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Abstract
Background. Neuroblastoma (NB) is one of the most common extracranial tumors with limited therapeutic 
options. Retinoic acid (RA) has been identified to play anticancer role against NB cells by inducing the dif-
ferentiation and apoptosis of immature neuroblasts. However, silencing HoxC9 promoter by EZH2-induced 
H3K27me3 hypermethylation can lead to RA resistance. Previous studies have suggested that arsenic trioxide 
(ATO), an inhibitor of DNA methylation, could downregulate the expression of EZH2 in breast cancer cells.

Objectives. In our study, we attempted to obtain some insight into the mechanisms of differentiation 
of RA-resistant NB cells by detecting the expressions of HoxC9 and EZH2 in NB cells treated with ATO, so 
as to provide a basis for the subsequent treatment of RA-resistant NB by ATO.

Materials and methods. Two NB cell lines, SK-N-AS (retinoic acid-resistant neuroblastoma cells) and SK-N-
SH (retinoic acid-sensitive neuroblastoma cells), were used in our experiments. Cell proliferation and apoptosis 
were respectively determined with Cell Counting Kit-8 (CCK-8) assay kit and Annexin V staining. The inverted 
phase contrast microscope was used to observe cell growth and measure the total length of nerve synapses. 
We employed label-free quantitative proteomic analysis to profile ATO-dependent changes in the proteome 
of NB cells. Western blot was used to detect the expressions of HoxC9, HoxD8 and EZH2.

Results. Arsenic trioxide inhibited the cell proliferation and increased apoptosis and total length of synapses 
in two NB cell lines. The expressions of HoxC9 and HoxD8 were upregulated, while the expression of EZH2 
was downregulated in the SK-N-AS cell line. No significant changes in the 3 proteins mentioned above were 
observed in the SK-N-SH cell line after ATO treatment.

Conclusions. Arsenic trioxide may reactivate the expression of HoxC9 by downregulating EZH2, which 
leads to restoring RA sensitivity and promoting the differentiation and apoptosis of RA-resistant NB cells.
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Background

Neuroblastoma (NB), which results from the improper 
differentiation of neural crest progenitors, is the 2nd most 
frequent extracranial pediatric cancer,1 accounting for about 
10% of all malignancies in children and 15% of all cancer-
related deaths in this population.2,3 Although new treatment 
options constantly emerge over the past years, the long-term 
overall survival (OS) of high-risk NB is still below 50%.4

Retinoic acid (RA) can modulate the expression of its tar-
get genes in order to regulate the differentiation, apoptosis 
and proliferation in numerous types of cells.5,6 As an effec-
tive inducer of cell differentiation, RA has been used for 
the treatment of high-risk NB.7,8 Thus, RA-resistant NB 
may significantly contribute to minimal residual disease 
during RA maintenance therapy, even with more than 50% 
of the patients developing recurrent disease.9 Patients with 
relapsed or refractory NB have, in general, poor prognosis 
and more than 60% of them will eventually die due to de-
teriorating health conditions within a few years.10,11

Homeobox (Hox) genes are well known for their ability 
to regulate embryogenesis and induce tissue differentiation.12 
It is currently assumed that HoxC9 can activate the intrinsic 
pathway of apoptosis and is associated with spontaneous re-
gression in NB.13,14 The expression of HoxC9-induced genes 
can significantly downregulate the oncogenic marker paired-
like homeobox 2b (PHOX2B) in BE(2)-C and other NB cells, 
and upregulate the neuronal differentiation markers, like 
neurofilament medium (NEFM) and microtubule-associated 
protein 2 (MAP2).14 The NEFM has been confirmed to be 
the target gene of HoxC9, and HoxC9 was confirmed to be 
a direct target gene of HoxD8.14,15 However, to the best of our 
knowledge, the expression of Hox genes was not observed 
in RA-resistant NB cells during retinoic acid-therapy.14 In ad-
dition, zeste homolog 2 (EZH2), as a methyltransferase, can 
extend gene silencing of Hox genes by trimethylating histone 
H3 lysine 27 (H3K27me3) in NB cells.16–18

Arsenic trioxide (ATO) is an ancient drug from China 
which currently entered the clinical arena as a Food and 
Drug Administration (FDA)-approved drug for the treat-
ment of acute promyelocytic leukemia (APL).19,20 One study 
has suggested that ATO could significantly upregulate 
HoxB8 in both mRNA and protein levels during hema-
topoietic stem cell (HSC) differentiation into the colony 
forming unit-granulocyte (CFU-G).21 As a methylation 
inhibitor, ATO could also provoke the expression or re-
activation of tumor suppressor genes (GSTP1, RASSF1A, 
etc.) with CpG islands demethylation by suppressing DNA 
methyltransferases (DNMT) in liver cancer.22

Objectives

In  our study, we  detected the  expressions of  Hox 
genes and EZH2 in RA-resistant NB cells to elucidate 
whether ATO could reactivate the expression of HoxC9 

by downregulating EZH2, leading to the restoration of RA 
sensitivity and promotion of the differentiation and apop-
tosis of RA-resistant NB cells. With this experimental 
setup, we attempt to provide a novel therapeutic interven-
tion for NB patients with RA-resistant feature.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) and heat-
inactivated fetal bovine serum (FBS) were purchased from 
Gibco (Waltham, USA). Arsenic trioxide was purchased 
from Harbin Yida Pharmaceutical Co., Ltd. (Harbin, China). 
Cell Counting Kit-8 Assay (CCK-8) was purchased from 
APExBIO (Houston, USA). Annexin V-FITC Apoptosis 
Detection Kit (Annexin V-FITC/PI) was purchased from 
Beyotime Biotechnology (Beijing, China). The BCA kit was 
purchased from Beyotime Biotechnology. Anti-HoxC9, 
anti-HoxD8 and anti-EZH21 antibodies were purchased 
from Abcam (Cambridge, UK). The horseradish peroxidase 
(HRP)-linked whole antibody anti-mouse immunoglobu-
lin G (IgG) was purchased from Cell Signaling Technology 
(CST, Darmstadt, Germany). The protein markers were 
purchased from Thermo Fisher Scientific (Waltham, USA). 
The Click-it EdU Alexa Fluor 488 Flow Cytometry Assay 
was purchased from Invitrogen (Waltham, USA). All pro-
cedures were performed according to the manufacturers’ 
protocols.

Cell cultures

For this study, we chose 2 human NB cell lines for cul-
ture: SK-N-AS (retinoic acid-resistant neuroblastoma cells) 
and SK-N-SH (retinoic acid-sensitive neuroblastoma cells), 
both obtained from the Sun Yat-Sen University (Guang-
zhou, China). Cell line authentication to confirm genomic 
identity was performed and the continual tests of myco-
plasma contamination were run after each thaw. Both 
cell lines were cultured in DMEM (with 10% FBS and 1% 
penicillin-streptomycin) at 37°C in a 5% CO2 incubator. 
After growing as a monolayer and multilayers with 70–80% 
confluence in T75 cell culture flasks with 15 mL of media, 
the cells were adjusted at a density of 1 × 104/mL and then 
transferred to a 96-well plate.

Cytotoxicity assay

The CCK-8 assay was used to detect cell cytotoxicity. 
Both cell lines were seeded in 96-well plates with 1000 
cells (1 × 104/mL; 100 μL) per well separately. Arsenic 
trioxide treatment was performed in triplicate 24 h later. 
Based on our previous experience, the 50%  inhibitory 
concentration of ATO (IC50ATO) value of NB cells was 
set at  2–128  µM for  24  h. Thus, we  chose the  ATO 
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concentrations of 1–256 µM for this experiment. The cells, 
drugs, medium, and CCK-8 reagent were contained in ex-
perimental wells; control wells set with the cells, medium 
and CCK-8 reagent; blank control contained no cells. After 
incubation for 60 min in the dark, the optical density (OD) 
value was measured at a 450 nm wavelength using a mi-
croplate reader (SpectraMax Plus 384; Molecular Devices, 
Sunnyvale, USA), and the relative viability was calculated 
as follows:

the relative viability = [(experimental absorbance − back-
ground absorbance)/(untreated control absorbance − back-
ground absorbance)] × 100%.

In our experiment, to assess the effect of ATO on NB cells 
differentiation, the synaptic growth was chosen as a repre-
sentative feature. After both cell lines were cultured with 
ATO for 24 h in IC50 (95.36 µM in SK-N-AS, 5.52 µM 
in SK-N-SH), apoptotic NB cells became round and sus-
pended. Thus, we reduced the concentration of ATO and 
tried to find a proper one in order to obtain a better obser-
vation result of synapses. To achieve this purpose, we cul-
tured them with their 1/2 IC50 (48 µM in SK-N-AS cells, 
2.7 µM in SK-N-SH cells), 1/3 IC50 (32 µM in SK-N-AS, 
1.9 µM in SK-N-SH), 1/6 IC50 (16 µM in SK-N-AS, 0.9 µM 
in SK-N-SH), and 1/12 IC50 (8 µM in SK-N-AS, 0.5 µM 
in SK-N-SH) concentrations to find out the optimal one 
by comparison.

Cell morphology

Both cell lines in  the  logarithmic growth phase were 
seeded in 6-well microplates (6 × 105 cells/well) as a single-
cell suspension and cultured for 24 h to attach to the plate. 
Then, they were treated with or without ATO and grown 
in DMEM with 10% FBS and 1% penicillin-streptomycin 
for 24 h at 37°C in a 5% CO2 cell culture incubator (HERA 
Cell 240i; Thermo Fisher Scientific). To avoid the inter-
ference of apoptosis on the observation of differentiation, 
by comparison, 1/6 IC50 concentration (16 µM) of SK-N-AS 
cells and 1/2 IC50 concentration (2.7 µM) of SK-N-SH cells 
were chosen for observation of cell morphology. After 24-h 
our treatment with or without ATO (the cells were adher-
ent to walls at this time), we used inverted phase contrast 
microscopy (DP50 digital camera; Olympus Corp., Tokyo, 
Japan) to  evaluate the  cellular morphological changes. 
The length of neurites was tallied using the ImageJ program 
v. 1.51 (National Institutes of Health (NIH), Bethesda, USA) 
with the assistance of the NeuronJ Plugin, which can provide 
semi-automated tracing.

Apoptosis assay

We used flow cytometry (FCM) assay purchased from 
Invitrogen to conduct the apoptosis assay. The experi-
ment was carried out in  accordance with the  manu-
facturer’s instructions. After the treatment with ATO, 
trypsinization was used to harvest the cells, which were 

then collected by centrifugation at 1000 rpm for 5 min. 
The cells were rinsed in PBS once more before the collec-
tion by centrifugation.

The both collected cell lines were suspended in 400 uL 
Ca2+ Binding Buffer (Abcam) and split equally into 2 tubes. 
One tube was supplemented with 5 µL of fluorescein iso-
thiocyanate (FITC) reagents, and the other one was used 
as a blank control group without any treatment. Then, 
10 µL of propidium iodide (PI) dyes were applied to each 
sample and the samples were incubated at room tempera-
ture for 15 min in the dark.

Two different markers (FITC conjugated to Annexin V 
as an apoptotic cell marker and PI as a dead cell marker) 
were contained in Annexin V-FITC/PI Apoptosis Detec-
tion Assay Kit (Invitrogen). In this test, the ratio of flu-
orescence intensities excited at 488 nm was monitored 
at an emission wavelength of 515 nm for FITC and 560 nm 
for PI. Apoptotic cells were collected and at least 10,000 
cells were counted for all FCM experiments to ensure 
the accuracy. The experiment was repeated in triplicate.

Phosphoproteomic analysis

Both cell lines in the logarithmic growth phase were 
processed to single-cell suspension and cultured in 15-cen-
timeter cell culture dishes (2 × 106/mL, 20 mL). Cells were 
incubated using the method described in the cell mor-
phology subsection. After the cells adhered to the walls 
of the dishes, they were treated with or without ATO for 
24 h, and then collected for measuring protein abundances 
with mass spectroscopy analysis at  PTM Biolabs, Inc. 
(Hangzhou, China).

Protein extraction

All operations were carried out on ice. The cells were 
sonicated 3 times with a high-intensity ultrasonic pro-
cessor (SCIENTZ-1200E; Ningbo Scientz Biotechnology 
Co., Ltd., Ningbo, China) in lysis buffer (8 M urea and 
1% Protease Inhibitor Cocktail; Roche, Basel, Switzer-
land). The supernatant was collected after centrifugation 
at 12,000 × g for 10 min at 4°C (in order to remove the re-
sidual debris). The BCA kit was then used to determine 
the protein content.

Trypsin digestion

The protein solution was alkylated with 11 mM iodo-
acetamide for 15 min at room temperature in darkness 
after being reduced with 5 mM dithiothreitol for 30 min 
at 56°C. The protein sample was then diluted with 100 mM 
triethylammonium bicarbonate (TEAB) to achieve a lower 
urea content (less than 2 M). Following the aforementioned 
process, trypsin was introduced at a 1:50 trypsin-to-pro-
tein mass ratio for the 1st overnight digestion, and a 1:100 
trypsin-to-protein mass ratio for the 2nd 4-hour digestion.
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Mass spectroscopy analysis

The tryptic peptides were separated using an EASY-
nLC 1000 UPLC machine (Thermo Fisher Scientific) af-
ter being dissolved in 0.1 percent formic acid (solvent A; 
Thermo Fisher Scientific). The peptides were evaluated 
using tandem mass spectroscopy (MS) in Q ExactiveTM 
Plus mass spectrometer (Thermo Fisher Scientific) linked 
online to the ultra-performance liquid chromatography 
(UPLC) with the nanospray ionization source. The pieces 
were identified in the Orbitrap (Thermo Fisher Scien-
tific) at 17,500 resolutions using a normalized collision 
energy value of 28 for UPLC-tandem mass spectrometry 
(UPLC-MS/MS). One MS scan was followed by 20 MS/MS 
scans with 15.0 s dynamic exclusion in a data-dependent 
method. Automatic gain control (AGC) was set to 5E4 
(automatic gain control); 100 m/z was chosen as the fixed 
initial mass.

Database search

The MS/MS data were analyzed using the Maxquant 
search engine v. 1.5.2.8 (https://www.maxquant.org/). 
Tandem mass spectra were compared to  the Uniprot 
Human database (https://www.uniprot.org/), which 
was combined with the reverse decoy database (unip_
Anas_8839 database). Trypsin/P was chosen as the cleav-
age enzyme, allowing for up to  4 missed cleavages. 
The mass tolerance for precursor ions was set to 20 ppm 
in the First search and 5 ppm in the Main search. Ad-
ditionally, the mass tolerance for fragment ions was set 
to 0.02 Da. Carbamidomethylation on cysteine (Cys) was 
designated as a fixed modification, whereas acetylation 
and oxidation on  methionine (Met) were designated 
as variable modifications. False discovery rate (FDR) was 
adjusted to <1% and a score greater than 40 was set for 
modified peptides.

Bioinformatics methods

The Gene Ontology (GO) annotation covers cellular 
composition (CC), molecular function (MF) and biological 
process (BP), and it is applied for bioinformatics analysis 
by evaluating differentially expressed genes (DEGs) and 
associated gene modules, based on the substantial en-
richment of GO functions. The UniProt-GOA database 
(http://www.ebi.ac.uk/GOA/) was used for the GO an-
notation proteome by identifying protein IDs, converting 
them to UniProt IDs, and then mapping them to GO IDs 
by protein ID. If any of the proteins were not annotated 
by the UniProt-GOA database, the InterProScan online 
software (http://www.ebi.ac.uk/InterProScan/) was used 
as a substitute method based on protein sequence align-
ment technique.

Western blot

Whole-cell lysates from both cell lines (with or without 
ATO) were investigated using standard western blotting 
techniques. Both cell lines were seeded in 6-well micro-
plates (6 × 105 cells/well) as a single-cell suspension and 
cultured for 24 h. After the cells adhered to  the walls 
of the plates and were treated with or without ATO for 
24 h, 2–3 mL of precooled PBS were added to wash the cells, 
and then the samples were immediately placed on ice. Af-
ter that, 100 μL of lysate was added for 30 min in order 
to achieve full lysis. Protein lysates were denatured at 95°C 
for 5 min after being collected and centrifuged (1200 r/min, 
4°C) for 5 min, and then they were stored at −80°C. Pro-
tein concentration was measured using BCA protein assay. 
The absorbance was measured with enzyme labeling in-
strument at 592 nm wavelength, and concentration of each 
sample was calculated based on standard curve analysis. 
Approximately 20 μg of protein were run on 4–15% gradi-
ent Tris-Glycine Gels (Thermo Fisher Scientific). Before be-
ing transferred with the Trans-Blot Turbo transfer system 
(Bio-Rad, Hercules, USA), the concentrated gel was run 
at 80 V and separation gel at 120 V constant pressure elec-
trophoresis. After blocking the membranes for 1 h at room 
temperature with 5% skim milk powder, the membranes 
were incubated with the 1st antibody (1:1000) in Tris-buff-
ered saline containing 0.1% Tween20 (TBST) overnight 
at 4°C. The membrane was washed 3 times with TBST, 
incubated for 1 h with the 2nd antibody of HRP-labeled anti-
mouse IgG (1:2000), and rinsed 3 times with TBST before 
using electrochemiluminescence (ECL) reagent to visualize 
the blots. A gel documentation system (Biozym, Hessisch 
Oldendorf, Germany) was applied to quantify the scanned 
film, following gel electrophoresis.

Statistical analyses

We used IBM SPSS v. 25.0 (IBM Corp., Armonk, USA) 
and GraphPad Prism software v. 8.0 (GraphPad Software, 
San Diego, USA) to analyze the data. Before applying para-
metric statistics, we used Levene’s test for the homogene-
ity of variance and Kolmogorov–Smirnov tests combined 
with QQ-plots for the normality of data. If the quantitative 
data fulfilled the necessary conditions, the Student’s t-test 
was used. The rank-sum test was performed if the nor-
mal distribution or the homogeneity of the variance was 
not met. Values of p < 0.0500 were considered to indicate 
statistically significant differences. The IC50 values are 
not cases of simple linear regression, but they reflect non-
linear parameter optimization and fit using a sigmoidal 
dose-response model. In our experiment, a 4-parameter 
logistic equation was employed using Microsoft Excel 2019 
(Microsoft Corp., Redmond, USA) and GraphPad Prism for 
curve fitting analysis to determine IC50 values.
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Results

SK-N-AS and SK-N-SH cells  
growth inhibition with different 
concentration of ATO

In order to evaluate the cytotoxicity of ATO, both SK-
N-AS and SK-N-SH cells were seeded in 96-well cell cul-
ture plates with 1000 cells (1 × 104/mL; 100 μL) per well 
separately and treated with different concentration of ATO 
ranging from 1 µM to 28 µM. The CCK-8 assay was used 
to detect cell cytotoxicity. In SK-N-AS cells, the inhibi-
tion rate (mean ± standard deviation (SD)) was 1.1 ±5.1%, 
8.5 ±0.7%, 17.1 ±4.5%, 25.9 ±0.2%, 37.5 ±2.1%, 44 ±1.0%, 
48.3 ±1.9%, 48.9 ±0.9%, and 55.9 ±0.8% in different ATO 
concentrations (1 µM, 2 µM, 4 µM, 8 µM, 16 µM, 32 µM, 
64 µM, 128 µM, and 256 µM) at 24 h. The inhibition rate 
of proliferation markedly elevated from 4 µM to 128 µM 
and plateaued thereafter (Fig. 1). The IC50ATO value of SK-
N-AS cells was 95.36 µM at 24 h, calculated with Graph-
Pad Prism. The IC50ATO value (5.52 µM) of SK-N-SH cells 
was obtained the same way as above (Fig. 1), which corre-
sponded with our previous experimental results.23 To avoid 

Fig. 1. Proliferation inhibition rate of SK-N-AS (retinoic acid-resistant 
neuroblastoma) and SK-N-SH (retinoic acid-sensitive neuroblastoma) cells 
with different concentration of arsenic trioxide (ATO) at 24 h
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Fig. 2. Cell morphology of SK-N-AS (retinoic acid-resistant neuroblastoma) and SK-N-SH (retinoic acid-sensitive neuroblastoma) cells with or without arsenic 
trioxide (ATO)

The control group of SK-N-AS (without ATO) The experimental group of SK-N-AS (with ATO)

The control group of SK-N-SH (without ATO) The experimental group of SK-N-SH (with ATO)
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the interference of apoptosis on the observation of differ-
entiation, by comparison, 1/6 IC50 concentration (16 µM) 
of  SK-N-AS cells and 1/2  IC50 concentration (2.7  µM) 
of SK-N-SH cells were chosen for observation of cell mor-
phology, apoptosis assay, phosphoproteomic analysis, and 
western blot.

ATO accelerated synaptic growth  
of SK-N-AS and SK-N-SH cells

To assess the effect of ATO on NB cells differentia-
tion, the synaptic growth was chosen as a representative 
feature (longer synaptic represents better differentia-
tion). We cultured both cell lines with or without ATO 
for 24 h, and more synapses in 2 cell lines were observed 
in the experimental group (with ATO) than the control 
group (without ATO) using inverted phase contrast mi-
croscopy (Fig. 2). In both cell lines, using ImageJ pro-
gram with NeuronJ Plugin, we  found that the  length 
of synapses (1 field was randomly selected under micro-
scope with ×100 magnification) grew longer with time 
in culture in both cells, and the total length of synapses 
in the experimental group significantly increased com-
pared to the control group (Table 1,2). We can conclude 
that ATO could morphologically promote the differentia-
tion of NB cells.

ATO promoted apoptosis  
of SK-N-AS and SK-N-SH cells

We cultured both cell lines with or without ATO for 
24 h and the apoptotic rates of the 2 groups were ana-
lyzed with FCM. Results were expressed as mean ±SD. 
We  found that the  apoptotic rate of  SK-N-AS cells 
in the experimental group was significantly higher (Fig. 3) than that in the control group (20.15 ±1.79% compared 

to 3.84 ±0.94%, p < 0.0001). In SK-N-SH cells, a significant 
increase of apoptosis could also be observed in the experi-
mental group compared to the control group.

Different intracellular protein expressions 
between the experimental group and 
control group of SK-N-AS and SK-N-SH cells

In order to figure out the different intracellular protein 
expressions before and after the treatment with ATO, 

Fig. 3. The apoptosis rate of SK-N-AS (retinoic acid-resistant 
neuroblastoma) and SK-N-SH (retinoic acid-sensitive neuroblastoma) cells 
with or without arsenic trioxide (ATO)
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Table 1. Total lengths of synapses of SK-N-AS and SK-N-SH cells with 
or without ATO

Time [h]

Total lengths of synapses [µM]

 control group  
(without ATO)

 experimental group 
(with ATO)

SK-N-AS SK-N-SH SK-N-AS SK-N-SH

0 0 0 0 0

24 96 84 723 435

Table 2. The p-value of normality test and homogeneity test

Group
Total lengths of synapses Apoptosis rate

normality homogeneity normality homogeneity

Control group (without ATO) of SK-N-AS cells 0.826
0.050

0.718
0.050

Experimental group (with ATO) of SK-N-AS cells 0.126 0.085

Control group (without ATO) of SK-N-SH cells 0.157
0.050

1.000
0.050

Experimental group (with ATO) of SK-N-SH cells 0.194 0.680

ATO – arsenic trioxide; SK-N-AS – retinoic acid-resistant neuroblastoma cells; SK-N-SH – retinoic acid-sensitive neuroblastoma cells.
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we compared intracellular protein expressions of SK-N-
AS and SK-N-SH cells between the experimental group 
(with ATO) and control group (without ATO). We identi-
fied quantitative information for 6424 proteins in the SK-
N-AS cell line and 4638 proteins in  the SK-N-SH cell 
line. Differentially expressed protein (DEP) was identified 
by comparison of the signal values between the 2 groups 
based on p < 0.05 using t-test. In SK-N-AS cells, we iden-
tified that the neuronal markers MAPT and NEFM were 
upregulated, and the tumorigenic marker PHOX2B were 
downregulated in the ATO-treated group. As compared 
with the control group, we found that EZH2 (FC = 0.552) 
and PHOX2B (an oncogenic marker, FC = 0.142) were 
significantly downregulated, while the markers related 
to the normal differentiation of neurons were upregulated, 
like MAPT (FC = 1.21), NEFM (FC = 1.547) and MAP2 
(FC = 2.669) in the experimental group. In SK-N-SH cells, 
the same changing trends of the markers mentioned above 
(PHOX2B was not detected in SK-N-SH cells), but the dis-
parity coefficients of most proteins were smaller than 
in the SK-N-AS cells, such as for EZH2 (FC = 0.691), MAPT 
(FC = 1.312), NEFM (FC = 1.146), MAP2 (FC = 1.086), 
and others. We tested the protein expressions of HoxC9, 
HoxD8 and EZH2 in SK-N-AS with or without ATO using 
western blot. We found that, compared to control group, 
ATO could upregulate HoxC9 and HoxD8, and down-
regulate EZH2 (Fig. 4,5).

Discussion

The NB, which derives from embryonic neural crest, 
has self-renewable capacities and can differentiate mul-
tidirectionally during dorsal migration from the neural 
tube to the ventral side.23 When neuroblasts fail to migrate 

correctly and remain undifferentiated, NB occurs.24 The de-
gree of differentiation is assessed by the total neurite length, 
co-expression of neurofilament and synaptic vesicles, and 
shape of the cone.25 Notably, total neurite length is directly 
involved in  the  neural differentiation.26,27 The  MAP2, 

Fig. 5. Different protein expressions of HoxC9, HoxD8 and EZH2 in SK-N-AS (retinoic acid-resistant neuroblastoma) cells with arsenic trioxide (ATO)

Fig. 4. Differential protein expressions in both cell lines (heat map)

Ctrl* – the control group (without ATO) in the SK-N-AS (retinoic acid-resistant 
neuroblastoma) cells; ATO* – the experimental group (with ATO) in the SK-
N-AS cells; ATO/Ctrl* – ratio of protein expression in the experimental group 
to the control group in the SK-N-AS (retinoic acid-sensitive neuroblastoma) 
cells; ATO/Ctrl** – ratio of protein expression in the experimental group 
to the control group in the SK-N-SH cells; ATO – arsenic trioxide.
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as a neuronal differentiation marker, can maintain neu-
ronal dendritic spines by interacting with microtubules.28 
It has been reported that the expression of MAP2 could be 
upregulated by RA through brain-derived neurotrophic fac-
tor (BDNF) in SH-SY5Y cells.29,30 A study on whole genome 
sequencing of fetal adrenal cells has found that PHOX2B 
is a marker of sympathetic progenitors, which is signifi-
cantly downregulated during the differentiation process 
of sympathetic nerves.31 The NEFM gene encodes a subunit 
of neuron-specific intermediate filaments32; its expression 
was reduced after ATO administration.33 The NEFM was 
verified to be the target of RA in NB cells, as well as the di-
rect target of HoxC9.7 Our study verified that expressions 
of HoxC9 and HoxD8 in SK-N-AS cells were upregulated. 
Label-free quantitative proteomic technology identified 
that tumorigenic marker PHOX2B was significantly down-
regulated, while the markers for differentiation of sympa-
thetic neurons (NEFM, MAP2, MAPT) were upregulated. 
Similarly to the results of previous studies, the expressions 
of NEFM, MAP2 and MAPT were decreased after RA treat-
ment in SH-SY5Y cells.34 The above results suggest that low 
doses of ATO could reprogram RA-resistant NB cells differ-
entiation, which may be due to the upregulation of HoxC9. 
In SK-N-SH cell line, the same changing trends of the mark-
ers mentioned above, except PHOX2B, HoxC9 and HoxD8 
(not detected), were observed after ATO treatment, but 
the disparity coefficients of most proteins were smaller 
compared to the SK-N-AS cell line. However, in our view, 
this phenomenon can be explained. The SK-N-SH cell line, 
with RA-sensitive feature, might not possess the inhibition 
of HoxC9 pathway, and thus ATO could not ameliorate 
the differentiation by the mechanism of enhancing HoxC9 
(via disinhibition). The H3K27me3 is a repressive histone 
mark, frequently seen in various kinds of tumors and as-
sociated with poor prognosis.35 The H3K4me3, a silencing 
marker of HoxC9 promoter, is represented in an activated 
state in  RA-resistant NB cells and conversely silenced 
in RA-sensitive cell lines.14 This may partly explain why RA 
could not induce the expression of HoxC9 in SK-N-AS cell 
line. The methylation of histone is catalyzed by 2 different 
families: the protein arginine methyltransferases (RMTs) 
and the histone lysine methyltransferases (KMTs). Among 
them, methyltransferase EZH2 is known to be closely as-
sociated with the tumorigenesis and tumor development.36 
Previous studies showed that histone deacetylase inhibitors 
(HDACi) targets EZH2 and SUZ12, which are the major 
components of  the PRC2 complex, ultimately reducing 
the H3K27me3 methylation.37,38

Our phosphoproteomic analysis revealed that ATO 
downregulates the expression of EZH2 in both cell lines; 
western blotting also confirmed this result, accompa-
nied by the overexpression of HoxC9 in SK-N-AS cells. 
Based on existing literature, we speculate that ATO may 
act through a mechanism similar to HDACi, which could 
reduce repressive H3K27me3 through downregulating 
the expression of EZH2, and then reactivate HoxC9.

Limitations

However, there are also some shortcomings of this experi-
ment. First, only 2 human NB cell lines were chosen, which 
could affect the robustness of the results. Second, the results 
confirm that ATO could upregulate the expression of HoxC9 
and enhance neuronal differentiation, but we did not con-
firm the direct relationship between HoxC9 and neuronal 
differentiation. Finally, we mentioned that ATO might re-
duce repressive H3K27me3 through downregulating the ex-
pression of EZH2, and then reactivate HoxC9, but methyla-
tion assays were not performed to confirm this result.

Conclusion

The ATO-mediated EZH2 suppression of RA-resistant 
NB cells induces HoxC9 expression that, in turn, amelio-
rates differentiation and enhances cell apoptosis. Further 
study is necessary to compensate for the abovementioned 
limitations and support our conclusion.
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