 ratio in the presence of chemotherapeutic drugs [36]. It suggested
that altered metabolic phenotype may result in the modification of mitochondria-mediated apoptotic
signals to acquire drug tolerance ultimately. Similarly, in this study, ρ0 cells of SK-N-AS NB developed
more resistance against Dac and treatment combinations with CDDP and/or poly(I:C). Nevertheless,
further study to decipher the detail molecular underpinning the resistance of ρ0 cells is warranted, and
its clarification will provide further insights into the NB treatment strategy.

Mitochondria have been shown to be a preferential target of the chemotherapeutic drug CDDP
and immunostimulant poly(I:C). CDDP can cause cancer cell apoptosis by binding to mtDNA and
the voltage-dependent anion channel 1 (VDAC1) of the mitochondrial outer membrane [40,41].
Our previous study demonstrated that mtDNA is required for mtROS production induced by
poly(I:C) [21]. In the present study, we discovered that Dac increased mtROS by repressing the
expression of mitochondrial genes that preserve redox homeostasis and further potentiates mtROS
production and the anti-NB effect of CDDP and poly(I:C). Of particular note, a lack of mtDNA greatly
diminished this effect, indicating the crucial role of functional mitochondria in the Dac treatment
of NB cells. Therefore, we suggest that disturbing mitochondrial oxidative stress could be a future
therapeutic strategy for the clinical application of Dac in patients with NB.
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5. Conclusions

This study demonstrates that Dac effectively induces a RIG-I-related innate immune response and
apoptotic signaling in MYCN non-amplified NB cells through the hypomethylation of the DDX58/RIG-I
promoter and elevated mtROS with increased dsRNA. Furthermore, Dac can potentiate the cytotoxic
effects of CDDP and poly(I:C) on NB cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/9/1920/s1,
Figure S1. (related to Figure 1B–C); Figure S2. Pyrosequencing design for four sites of the DDX58/RIG-I promoter;
Figure S3; Figure S4. MAVS expression pattern in response to Poly(I:C); Figure S5. Loss of mitochondrial
membrane potential and reduction of TOM20 protein level in response to Dac; Figure S6. AS and ρ0 cells manifest
a similar level of DNA damage marker γH2AX (p-S139), but differ in the intracellular dsRNA level; Table S1.
Primer sequences used for pyrosequencing.
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