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Abstract
High-risk neuroblastoma is associated with low long-term survival rates due to recurrence or metastasis. Retinoids, including
13-cis-retinoic acid (13cRA), are commonly used for the treatment of high-risk neuroblastoma after myeloablative therapy;
however, there are significant side effects and resistance rates. In this study, we demonstrated that 13cRA has a better
antiproliferative effect in MYCN-amplified neuroblastoma cells than in MYCN-nonamplified neuroblastoma cells. In MYCN-
amplified SK-N-DZ cells, 13cRA induced significant upregulation of toll-like receptor 3 (TLR3) and mitochondrial antiviral-
signaling protein (MAVS) expression in a time-dependent manner. Furthermore, poly (I:C), a synthetic agonist of TLR3,
effectively synergized with 13cRA to enhance antiproliferative effects through upregulation of the innate immune signaling
and the mitochondrial stress response, leading to augmentation of the apoptotic response in 13cRA-responsive cancer cells.
In addition, the 13cRA/poly (I:C) combination induced neural differentiation through activation of retinoic acid receptors
beta (RAR-β), restoring expression of α-thalassemia/mental retardation syndrome X-linked (ATRX) protein, and inhibiting
vessel formation, leading to retarded tumor growth in a mouse xenograft model. These results suggest that the combination
of poly (I:C) and RA may provide synergistic therapeutic benefits for treatment of patients with high-risk neuroblastoma.

Introduction

Neuroblastoma is the most common extracranial neurogenic
tumor occurring in children; while the long-term survival
rate of high-risk neuroblastoma patients is <50% due to
clinical heterogeneity and recurrent/metastatic disease
[1–3]. For certain patients, a multidisciplinary treatment
consisting of intensive induction and myeloablative che-
motherapy followed by the treatment of the residual disease
using differentiation therapy and immunotherapy is com-
monly recommended [3, 4].

Retinoids, including all-trans-retinoic acid (ATRA),
13-cis-retinoic acid (13cRA; Isotretinoin), and fenretinide
(4-HPR), are vitamin A analogs, and have been used as
cancer chemotherapeutic or chemopreventive agents due
to their ability to induce cell differentiation, anti-
proliferation, and proapoptosis [5]. While both ATRA and
13cRA are commonly applied in therapy, 13cRA has
exhibited more efficacy in the treatment of high-risk neu-
roblastoma after myeloablative therapy, significantly
improving the 5-year overall survival rate of neuro-
blastoma patients [6].
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The development of strategies to improve resistance to
retinoids and to address potential side effects of 13cRA in
neuroblastoma patients are vital issues. As such, RA in
combination with other designated compounds has been
shown to regulate the functions of inflammation, cell pro-
liferation, and differentiation statues, leading to increased
treatment effectiveness [7, 8].

Retinoids activate transcription of RA-mediated genes by
interacting with two nuclear hormone receptors, retinoic
acid receptors (RARs) and retinoid X receptors, subse-
quently binding to retinoic acid response elements [9]. The
latter leads to conformational changes of the DNA
sequence, with the regulation of specific target genes. Of
note, among the three RARs, RAR-β is known as a favor-
able prognostic factor in neuroblastoma patients [10].

Polyinosinic-polycytidylic acid [poly (I:C)], the synthetic
agonist of Toll-like receptor 3 (TLR3), has been used as a
cancer vaccine adjuvant for several types of cancer,
including prostate cancer, lymphoma, lung cancer, mela-
noma, and hepatocellular carcinoma [11, 12]. Our previous
studies have demonstrated that poly (I:C) can suppress
neuroblastoma cells through accumulation of mitochondrial
reactive oxygen species (ROS), and activation of apoptosis
via TLR3 signaling pathways [13–15].

The combination of RA with poly (I:C) has been shown
to improve treatment efficacy in prostate and breast cancer
patients [16, 17]. Specifically, RA/poly (I:C) combinations
can cause type I interferon (IFN)-dependent apoptosis fol-
lowed by activation of caspase 8 and caspase 3, as well as
induction of tumor necrosis factor-related apoptosis sig-
naling. Enhancement of the expression of cytosolic dsRNA
sensors, including melanoma differentiation-associated
protein 5 (MDA-5) and retinoic acid-inducible gene I
(RIG-I), demonstrates a role for RA in promoting poly (I:
C)-induced innate immune responses [17].

In the present study, we treated neuroblastoma cells with
different MYCN status with 13cRA. The MYCN-amplified
neuroblastoma cells exhibited susceptibility to 13cRA,
whileMYCN-nonamplified neuroblastoma cells did not. Our
results indicate that the combination of 13cRA and poly (I:
C) effectively enhances the immunogenic response and
cytotoxicity effect in 13cRA-sensitive neuroblastoma cells
and endothelial cells, both in vitro and in vivo.

Materials and methods

Cell lines and cell culture

Four human neuroblastoma cell lines (SK-N-AS (CRL-
2137), SK-N-FI (CRL-2142), SK-N-DZ (CRL-2149), and
BE(2)-M17 (CRL-2267)) were purchased from the Amer-
ican Type Culture Collection (Manassas, VA, USA). Mouse

endothelial cell line SVEC4–10 was obtained from the
Bioresource Collection and Research Center of the Food
Industry Research and Development Institute.

SK-N-AS, SK-N-FI, and SK-N-DZ cells were main-
tained in Dulbecco’s Modified Eagle’s medium supple-
mented with 2 mM L-glutamine. BE(2)-M17 cells were
maintained in Minimum Essential Media/F-12 (1:1) med-
ium adjusted to contain 1 mM sodium pyruvate. All culture
media were supplemented with 10% (v/v) heat-inactivated
fetal bovine serum, antibiotic-antimycotic solution, and10
mM nonessential amino acids. Cell cultures were main-
tained under 5% CO2 atmosphere at 37 °C. The formation
of neurite outgrowth and extensions of neuronal cells after
treatments were examined using phase-contrast microscopy
(Leica DMI 3000B, Wetzlar, Germany).

Treatment of human neuroblastoma cells with poly
(I:C) and 13cRA

High molecular weight poly (I:C) (average size of 1.5–8 kb)
was purchased from Invitrogen (Carlsbad, CA, USA), and
13cRA from Sigma (St. Louis, Mo, USA). To determine the
effectiveness of combinational poly (I:C) and 13cRA ther-
apy, neuroblastoma cells were administrated with 50 μg/ml
poly (I:C) and/or 13cRA in different concentrations (0, 25,
50, 75, and 100 μM) for indicated times. The order of
administration of 13cRA and poly (I:C) to neuroblastoma
cells was performed several times to determine the best
sequence to maximize treatment effectiveness. Cells
were incubated with 50 μM 13cRA for the first 24 h, and
then 50 μg/ml poly (I:C) for an additional 24 h sequentially,
or with 50 μM 13cRA and 50 μg/ml poly (I:C) concurrently
for 48 h.

Cell proliferation assay

For the cell proliferation assay, cells were plated onto each
well of a 96-well plate at a density of 1 × 104–3 × 104 cells/
well and cultured overnight. After treatment, cell pro-
liferation reagent WST-1 (Roche Applied Science, Man-
nheim, Germany) was added, which was performed
according to the manufacturer's instructions. The absor-
bance of the samples at 450 nm and the reference wave-
length of 630 nm were measured using a 96-well
spectrophotometric plate reader (Hidex Sense, Turku,
Finland).

Western blot analysis

Total proteins of cells with indicated treatments were
extracted by PRO-PREP™ Protein Extraction Solution
(iNtRON Biotechnology; Seoul, Korea). Protein con-
centrations were measured using the bicinchoninic acid
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assay (Bio-Rad; Richmond, CA). Thirty micrograms of total
cellular proteins was separated by 10–15% sodium dodecyl
sulfate polyacrylamide electrophoresis gel, and then trans-
ferred into nitrocellulose membranes.

The following primary antibodies were used: TLR3
(Abcam Inc., Cambridge, MA, USA), MDA-5 (D74E4;
Cell Signaling Technology, Danvers, MA, USA), RIG-I
(D14G6; Cell Signaling Technology), mitochondrial
antiviral-signaling protein (MAVS, Santa Cruz Bio-
technology), phosphorylated interferon regulatory factor 3
(pIRF3, pS386; BIOSS), cleaved poly ADP ribose poly-
merase (PARP, D214, Cell Signaling Technology), cleaved-
caspase 9 (Asp330, Cell Signaling Technology), cyto-
chrome C (Cell Signaling Technology), GAP43 (Abcam
Inc.), RAR-β (Abcam Inc.), and β-actin (Millipole, Bill-
erica, MA, USA). Goat anti-mouse and anti-rabbit second-
ary antibodies conjugated to horseradish peroxidase were
purchased from Cell Signaling and Santa Cruz Bio-
technology, respectively. Protein-antibody complexes were
developed using the enhanced chemiluminescence detection
kit (Amersham Pharmacia Biotech, Uppsala, Sweden), and
visualized on X-ray films. Band density was measured and
quantified with ImageJ (National Institutes of Health) and
normalized to β-actin.

Immunofluorescence staining

For immunofluorescence staining, cells were seeded into a
6-well plate at 1 × 105 cells/well. After treatments, cells
were washed with PBS, fixed in 3.7% paraformaldehyde for
10 min, and then permeabilized with 0.5% Triton X-100/
PBS for 10 min at room temperature. The cells were
blocked with 1% bovine serum albumin for 30 min at room
temperature. After being washed with PBS, cells were
labeled with F-actin staining (green, Invitrogen). Slides
were co-stained with DAPI (4′,6-diamidino-2-phenylindole;
Molecular Probes) to visualize the nuclei, mounted with
fluorescent mounting medium (Dako Cytomation), and
visualized using Olympus FluoView® confocal microscopy.

Human neuroblastoma xenograft animal model

Four-week-old male nonobese diabetic/SCID (NOD/SCID,
NOD.CB17-Prkdcscid/NcrCrl) mice were purchased from
the Ministry of Science and Technology, Taiwan. Proper
care and procedures were approved of by the Animal Ethics
Committee of the Kaohsiung Chang Gung Memorial Hos-
pital. After 1 week of adaptation to the environment, the
mice received a subcutaneous injection of 1 × 107 SK-N-DZ
cells into the right flank. The tumor was induced and
allowed to grow until day 8. A total of 42 mice were ran-
domly separated into five groups. The mice then received
intraperitoneal injections of the indicated treatment twice

weekly for 4 weeks. Treatment groups were divided into
four different treatment strategies: poly (I:C) only (n= 8);
13cRA only (n= 8); 13cRA followed by poly (I:C)
sequentially (n= 9); and 13cRA/poly (I:C) concurrently
(n= 9). In the control group (n= 8), 100 ml of normal
saline or cone oil was injected as scheduled. In the treatment
groups, poly (I:C) (10 mg/kg dissolved in normal saline)
and/or 13cRA (5 mg/kg dissolved in cone oil) was injected
in accordance with the courses described in the Supple-
mental Data. Caliper measurement of tumor size was
documented every 3 days. Mice were anesthetized using an
intraperitoneal injection of 40 mg/kg Zoletil plus 5 mg/kg
Xylazine. Euthanasia was humanely conducted when ani-
mals presented reduction of body weight over 25% or tumor
diameter > 2 cm3.

Immunohistochemistry

Paraffin-embedded tissue sections (5 mm thick) of xenograft
tumors were deparaffinized and rehydrated. Endogenous
peroxidase activity was inactivated with 3% hydrogen
peroxide for 15 min, followed by processing in the micro-
wave oven with 10 mM citrate buffer (pH 6.0) to unmask
epitopes. After antigen retrieval, the sections were incu-
bated with diluted primary antibodies isolectin IB4-biotin
conjugates (Molecular Probes, 1:200, 30 min) or α-tha-
lassemia/mental retardation syndrome X-linked (ATRX)
(Genetex, 1:200, 2 h), and then detected by a streptavidin
horseradish peroxidase product (BD Pharmingen) for 30
min, and finally developed with DAB. After extensive
washing, the sections were incubated for 3 min with per-
oxidase substrate diaminobenzidine, counterstained with
Gill’s hematoxylin, and mounted in mounting medium.

Quantification of staining density

For ATRX staining, we randomly selected five high-power
(×400) fields for each section to evaluate each sample. The
intensity of positive staining tumor cells was scored as 0=
none; 1=weak; 2= intermediate; and 3= strong. The pro-
portion of each intensity score was further scored as: 0= no
positive cells; 1= 0–20%; 2= 21–50%; 3= 51–80%; 4=
81–100%. Both scores were multiplied and summed to pro-
duce a final immunoreactivity score, ranging from 0 to 12.

To quantify the endothelial cell density in the xeno-
grafted tumor, the vascular areas (hot spots) with the highest
density of endothelial cells were chosen and photographed
for analysis using ImageJ. Five images (×200 magnifica-
tion) were selected in each tumor section with care to avoid
areas of necrosis. Color-discrimination thresholds were
determined in the positively stained areas with a minimum
threshold of 500 pixels. The endothelial cell density was
calculated as the average of the isolectin IB4-positively
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stained regions of each tumor section (positively stained
area pixels/total pixels).

Measurement of cell apoptosis and death

Cell apoptosis was quantitatively assessed by double-
staining with fluorescein isothiocyanate (FITC)-conjugated
Annexin V and propidium iodide (PI) using the Annexin V
FITC Apoptosis Detection kit (BD Biosciences). The
stained cells were evaluated in the fluorescence-activated
cell sorting Calibur and analyzed using CellQuest software
(BD Biosciences). Four cellular subpopulations evaluated:
viable cells (Annexin V−/PI−); early apoptotic cells
(Annexin V+/PI−); late apoptotic cells (Annexin V+/PI+);
and necrotic/damaged cells (Annexin V−/PI+). Annexin V+

cells were considered to be apoptotic cells. Caspase 3
activity were measured by the caspase 3 assay kit according
to the manufacturer's instructions (Abcam).

TUNEL assay for paraffin-embedded tissue sections

TUNEL staining was performed on paraffin-embedded tis-
sue sections of xenograft tumors to assess cellular apoptosis
by using the In Situ Cell Death Kit (Cat.No.12156792 910;
Sigma-Aldrich, Germany). Five-micrometer sections were
deparaffinized, treated with 3% hydrogen peroxide to
inactivate the endogenous peroxidase activity, and micro-
waved for 7 min in 10 mM citrate buffer (pH 6.0) to retrieve
the antigen. The sections were then incubated in PBS sup-
plemented with 5% fetal calf serum for 10 min to block
background interactions. The sections were then incubated
with TUNEL reaction mixture for 45 min at 37 °C in a
humidified atmosphere in the dark. The sections were co-
stained with DAPI to visualize the nuclei. The stained
sections were mounted with fluorescent mounting medium
(Dako Cytomation) and examined by a fluorescence
microscope (Leica DMI 3000B, Wetzlar, Germany).

Statistical analysis

Results were analyzed using two-tailed Student's t tests.
Data shown are representative of at least three independent
experiments. Data were expressed as the mean ± standard
deviation or mean ± standard error of the mean. P < 0.05
was regarded as statistically significant.

Results

13cRA has an inhibitory effect on proliferation of
MYCN-amplified neuroblastoma cell lines

To evaluate the sensitivity of 13cRA in different neuro-
blastoma cells, we investigated two MYCN-nonamplified
(SK-N-AS and SK-N-FI) and another two MYCN-amplified
(SK-N-DZ and BE(2)-M17) cell lines. A number of viable
cells were calculated at the indicated time points after
exposure to different doses of 13cRA (0, 50, 75, and 100
μM) for 24 or 48 h. As shown in Fig. 1, a marked dose-
dependent decrease in cell survival rate was observed in both
MYCN-amplified neuroblastoma cells, which reached sig-
nificance in SK-N-DZ cells upon incubation with 13cRA (P
< 0.05). 13cRA treatment has little effects on the growth of
both MYCN-nonamplified cells. We have treated 13cRA-
sensitive SK-N-DZ cells with lower concentration (1–100
μM) and more extended periods (1–7 days) and measured the
cell proliferation using the WST-1 assay. The result has been
shown in Supplementary Fig. S1. The lower concentration of
13cRA (below 25 μM) took a longer time (more than 4 days)
to achieve IC50. The higher concentration of 13cRA (above
50 μM) took only 2 days to reach IC50.

In the clinical practice, only limited clinical benefits had
been observed in patients receiving low-dose 13cRA (0.75
mg/kg/day). The higher dose intermittent schedule of
13cRA (160 mg/m2/day in two divided doses for 14 days

Fig. 1 The treatment effect of 13cRA on neuroblastoma cell lines.
Neuroblastoma cells were treated with varying concentrations of
13cRA for 24 h (a) or 48 h (b). The cell viability was measured by the
WST-1 assay. The results are shown as a percentage of the values

obtained in control conditions. All values are shown as the mean ± S.
D. of three different experiments. AS: SK-N-AS cells, FI: SK-N-FI
cells, BE: BE(2)-M17 cells, DZ: SK-N-DZ cells.(*P < 0.05 compared
with control group).
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every 28 days) prescribed after intensive therapy resulted in
significant improvement in 5-year overall survival rates on
the high-risk neuroblastoma patients [6]. To mimic clinical
pulsed high-dose treatment schedule and avoid adverse side
effects after long-term exposure [18–21], we selected the
effective high concentration of 13cRA at 50 μM for sub-
sequent experiments.

Sequential 13cRA followed by poly (I:C) enhances
the inhibitory effect on 13cRA-sensitive
neuroblastoma cells

In our previous study, in contrast to MYCN-nonamplified
SK-N-AS cells, poly (I:C) had limited inhibitory effects on
proliferation of MYCN-amplified SK-N-DZ cells [15].
Recently, Bernardo et al. reported that the combination of
RA and poly (I:C) promotes the apoptotic response in breast
cancer cells by induction of dsRNA receptors and down-
stream apoptotic signaling [17]. We therefore decided to
investigate the effects of the combination of 13cRA and
poly (I:C) in SK-N-DZ cells, treated sequentially or con-
currently. The treatment protocol is described in detail in
Supplementary Fig. S2A.

The results demonstrated that single-agent treatment with
13cRA significantly suppressed the growth of SK-N-DZ
cells with dose-dependent and time-dependent manner, and
the inhibition effect was prominent with treatment for 48 h
(Fig. 2a). Of note, the additional 24 h of 50 µg/ml poly (I:C)
after 13cRA induced an enhanced inhibitory effect on cell
growth. In contrast, the enhanced inhibitory effect was not
observed in the concurrent treatment of 13cRA and poly
(I:C) for 48 h (Fig. 2a). We calculated the IC50 value of
13cRA treatment with or without poly (I:C) under the treated
period of 48 h. Treatment of 13cRA or 13cRA with poly
(I:C) concurrently for 48 h could achieve growth inhibition
>50%, and the value of IC50 was 38.92 and 37.92 μM,
respectively. However, treatment of 13cRA for only 24 h or
sequential 13cRA 24 h followed by poly (I:C) 24 h was
unable to achieve IC50 in such experimental condition.

Immunogenic response and apoptotic pathway
were involved in 13cRA/poly (I:C) combination
therapy in neuroblastoma cells

To clarify the mechanism at play in the 13cRA/poly (I:C)
treatment, we determined the 13cRA-induced apoptotic
response by the Annexin V-PI assay with flow cytometry
in vitro (Fig. 2b). Compared with control and poly (I:C)
only, 13cRA-contained-treatment induced significantly
higher apoptotic rate in SK-N-DZ cells. Pretreatment of SK-
N-DZ cells with 13cRA for 24 h, followed by further poly (I:
C) treatment resulted in a significant increased apoptotic rate
than the single agent with poly (I:C) or 13cRA alone. Next,

we analyzed the expression of dsRNA-related and apoptosis-
associated markers (Fig. 2c, d). In SK-N-DZ cells, poly (I:C)
treatment alone was unable to induce expression of dsRNA-
related proteins. In contrast, single-agent treatment with
13cRA-induced visible expression of TLR3, MAVS, and
IRF3 in time-dependent manners. Furthermore, both
sequential and concurrent treatments of 13cRA and poly (I:
C) enhanced the synergistic effect on the induction of innate
immunogenic-related proteins, including TLR3, MAVS, and
pIRF3, but not MDA-5 or RIG-I (Fig. 2c).

In addition, the combined 13cRA/poly (I:C) treatment
more effectively reinforced expression of apoptosis-related
proteins, including cleaved-PARP, cleaved-caspase 9, and
cytochrome C, compared with single-agent treatment
(Fig. 2d). Due to barely detected expression of caspase 3 by
western blot, we measured the caspase 3 activity of SK-N-
DZ cells (Supplementary Fig. S2B). In our previous study,
poly I:C treatment activated caspase 3 expression in SK-N-
AS cells [13]. So, high detectable caspase 3 activity of SK-
N-AS cell was used as the positive control. However, the
caspase 3 activity is much lower in SK-N-DZ cells and is
unequal to the ratio of Annexin V-PI staining. So, caspase 3
may be not a suitable marker of apoptotic response in SK-
N-DZ cells.

Taken together, the results demonstrated that 13cRA/
poly (I:C) combination therapy in SK-N-DZ neuroblastoma
cells could enhance cellular immunogenic response and
promote apoptotic signaling, when treated either sequen-
tially or concurrently.

13cRA-contained treatment inhibits tumor growth
in neuroblastoma xenografted mice

We investigated the combined therapeutic effect of 13cRA/
poly (I:C) using a human neuroblastoma xenograft model.
Eight days after injection, we randomly separated the mice
into five groups. All groups were treated as described in
Supplementary Fig. S3A. The initial tumor volume of the
five groups showed no difference before treatment Sup-
plementary Fig. S3B. After treatment for 4 weeks, we
observed a significant decrease in the tumor growth rate of
the 13cRA-contained therapy, including 13cRA alone,
concurrent, and sequential 13cRA and poly (I:C) treatment
groups, compared with the control and poly (I:C) alone
groups P < 0.05, Supplementary Fig. S3C). The lowest
tumor growth rate was observed in the concurrent 13cRA
and poly (I:C) group (Group 5) compared with the other
groups. Although poly (I:C) treatment inhibited tumor
development, the 13cRA-contained treatment significantly
suppressed the tumor volume and tumor weight, compared
with the control and poly (I:C) groups (Fig. 3a, b). To
further clarify whether cell apoptosis contributes to sup-
pressing tumor growth, we also performed TUNEL staining
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in xenografted tumor tissue. The tumor tissues exhibited
significantly more TUNEL-positive staining in 13cRA-
contained treatment groups, but not in the control and poly

(I:C) groups (Supplementary Fig. S4). These results suggest
that 13cRA-contained therapy acts to suppresses tumor
growth in vivo through inducing tumor cell apoptosis.

Fig. 2 Combined treatment of 13cRA with poly (I:C) enhances the
growth inhibition and immunogenic apoptosis response in 13cRA-
sensitive cells. a Cells were treated with varying concentrations of
13cRA in the presence or absence of poly (I:C) (50 μg/ml) for 48 h.
Cell proliferation was then measured by the WST-1 assay. The results
are shown as a percentage of the values obtained in control condition.
IC50 was calculated using software Prism 7.0. All values are shown as
the mean ± S.D. of three different experiments. (Asterisks denote sta-
tistically significant differences between 13cRA for 24 h followed by
poly (I:C) for 24 h compared with equal dose of 13cRA for 24 h). b
Cell death was assayed by Annexin-PI staining and flow cytometry
analysis in SK-N-DZ cells after treatment with poly (I:C), 13cRA or
combination therapy. Annexin V-positive cells were recognized as
apoptotic cells. (*P < 0.05 compared with control group; #P < 0.05
compared with poly (I:C) for 24 h). c Immunoblot demonstrated the
protein levels of TLR3, MDA-5, RIG-1, MAVS, and phosphorylated

IRF3 (pIRF3) after treatment with 13cRA (50 μM) and poly (I:C) (50
μg/ml) either sequentially or concurrently for 48 h. β-Actin was used as
loading control. The immunoblots showed representative results from
three independent experiments. The expression of MDA-5 and RIG-1
was barely detected in SK-N-DZ cells. The expression ratio of other
proteins was quantified by densitometer determination and normalized
relative to β-actin. (*P < 0.05 compared with control group; #P < 0.05
compared with poly (I:C) for 24 h). d Immunoblot showed the
expression levels of cleaved-PARP, cleaved-caspase 9, and cyto-
chrome C after treatment with 13cRA (50 μM) and poly (I:C) (50 μg/
ml) either sequentially or concurrently for 48 h. β-Actin was used as
loading control. The immunoblots showed representative results from
three independent experiments. The expression ratio was quantified by
densitometer determination and normalized relative to β-actin.(*P <
0.05 compared with control group; #P < 0.05 compared with poly (I:C)
for 24 h).
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13cRA/poly (I:C) enhances the expression of
immunogenic response and apoptotic pathway in
neuroblastoma xenografted mice

To assess the in vivo effects of 13cRA and poly (I:C) in
neuroblastoma xenografts, western blotting of the tissue
homogenates was performed (Fig. 3c, d). Significant
increases of TLR3, pIRF3, and MAVS were found both in

the sequential 13cRA followed by poly (I:C) group, and the
concurrent 13cRA with poly (I:C) group. In addition,
apoptotic protein cleaved-PARP was notably induced in the
13cRA/poly (I:C) treatment groups. Furthermore, 13cRA-
contained therapy also upregulated the expression of RAR-
β, the major mediator required for the antiproliferative
effects exerted by retinoids in tumor tissues [22]. These
results corroborated the findings of the in vitro model.

Fig. 3 The treatment effect of
13cRA and poly (I:C) on
xenograft mice. SK-N-DZ cells
(1 × 107 cells) was injected
subcutaneously into the right
flank of male NOD/SCID mice.
Treatment groups were
randomly dived into five
different strategies: control, poly
(I:C) only, 13cRA only, 13cRA
followed by poly (I:C)
sequentially and 13cRA with
poly (I:C) concurrently. Tumor
size (a) and tumor weight (b) of
xenografted tumors on the day
of sacrifice in different groups
were measured. Data are
expressed as means ± SEM. (*P
< 0.05 compared with the
control group). c Western blot
analysis revealed the expression
of protein levels of
immunogenic response (TLR3,
MDA-5, RIG-1, MAVS, and
pIRF3), apoptotic response
(cleaved-PARP, cleaved-caspase
9, and cytochrome C), and
neural differentiated markers
(RAR-β and GAP43) in the
xenografted tumors. Additional
poly (I:C) injection either
sequentially or concurrently
enhanced the effect of a single
agent with 13cRA or poly (I:C).
β-Actin was used as loading
control. The immunoblots show
representative results from three
independent experiments. d The
expression of MDA-5, RIG-1,
cleaved-caspase 9, and
cytochrome C was barely
detected in tumor tissue. The
expression ratio of other proteins
was quantified by densitometer
determination and normalized
relative to β-actin. (*P < 0.05
compared with control group;
#P < 0.05 compared with poly
(I:C) only).
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13cRA/poly (I:C) inhibits the growth of endothelial
cells both in vivo and in vitro

In contrast to the in vitro observations, 13cRA with or
without poly (I:C) could effectively suppress tumor growth
in the xenograft model. We hypothesized that 13cRA may
not only affect the growth of the tumor cell but may also
affect the tumor microenvironment. We therefore assessed
the vessel formation and vascular density of tumor speci-
mens using the immunohistochemistry of isolectin IB4
(Fig. 4a), which labels the endothelial cells explicitly. A
significant reduction in the number of tumor vessels was
shown in DZ xenografts in the treatment groups containing
13cRA (Fig. 4b). To confirm the direct effect of 13cRA in
the inhibition of angiogenesis, the mouse endothelial cell
line SVEC4–10 cells were treated with 13cRA and poly I:C
concurrently for 48 h. As shown in Fig. 4c, poly I:C

significantly enhanced the inhibitory effect of 13cRA in
SVEC4–10 cells.

As shown in Fig. 5a–c, treatment of SVEC cells with
13cRA and poly (I:C) up to 48 h resulted in less protruding
filopodia formation on the cell surface and a notable
decrease of intracellular F-actin, compared with the poly (I:
C) or 13cRA alone groups. The results indicated that the
combination of 13cRA and poly (I:C) inhibits the formation
of filopodia and derangement of F-actin, leading to the
observed reduction of tumor vessel formation in the xeno-
graft model.

Compared with poly (I:C), 13cRA alone induced notable
expression of TLR3, pIRF3, MAVS, cleaved-PARP,
cleaved-caspase 3 and 9, and cytochrome C in a dose-
dependent manner in SVEC4–10 cells (Fig. 6a). When
combined with 13cRA, poly (I:C) synergistically enhanced
the apoptotic effect of 13cRA (Fig. 6b).

Fig. 4 Poly I:C enhances the 13cRA-induced inhibitory effect of
angiogenesis. a The tissue section of DZ xenografts tumor was stained
with isolectin IB4. The representative images of xenografted tumors
collected at the end of the experiments of different groups are pre-
sented (original magnification, ×200). The quantification value of
positive isolectin IB4 area is labeled on each representative image. b
Five different microscopic fields were taken per sample. Data are
expressed as mean ± SD (*P < 0.05 compared with control group, #P <
0.05 compared with poly (I:C) only group). c The mouse endothelial

cell line SVEC4–10 cells were treated with varying concentrations of
13cRA in the presence or absence of poly (I:C) (50 μg/ml) for 48 h.
The cell viability was measured by the WST-1 assay. In SVEC4–10
cells, added poly (I:C) enhanced the growth inhibitory effect compared
with 13cRA only. The results are shown as a percentage of the values
obtained in control conditions. All values are shown as the mean ± S.
D. of three different experiments. (*P < 0.05 compared with 13cRA
for 24 h).
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The combination of 13cRA and poly (I:C) induces
redifferentiation in neuroblastoma cells

We further analyzed the expression of RAR-β and GAP43,
a common marker of differentiating neurons, in neuro-
blastoma cell lines after treatments. As shown in Fig. 7a, b,
RAR-β and GAP43 expression was significantly increased
after 13cRA/poly (I:C) treatment in SK-N-DZ cells. We
also investigated the morphologic characteristic of neuro-
blastoma cells after 13cRA/poly (I:C) treatment. Although
poly (I:C) induced few neurite growths, 13cRA-contained
treatment induced more extended neurite-like structures,
and branching of the outgrowths in SK-N-DZ cells
(Fig. 7c). Because of the low adhesion property of SK-N-
DZ cells, it is difficult to prevent the detachment and loss of
cells during the process of immunofluorescent staining. We
determined neural differentiation maker by targeting
GAP43 level using flow cytometry alternatively. The result
demonstrated that 13cRA-contained treatment induced sig-
nificantly higher expression of GAP43 in SK-N-DZ cells,
no matter with or without poly (I:C) (Supplementary
Fig. S5).

The ATRX gene mutation was detected in 44% of neu-
roblastoma patients older than 12 years, often associated
with a poor prognosis [23]. The inactivating ATRX muta-
tion is associated with an absence of the ATRX protein in
the nucleus. Immunohistochemistry confirmed ATRX pro-
tein expression in xenograft tumors. After 13cRA-contained
treatment, the nuclear expression of ATRX was sig-
nificantly induced in the tumor tissue, particularly in the
concurrent 13cRA/poly (I:C) group (Fig. 8). These results
indicated that the combination of poly (I:C) and 13cRA
induces differentiation protein ATRX in neuroblastoma
cells, leading to tumor reduction with favorable tumor
behavior.

Discussion

In the present study, we demonstrate that poly (I:C) could
enhance the antitumor effect of 13cRA in MYCN-amplified
neuroblastoma cells. The combination of 13cRA and poly
(I:C) synergistically induces the expression of TLR3 and
MAVS, thus amplifying the apoptotic response through the

Fig. 5 13cRA affects the
cytoskeleton structure of
endothelial cells. a After 48 h of
13cRA or poly (I:C) treatment,
SVEC4–10 cells were stained by
anti-F-actin (green) and DAPI
(blue). Cells were visualized by
a confocal microscopy. Scale
bar, 20 μm. b In the higher
magnification view, white
arrowhead and arrow indicate F-
actin bundle, and filopodia,
respectively. Control cells
present organized F-actin bundle
and distinct formation of
filopodia. In contrast, cells
treated with combined 13cRA
and poly (I:C) have disorganized
F-actin bundle and impaired
formation of filopodia.
Experiments were performed in
triplicate, and three fields from
each well were imaged. Scale
bar, 5 μm. c The number of
filopodia was counted from a
200 x 250 μm image field with
most abundant cells from at least
three images of independent
experiments for each group.
Data are presented as mean ± SD
(*P < 0.05 compared with
control group, #P < 0.05
compared with poly (I:C) only
group).

614 H.-C. Chuang et al.



mitochondrial signaling pathway. Our findings further
suggest that combined treatment with poly (I:C) could
enhance the immunogenic and apoptotic effects in those
13cRA-responsive cancer cells and endothelial cells both
in vitro and in vivo. Thus, innate immune modulators may
exert synergistic benefits in high-risk neuroblastoma
patients with 13cRA therapy.

Retinoids are frequently combined with other che-
motherapies to treat a variety of cancers, such as tamoxifen,
paclitaxel, and IFN for treatment of breast cancer, or
paclitaxel, and cisplatin for treatment of advanced non-
small cell lung cancer [24, 25]. In high-risk neuroblastoma,
13cRA is also used in combination with immunotherapeutic
agents, such as aldesleukin, leukine, or unituxin [26]. The
activated RA pathway may induce neuroblastoma cell dif-
ferentiation, neuroblastoma cell senescence via the PI3K/
AKT pathway, downregulate MYCN expression, suppress
hypoxia-inducible factors activation, and regulate redox
balance [27–31]. However, patients undergoing RA therapy
often suffer from side effects when administered higher
doses or over extended treatment periods [19–21].

It has been demonstrated that 13cRA can regulate
immunomodulatory TNF-related apoptosis-inducing ligand
signaling and type I IFN through cotreatment with poly (I:
C) in breast cancer cells [17, 32, 33]. In a recent clinical trial
of patients with recurrent or metastatic head and neck
squamous cell cancer and melanoma, intratumoral injection
of the synthetic dsRNA complex was well-tolerated by
patients, and induced local/systemic immune response [34].
These studies suggest that RA/poly (I:C) combination
therapy may be an effective clinical treatment for recurrent
neuroblastoma patients, particularly in the prevention of
resistance to RA.

Previous in vitro studies have used long-term exposure to
low-dose 13cRA (1–10 μM) to investigate the regulatory
mechanism, and effectiveness of 13cRA in cell lines [35, 36].
Despite limited clinical benefits observed in patients receiving
low-dose 13cRA, a high dose (160mgm−2 day−1) of 13cRA
administration with an intermittent regimen significantly
improves the 3-year event-free survival rate [37–39].

In this study, we demonstrate that preexposure to high-
dose 13cRA over a short-term period could restore immu-
nogenic signaling through inducible TLR3 expression in
poly (I:C)-resistant SK-N-DZ cells. The subsequent syn-
thetic poly (I:C) treatment leads to activation of downstream
apoptotic caspase responses, and inhibition of tumor for-
mation in a xenograft model. Notably, this combination
therapy did not induce the expression of MDA-5 or RIG-I,
only activating enhanced levels of TLR3, MAVS, and
pIRF3 in SK-N-DZ cells. Although MAVS is the universal
immunogenic adaptor of cytosolic dsRNA sensors, 13cRA-
induced MAVS expression may occur through other reg-
ulatory mechanisms [40]. Thus, the interaction between
13cRA and MAVS requires further investigation.

This study further revealed that 13cRA suppressed vessel
formation in a mouse xenograft model. In the 13cRA-
contained treatment groups, the vascular structure and
density were significantly suppressed compared with the
control group. Further in vitro experiments with mouse
endothelial cells confirmed the direct growth inhibitory

Fig. 6 Poly I:C enhances the 13cRA-induced immunogenic apop-
tosis response in endothelial cells. Western blot analysis revealed the
expression of protein levels of (a) immunogenic response (TLR3,
MAVS, and pIRF3) and (b) apoptotic response (cleaved-PARP,
cleaved-caspase 9, cleaved-caspase 3, and cytochrome C) of
SVEC4–10 endothelial cells treated with 13cRA (10, 25, and 50 μM)
and poly (I:C) (50 μg/ml) either alone or combination for 48 h. 13cRA
and poly (I:C) cooperated to induce the remarkable expression of
immunogenic-related and apoptotic-related proteins in SVEC4–10
cells. β-Actin was used as loading control. The immunoblots show
representative results from three independent experiments. The
expression ratio was quantified by densitometer determination and
normalized relative to β-actin. (*P < 0.05 compared with control
group; #P < 0.05 compared with poly (I:C) alone).
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effect of 13cRA. Combination of 13cRA and poly (I:C)
induced a similar apoptotic effect through immunogenic
response with activation of TLR3 and downstream
apoptotic-related proteins in endothelial cells. In addition,
13cRA/poly (I:C) combination treatment affected the
cytoskeleton formation of endothelial cells by decreasing
numbers of actin microfilaments and filopodia formation.
Previous studies have demonstrated that the expression of
RAR-β could restore RA-mediated anticancer effects by
increasing the expression of migration-related proteins, such
as E-cadherin, c-Src, and N-Myc, leading to rearrangement
of cytoskeletal stress fibers and inhibition of cell migration
[31, 41]. Our results confirm that the combination of 13cRA
and poly (I:C) may suppress the growth and movement of
endothelial cells through restoring the expression of RAR-β.

The precise mechanisms by which 13cRA induces dif-
ferentiation are unclear. The typical characteristics of RA-
induced morphologic differentiation include the formation
of long neurites, cellular enlargement, and vacuolization,
and formation of large, flattened fibroblastic-like cells [42].
Our study data demonstrate that the combination of 13cRA

and poly (I:C) upregulated the expression of RAR-β with
significant cell neurite formation, regardless of treatment
sequence. In our previous studies, poly (I:C) also promoted
cell differentiation through induction of endoplasmic reti-
culum stress to increase glucose-regulated protein 78
expression in neuroblastoma cells [13, 14]. In the present
study, 13cRA/poly (I:C) combination therapy induced more
apoptotic death and higher ROS production in SK-N-DZ
cells (Supplementary Fig. S6). It is known that poly (I:C)
could also induce the demethylation and reexpression of
RAR-β via microRNAs induced by TLR3 activation in
prostate and breast cancer cells [16].

In the present study, we also observed the activation of
ATRX expression in tumor tissue after 13cRA treatment.
ATRX plays a critical role in the maintenance of chromo-
some stability and regulation of lengthening of the telo-
meres pathway [43]. Of note, ATRX loss has been
associated with higher cancer stage and poor survival out-
come of patients with pancreatic neuroendocrine tumors
[44]. Reactivation of nuclear ATRX in tumor cells may
promote chromosome stability to inhibit tumor growth.

Fig. 7 13cRA induces
redifferentiation of
neuroblastoma cells. a Western
blot analysis revealed the
expression of protein levels of
RAR-β and GAP43 of SK-N-DZ
cells treated with 13cRA (50
μM) and poly (I:C) (50 μg/ml)
either alone or combination for
48 h. 13cRA-contained
treatment induced significant
expression of RAR-β and
GAP43. β-Actin was used as
loading control. The
immunoblots showed
representative results from three
independent experiments. b The
expression ratio was quantified
by densitometer determination
and normalized relative to β-
actin. (*P < 0.05 compared with
control group; #P < 0.05
compared with poly (I:C) alone).
c Cells were treated with 13cRA
(50 μM) or poly (I:C) (50 μg/ml)
either alone or sequentially for
24 h. The phase-contrast
photomicrographs of SK-N-DZ
cells after indicated treatment
were displayed. 13cRA-
contained treatment induced
more extended neurites
outgrowth. Black arrows
indicated the neurite-like
structures.
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This study demonstrates that 13cRA/poly (I:C) combi-
nation therapy is more effective than single-agent therapy
through activation of RAR-β and ATRX, and promotion of
neuroblastoma cell differentiation to increase treatment
toxicity. Poly (I:C) can effectively synergize with 13cRA to
enhance the antitumor efficacy in neuroblastoma cells
through upregulation of innate immune signaling and
downstream apoptotic reaction, both in neuroblastoma cells
and endothelial cells. Therefore, the combination of innate
immune modulators with RA may enhance therapeutic
effectiveness for high-risk neuroblastoma patients.
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