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Simple Summary: Neuroblastoma (NB) is considered to be caused by the differentiation failure of
neural crest cells. Researchers are working on exploring the mechanisms of NB cell differentiation
to improve the cure rate. Here, our results show that SOX4 has a significant effect on NB cell
proliferation, cells’ neurites, and the cell cycle and that SOX4 mediates the effect of RA in NB cells.
All indicate that SOX4 may be a target to induce NB cell differentiation.

Abstract: Neuroblastoma (NB), which is considered to be caused by the differentiation failure of
neural crest cells, is the most common extracranial malignant solid tumor in children. The degree
of tumor differentiation in patients with NB is closely correlated with the survival rate. To explore
the potential targets that mediate NB cell differentiation, we analyzed four microarray datasets from
GEO, and the overlapping down- or upregulated DEGs were displayed using Venn diagrams. SOX4
was one of the overlapping upregulated DEGs and was confirmed by RT-qPCR and Western blot in
ATRA-treated NGP, SY5Y, and BE2 cells. To clarify whether SOX4 was the target gene regulating NB
cell differentiation, the correlation between the expression of SOX4 and the survival of clinical patients
was analyzed via the R2 database, SOX4 overexpression plasmids and siRNAs were generated to
change the expression of SOX4, RT-qPCR and Western blot were performed to detect SOX4 expression,
cell confluence or cell survival was detected by IncuCyte Zoom or CCK8 assay, immunocytochemistry
staining was performed to detect cells’ neurites, and a cell cycle analysis was implemented using
Flow cytometry after PI staining. The results showed that the survival probabilities were positively
correlated with SOX4 expression, in which overexpressing SOX4 inhibited NB cell proliferation,
elongated the cells’ neurite, and blocked the cell cycle in G1 phase, and that knockdown of the
expression of SOX4 partially reversed the ATRA-induced inhibition of NB cell proliferation, the
elongation of the cells’ neurites, and the blocking of the cell cycle in the G1 phase. These indicate that
SOX4 may be a target to induce NB cell differentiation.

Keywords: neuroblastoma; cell differentiation; ATRA; SOX4

1. Introduction

Neuroblastoma (NB), which derives from neural crest cells, is the most common
extracranial malignant solid tumor in children and is considered to be caused by the
differentiation failure of neural crest cells [1–3]. Patients with low-risk NB have a very
good prognosis; however, high-risk patients have consistently poor prognosis. Despite
the availability of multiple types of chemotherapy and stem cell transplantation, the long-
term survival ratio of high-risk patients is less than 50% [2]. NB is a highly heterogenous
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tumor, and some tumors can spontaneously heal or differentiation, while others are highly
invasive or exhibit a therapeutic resistance phenotype. According to the INSS (International
Neuroblastoma Phased System), NB is divided into Phases 1, 2a, 2b, 3, 4, and 4S. Phase 4S
NB cells have the potential for differentiation. When the patient is diagnosed, the symptoms
are serious, manifesting as multiple tumor metastases; later, the tumor can spontaneously
differentiate, and prognosis is good [4]. Another study also found that the degree of tumor
differentiation in patients with NB is closely related to its overall survival rate [5]. Therefore,
exploring the molecular mechanisms that regulate NB cell differentiation is essential to
improve the cure ratio and life quality of patients.

Retinoids are a family of signaling molecules that are related to vitamin A (retinol) in
terms of their chemical structures. There are six biologically active isoforms of retinoids:
they are all-trans retinoic acid (ATRA); 11-cis retinoic acid; 13-cis retinoic acid; 9, 13-di-cis
retinoic acid; 9-cis retinoic acid; and 11, 13-di-cis retinoic acid. Retinoids have been reported
to have an effect on cell differentiation, cell proliferation, and cell apoptosis. All-trans
retinoic acid (ATRA) is one of the most common retinoids, and it is widely used in the
study and treatment of leukemia, lymphoma, neuroblastoma, and glioblastoma [6–8].
However, high doses of ATRA are associated with side effects, including teratogenicity and
chemical hepatitis [9,10]. Therefore, researchers and clinicians are working on exploring
more selective targets and less toxic compounds, which could function as ATRA [7,11,12].

SOX4 is a member of the SOX (SRY-related HMG-box) transcription factor family,
which contains a high mobility group (HMG) DNA binding domain (DBD), a glycine-rich
domain, and a serine-rich domain [13,14]. Members of the SOX transcription factor family
contribute to the development of many organs and tissues, including central nervous system
(CNS), retina, bone, hematopoietic system, lymphatic system, and so on. As a member of
this family, SOX4 is closely associated with both normal development and various cancers,
such as lung cancer, breast cancer, leukemias, glioblastoma, and medulloblastoma [14].
SOX4 also contributes to the differentiation of skeletal myoblast differentiation [15], and
divergent sarcomatous differentiation in uterine carcinosarcoma [16]. Studies show that
SOX4 cooperates with neurogenin 3 to determine the cell fate during the development
of pancreatic beta cells [17], and SOX4 partners with neurogenin 2 to activate Tbrain2 to
determine the cell fate of intermediate progenitors during the neuronal differentiation [18].
Studies also show that SOX4 regulates cell survival and metastasis of cancer cells, such as
breast cancer [13,19,20].

In this study, we analyzed four microarray datasets from GEO and identified the
overlapping differentially expressed genes (DEGs), and the results showed that SOX4
was one of these overlapping upregulated genes, a result that is in accordance with our
previous study [21]. Furthermore, our results showed that the survival probabilities of
clinical patients have a positive correlation with SOX4 expression, in which overexpressing
SOX4 inhibited NB cell proliferation; elongated cells’ neurites; and blocked the cell cycle in
the G1 phase and that knockdown of the expression of SOX4 partially reversed the function
of ATRA in NB cell proliferation, cells’ neurites, and the cell cycle. All these indicate that
SOX4 plays an important role in the differentiation of NB cells, and prompt that SOX4 may
be a potential new therapy target for the clinical treatment of patients with NB.

2. Materials and Methods
2.1. Reagents

All-trans retinoic acid (ATRA) was from Sigma (R2625, Ronkonkoma, NY, USA).
Fetal bovine serum was from Gibco (Brisbane, Australia). RPMI-1640 medium, glutamine,
antibiotics (penicillin 100 units/mL, streptomycin 100 µg/mL), and PBS were from Bioind
(Beit-Haemek, Israel). Trizol was from Solarbio (R1100, China), the GoScriptTM Reverse
Transcription system was from Promega (A5001, Madison, WI, USA), and TB Green was
from TAKARA (RR820A, Beijing, China). Antibody against SOX4 (ab70598) and Goat
polyclonal Secondary Antibody to Rabbit IgG-H&L (Alexa Fluor 488, ab150077) were from
Abcam, and the antibody against GAPDH and α-Tubulin was from Proteintech (Wuhan,
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China). Cell counting kit-8 (CCK8) was from Bimake (B34304, Shanghai, China). The cell
cycle analysis kit was from Beyotime (C1052, Shanghai, China).

2.2. Cell Culture and Treatment

The NB cell lines (NGP, SY5Y, and BE2) used in this study were obtained from Dr. Carol
J. Thiele (Cellular and Molecular Biology Section, Pediatric Oncology Branch, National
Cancer Institute, National Institutes of Health, Bethesda, MD, USA). All three cell lines
(NGP, SY5Y, and BE2) are neuroblastic-type cell lines and can be induced to differentiate.
The cell lines were cultured in RPMI-1640 medium with 10% fetal bovine serum, 2 mM
glutamine, and antibiotics at 37 ◦C in 5% CO2 incubator. NGP, SY5Y, and BE2 cells
were treated with or without ATRA (5 µM) for 48 h and were collected for RT-qPCR and
Western Blotting.

2.3. Microarray Data and Data Analysis

Four microarray datasets (GSE45587: NB cell line BE(2)-C cells treated with RA
for 24 h and 72 h [22], GSE16451: BE(2)-C cells treated with RA for 3 weeks [23], and
GSE87784: Sphere cells from TH-MYCN mice treated with RA for 3 weeks [24]) were from
the NCBI Gene Expression Synthesis (GEO) database (http://www.ncbi.nlm.nih.gov/geo/,
accessed on 13 January 2021). The volcano plots were generated to display the differentially
expressed genes (DEGs) via GEO2R according to the instruction (https://www.ncbi.nlm.
nih.gov/geo/info/geo2r.html, accessed on 13 January 2021), and adjusted p value (Padj)
< 0.05 and |log2(fold change)| > 1 were considered to be statistically significant. The
overlapping down- or up-regulated DEGs in the four microarray datasets were displayed
using Venn diagrams, which were generated in R language.

The relationship between the expression of SOX4 and clinical patients with NB was
analyzed via R2 database (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi?species=hs, ac-
cessed on 13 January 2021), and four datasets were used (88, 283, 498, and 649 samples of
patients with NB). The relationship between the expression of SOX4 and the differentia-
tion degree of tumors originating from sympathetic nervous system (ganglioneuroblas-
toma, ganglioneuroma, and neuroblastoma) was analyzed through the Oncomine database
(https://www.oncomine.org/resource/login.html, accessed on 13 January 2021).

2.4. Cell Transfection

SOX4 expression plasmids were isolated using the HiSpeed Plasmid Maxi Kit (Qiagen,
Germany) according to the manufacturer’s instructions. NGP cells were seeded into a
6-well plate (4 × 105/well) and cultured overnight. The SOX4 expression plasmids were
transfected into cells using jetPRIME (Polyplus Transfection, Illkirsch, France). After 16 h,
cells were collected and seeded into 96-well plates or 6-well plates. After 24 h, the cells
were collected for Western Blotting, and after 48 h, they were collected for CCK8 assay, cell
confluence analysis using IncuCyte Zoom, immunocytochemistry staining (ICC) assay, and
cell cycle analysis.

Small interfering RNAs (siRNAs) (Tongyong, Shanghai, China) were used to knock-
down the expression of SOX4. The sequences of siRNAs were SOX4 siRNA #1: 5′-
GCAAGCACCUGGCGGAGAATT-3′, 5′-UUCUCCGCCAGGUGCUUGCTT-3′; SOX4
siRNA #2: 5′-GCUGGAAGCUGCUCAAAGATT-3′, 5′-UCUUUGAGCAGCUUCCAGCTT-
3′; SOX4 siRNA #3: 5′-CCAACAAUGCCGAGAACACTT-3′, and 5′-GUGUUCUCGGCA
UUGUUGGTT-3′. NGP cells were seeded into 6-well plates (4 × 105/well) and cultured
overnight. The siRNAs were transfected into cells using jetPRIME. After 16 h, the cells
were collected and seeded into 96-well plates or 6-well plates and treated with RA (5 µM),
24 h for RT-qPCR and Western Blotting and 48 h for CCK8 assay, cell confluence analysis
using IncuCyte Zoom, ICC assay, and cell cycle analysis.

http://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/info/geo2r.html
https://www.ncbi.nlm.nih.gov/geo/info/geo2r.html
https://hgserver1.amc.nl/cgi-bin/r2/main.cgi?species=hs
https://www.oncomine.org/resource/login.html
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2.5. Quantitative RT-PCR

Total RNA was isolated from NGP cells treated with RA or transfected with siRNAs by
using Trizol reagent according to the manufacturer’s instructions and our previous study.
The GoScriptTM Reverse Transcription System kit was used to generate cDNA. Quantitative
PCR was performed with the cDNA by using TB Green according to the manufacturer’s
instructions. Beta-actin expression served as an internal control. The relative quantification
of gene expression was performed with the 2(−∆∆Ct) method. Details of the PCR primers
sequences were as follows: SOX4 sense 5′-GTGGTCCTCAAAGCCAGACACT-3′, SOX4
anti-sense 5′-GCAATGCGCTTTCTGCCGTAGT-3′; β-actin sense 5′- AACT GGGACGA-
CATGGAGAAA -3′, β-actin anti-sense 5′- AGGGATAGCACAGCCTGGATA -3′.

2.6. Western Blotting

Total protein was extracted with RIPA Buffer (Beyotime, Shanghai, China) according
to the manufacturer’s protocol. The concentration was quantified by using the Bradford
reagent (Beyotime, China). Under each condition, 30 µg of total protein was loaded and
separated by 10% gel (Epizyme Biomedical Technology Co., Shanghai, China) and then
transferred to a PVDF membrane (Millipore, Burlington, MA, USA). The membranes were
blocked with 5% skim milk in TBST buffer for 1–2 h and then incubated with primary
antibody (SOX4) at 4 ◦C overnight. The membranes were washed with TBST 3 times and
then incubated with the peroxidase-conjugated goat anti-rabbit (1:5000) or anti-mouse
(1:5000) antibodies for 2 h at room temperature. The binds were detected using enhanced
chemiluminescence (ECL) reagents (Thermo Scientific, Rockford, IL, USA).

2.7. Cell Survival Analysis

CCK8 (Cell Counter Kit 8) was used to detect the cell survival, according to the
manufacturer’s specification and our previous study. NGP cells were seeded in a 96-well
plate 16 h after transfection with SOX4 expression plasmids or siRNAs. CCK8 was added
to each well and incubated for 1 h after treated with or without RA 48 h. Optical density
was measured at 450 nm using ELISA reader. Cell confluence (%) was calculated and
analyzed by using Incucyte Zoom software (Essen BioScince, MI, USA) according to the
phase-contrast images, as in our previous study.

2.8. Immunocytochemistry Staining

The cell slices were fixed using 4% paraformaldehyde in PBS pH 7.4 for 30 min at room
temperature and then washed in PBS 3 times for 3 min. The cell slices were incubated with
0.5% Triton X-100 for 20 min at room temperature and then washed in PBS 3 times. The cell
slices were blocked with goat serum for 30 min at room temperature. The goat serum was
sucked up with absorbent paper, and the cell slices were incubated with primary antibody
(β-Tubulin) overnight at 4 ◦C. The cell slices were washed in PBST (PBS + 0.1% Tween
20) 3 times for 3 min and incubated with secondary antibody for 1 h at room temperature
in the dark. The cell slices were washed in PBST 3 times, and the slices were incubated
with DAPI for 5 min at room temperature in the dark. The cell slices were washed in PBST
4 times, the liquid was sucked up with absorbent paper, and the cell slices were observed
under fluorescence microscope.

2.9. Cell Cycle Analysis

After treated with different conditions, all the cells were harvested, washed with PBS,
and then resuspended and fixed with cold 70% ethyl alcohol at 4 ◦C overnight. Then,
the cells were washed again with PBS and incubated with RNase A (100 µg/mL) and PI
(50 µg/mL) at room temperature in the dark for 30 minutes. Then, the stained cells were
analyzed by Flow cytometry (Becton, Dickinson and Company, Franklin Lakes, NJ, USA).
The percentage of cells in each phase of cell cycle was analyzed using the Software of the
Flow cytometry system.
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2.10. Statistical Analyses

Means ± SD of independent experiments were analyzed by Student’s t-test. p values
less than 0.05 were considered as statistically significant. Data were analyzed by using
GraphPad Prism software.

3. Results
3.1. The Differentially Expressed Genes Obtained from the Microarray Data Analysis

All-trans retinoic acid (ATRA or RA) has been widely used to induce cell differentiation
of NB, while the mechanisms still need further study. To explore the potential target
gene of RA, we analyzed four microarray datasets from GEO (GSE45587: NB cell line
BE(2)-C cells treated with RA for 24 h and 72 h, GSE16451: BE(2)-C cells treated with
RA for 3 weeks, and GSE87784: Sphere cells from TH-MYCN mice treated with RA for
3 weeks). The differentially expressed genes (DEGs) were shown in volcano plot form
in Figure 1A–C. Additionally, the overlapping DEGs were identified, and there were
13 overlapping upregulated DEGs (Figure 1D) and 2 overlapping downregulated DEGs
(Figure 1E). The 13 overlapping upregulated DEGs were SOX4, SOX9, ADD3, ATP7A,
CAMK2N1, CTSB, RET, CYP26A1, CYP26B1, DDAH2, LTBP3, MEIS1, and NCOA3 (Table 1).
The two overlapping downregulated DEGs were FHL2 and BRCA2 (Table 2).

Table 1. Overlapping upregulated DEGs of the four datasets from GEO.

Overlapping Upregulated-DEGs

SOX4 CYP26A1
SOX9 CYP26B1
ADD3 DDAH2
ATP7A LTBP3

CAMK2N1 MEIS1
CTSB NCOA3
RET

Table 2. Overlapping downregulated DEGs of the four datasets from GEO.

Overlapping Downregulated-DEGs

FHL2
BRCA2

3.2. SOX4 Has a Positive Correlation with the Survival Rate of Patients with NB

SOX4 is a member of the SRY-related HMG-box (SOX) family of transcription factors
and has been reported to involved in the regulation of embryonic development and in the
determination of cell fate. To identify if SOX4 plays a role in NB, we treated the cells (NGP,
SY5Y, and BE2) with RA (5 µM) for 48 h first and then detected the expression of SOX4
at the mRNA level and protein level using RT-qPCR and Western blotting. The results
showed that the expression of SOX4 was significantly increased at both the mRNA level
and the protein level (Figure 2B,C), which was in consonance with the microarray data
from our previous data (Figure 2A) [21] and the other four microarray datasets (Table 1).
Then, we analyzed the data with 88, 283, 498, and 649 samples of patients with NB from the
R2 database, and the results showed that patients with higher expressions of SOX4 have
better overall survival probability and relapse-free/progression-free/event-free survival
probability compared to those with lower expressions of SOX4 (Figure 3A–D). To identify
if SOX4 was correlated with the differentiation degree of tumors originating from the
sympathetic nervous system, we analyzed the expression of SOX4 in ganglioneuroblastoma,
ganglioneuroma, and neuroblastoma through the Oncomine database, and the results
showed that there have no significant difference between the three tumors (Figure 3E). These
results indicated that SOX4 is positively correlated with the survival rate of patients with
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NB but did not demonstrate the exact relationship between SOX4 and the differentiation
degree of sympathetic nervous system-originating tumors.
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Figure 1. Volcano plot distribution of DEGs and the overlapping DEGs of the four GEO datasets.
The volcano plot of (A) GSE45587: NB cell line BE(2)-C cells treated with RA for 24 h and 72 h,
(B) GSE16451: BE(2)-C cells treated with RA for 3 weeks, and (C) GSE87784: Sphere cells from
TH-MYCN mice treated with RA for 3 weeks. The blue points indicate the downregulated DEGs,
red points indicate the upregulated DEGs, and the gray points indicate the genes without significant
changes. All DEGs were screened based on an adjusted p value < 0.05 and |log2(fold change)| > 1.
(D) The overlapping upregulated DEGs and (E) the overlapping downregulated DEGs.
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Figure 2. RA treatment increased the expression of SOX4 in NB cells. (A) The expression of SOX4
was increased from our previous RNA-Seq data (NGP cells treated with RA for 48 h). RT-qPCR (B)
and Western blot (C) were performed to detect the expression of SOX4 in RA-treated (5 µM, 48 h)
NGP, SY5Y, and BE2 cells. Control vs. RA treatment, *** p < 0.001. The uncropped western blots have
been shown in Figure S3.

3.3. Overexpression of SOX4 Has the Potential to Induce the Differentiation of NB Cells

RA has been widely used clinically to induce the differentiation of NB tumor cells,
and our results showed that RA treatment induced the increased expression of SOX4 and
that the expression of SOX4 has a positive correlation with the survival rate of patients
with NB. To detect if SOX4 mediated the differentiation of NB cells, we transfected SOX4
overexpression plasmids into NGP cells, and the results showed that the expression of
SOX4 was significantly overexpressed (Figure 4A). Additionally, the cell confluence (% of
the surface area of cells) or cell survival of SOX4-overexpressed NGP cells was detected
by IncuCyte Zoom or CCK8 assay, and the results showed that both the cell confluence
and the cell survival were inhibited by the overexpression of SOX4 (Figure 4B–D). The
cell survival of SOX4-overexpressed NGP cells was 82.11% compared to the empty-vector
transfected cells (100%) (p < 0.01) (Figure 4D). These indicated that overexpressing SOX4
decreased the NGP cell survival. One of the important characteristics of differentiated
NB cells was elongated neuritic projections. Next, ICC staining was performed to show
the morphological changes in NB cells after overexpressing SOX4, and elongated neurites
can be observed in SOX4-overexpressed NGP cells (Figure 4E). It has been reported that
G1 phase blockage correlates with cell differentiation [25,26], so we detected the cell cycle
and compared the percentage of cells in the G1 phase between SOX4-overexpressed and
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empty-vector transfected NGP cells, and the results showed that the percentage of cells
in G1 phase was 63.47% in SOX4-overexpressed NGP cells and 57.91% in empty-vector
transfected cells, which indicated that overexpressing SOX4 blocked the cells in the G1
phase (p < 0.05) (Figure 4F). Similar effects on cell proliferation, cells’ neurites, and the cell
cycle were observed in BE2 cells after overexpressing SOX4 (Figure S1A–F). To confirm
the change in the cell cycle in the G1 phase, we performed a Western blot to detect the
expression changes in Cyclin D1 and CDK4, both of them are key regulators of the G1
phase. The results showed that the expressions of Cyclin D1 and CDK4 decreased after
overexpressing SOX4 (Figure S1G) in both the NGP and BE2 cells.
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are from the R2 database, and the relationship between the expression of SOX4 and overall survival
probability and relapse-free/progression-free/event-free survival probability was analyzed. Bonf
p < 0.05 was considered as statistically significant. (E). The relationship between the expression of
SOX4 and the differentiation degree of tumors originating from the sympathetic nervous system
(ganglioneuroblastoma (n = 8), ganglioneuroma (n = 3), and neuroblastoma (n = 53)) was analyzed
through the Oncomine database. Box-plots represent the expression levels of SOX4 (Log2 median-
centered intensity).
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Figure 4. Overexpression of SOX4 has the potential to induce the differentiation of NB cells. (A) The
expression of SOX4 in NGP cells was detected by Western blot 24 h after transfection with SOX4
overexpression plasmids. The cell confluence (% of the surface area of cells) or cell survival of SOX4-
overexpressed NGP cells was detected by IncuCyte Zoom (B,C) or CCK8 assay (D). Empty vector vs.
OE-SOX4, ** p < 0.01. (E) ICC staining was performed to show the morphological changes in NB cells
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48 h after overexpressing SOX4. (F) Cell cycle analysis was performed 48 h after overexpressing
SOX4, and the percentage of cells in G1 phase was analyzed. Empty vector vs. OE-SOX4, * p < 0.05.
The uncropped Western blots have been shown in Figure S4.

3.4. Downregulation of SOX4 Partially Blocks the Function of RA in NB Cells

To further evaluate the role of SOX4 in RA-induced NB cell differentiation, we de-
veloped three siRNAs to knockdown the expression of SOX4 and then detected whether
downregulated SOX4 could block the function of RA. The results showed that all three
siRNAs decreased the expression of SOX4 at the protein level in NGP cells (Figure 5A);
furthermore, RA-induced increased expression of SOX4 in NGP cells was downregulated
after transfection with SOX4 siRNAs, both at the protein and mRNA levels (Figure 5A,B).
Additionally, the cell confluence or cell survival of NGP cells transfected with SOX4 siR-
NAs or/and treated with RA was detected by IncuCyte Zoom or CCK8 assay, and the
results showed that both the decreased cell confluence and the cell survival induced by
RA were blocked by SOX4 siRNAs (Figure 5C–E). The cell survival of RA-treated NGP
cells was 80.77%, and that of RA-treated and SOX4 siRNA-transfected cells was 100.14%
(RA + SOX4 siRNA#1), 105.21% (RA + SOX4 siRNA#2), and 109.82% (RA + SOX4 siRNA#3)
compared to the empty-vector transfected cells (100%) (p < 0.01) (Figure 5E). Then, ICC
staining was performed to show the morphological changes of NGP cells, and the results
showed that RA-induced elongated neurites could be blocked by SOX4 siRNAs (Figure 5F).
We also detected the cell cycle and compared the percentage of cells in the G1 phase
between RA-treated and SOX4 siRNAs-transfected NGP cells, and the results showed
that the percentage of cells in the G1 phase was 65.67% in RA-treated NGP cells, 60.30%
in RA + SOX4 siRNA#1-treated cells, 61.80% in RA + SOX4 siRNA#2-treated cells, and
61.68% in RA + SOX4 siRNA#3-treated cells (p < 0.01) (Figure 5G). These results indicated
that knocking down the expression of SOX4 could reverse the function of RA in NB cells.
Similar effects on cell proliferation, cells’ neurites, and the cell cycle were observed in
RA-treated BE2 cells after the knockdown of SOX4 (Figure S2A–F). To confirm the change
in the cell cycle in the G1 phase, we performed a Western blot to detect the expression
changes of Cyclin D1 and CDK4. The results showed that the knockdown of SOX4 reversed
the decreased expressions of Cyclin D1 and CDK4 induced by RA (Figure S2G) in both
NGP and BE2 cells.
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Figure 5. Downregulation of SOX4 partially blocks the function of RA in NB cells. (A). The expression
of SOX4 in NGP cells transfected with SOX4 siRNAs or/and treated with RA was detected by
Western blot (A) and RT-qPCR (B). Ctrl siRNA vs. Ctrl siRNA + RA, SOX4 siRNA + RA vs. Ctrl
siRNA + RA, * p < 0.05. The cell confluence or cell survival of NGP cells transfected with SOX4
siRNAs or/and treated with RA was detected by IncuCyte Zoom (C,D) or CCK8 assay (E,F) ICC
staining was performed to show the morphological changes in NGP cells transfected with SOX4
siRNAs or/and treated with RA. Ctrl siRNA vs. Ctrl siRNA + RA, SOX4 siRNA + RA vs. Ctrl
siRNA + RA, *** p < 0.001. (G) Cell cycle analysis was performed and the percentage of cells in G1
phase was analyzed in RA-treated or/and SOX4 siRNAs-transfected NGP cells. Ctrl siRNA vs. Ctrl
siRNA + RA, SOX4 siRNA + RA vs. Ctrl siRNA + RA, ** p < 0.01. The uncropped Western blots have
been shown in Figure S5.
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4. Discussion

To explore the potential targets that mediate RA-induced NB cell differentiation, we
analyzed four microarray datasets from GEO, which were performed after RA treatment,
and then, the overlapping DEGs were identified; there were 13 overlapping upregulated
DEGs and 2 overlapping downregulated DEGs. SOX4 was one of the overlapping upregu-
lated DEGs, which is in accordance with our previous study [21], and was confirmed in
RA-treated NB cell lines (NGP, SY5Y, and BE2). Our results also showed that the clinical
patients’ survival probabilities was positively correlated with SOX4 expression, in which
overexpressing SOX4 inhibited NB cell proliferation, elongated the cells’ neurites, and
blocked the cell cycle in the G1 phase. Furthermore, knockdown of the expression of SOX4
partially reversed the RA-induced inhibition of NB cell proliferation, the elongation of the
cells’ neurites, and the blocking of the cell cycle in the G1 phase. These indicate that SOX4
may be a target to induce NB cell differentiation.

NB is considered to be caused by the differentiation failure of neural crest cells,
and it has been reported that the degree of tumor differentiation in patients with NB is
closely related to its overall survival rate [1,2]. However, the mechanisms that regulate the
differentiation of NB are still not very clear. In this study, we analyzed four microarray
datasets from GEO (GSE45587: NB cell line BE(2)-C cells treated with RA for 24 h and
72 h, GSE16451: BE(2)-C cells treated with RA for 3 weeks, and GSE87784: Sphere cells
from TH-MYCN mice treated with RA for 3 weeks), and 13 overlapping upregulated DEGs
(SOX4, SOX9, ADD3, ATP7A, CAMK2N1, CTSB, RET, CYP26A1, CYP26B1, DDAH2, LTBP3,
and MEIS1) and 2 overlapping downregulated DEGs (FHL2 and BRCA2) were identified
via Venn diagrams. Both SOX4 and SOX9 are from the SOX family of transcription factors,
and SOX transcription factor family members have been reported play important roles in
the development of many organs and tissues [13,14]. SOX9 has been reported to be one
of the important regulators in neural crest cell development [27], ATP7A plays important
roles in neuronal differentiation [28] and glial differentiation [29], CTSB promotes the
differentiation of preadipocytes [30], RET has been reported regulate the differentiation of
NB cells [31], CYP26A1 and CYP26B1 are retinoic acid catabolic enzymes [32,33], DDAH2 is
a biomarker for neural stem cell differentiation [34], LTBP3 regulates the differentiation of
mesenchymal stem cells [35,36], and MEIS1 regulates cell proliferation and differentiation
during cell fate commitment in different neoplasms [37]. FHL2 has been reported to play
important roles in different cells’ differentiation, including neuronal cells, gastric and
colon cancer cells, and limb mesodermal progenitors [38–40], and BRCA2 regulates the
differentiation of both normal tissues and different cancers [41–44]. These indicate that the
overlapping up- and downregulated DEGs from the four GEO datasets may have essential
roles in RA-induced cell differentiation.

In this study, we focused on the role of SOX4 in NB cells. As a member of the
SOX transcription factor family, SOX4 has been shown to have an essential relationship
with not only normal development but also cancers, such as lung cancer, breast cancer,
leukemias, glioblastoma, and medulloblastoma [14–16]. Firstly, we found that patients
with higher expressions of SOX4 exhibited higher overall survival probability and relapse-
free/progression-free/event-free survival probability compared to patients with lower
expressions of SOX4 by analyzing the data from the R2 database, while the results from the
Oncomine database could not demonstrate the exact relationship between SOX4 and the
differentiation degree of sympathetic nervous system-originating tumors. Then, our results
showed that overexpressing SOX4 inhibited NGP cell proliferation, elongated the cells’
neurites, and blocked the cell cycle in the G1 phase and that the downregulation of SOX4
partially reversed the RA-induced inhibition of NGP cell proliferation, the elongation of the
cells’ neurites, and the blocking of the cell cycle in the G1 phase. Guanhua Song et al.’s study
evaluated the function of SOX4 in ATRA-induced differentiation of acute promyelocytic
leukemia (APL) and, similar to the role of SOX4 in NB cells from our study, showed that
SOX4 is essential for the differentiation and regulated by PAD4 [45]. Yuyin Yi et al.’s study
found that SOX4 promotes the BMP2regulated differentiation of invasive trophoblast [46],
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while Wei Han et al.’s study found that FHL3 blocked glioma cell proliferation via the
downregulation of SOX4 [47], and Dong Chen et al.’s study shows that the knockdown
of SOX4 decreased cell proliferation, migration, and invasion and induced apoptosis in
osteosarcoma cell lines [48]. These indicate that SOX4 play different roles in different types
of cells. The limitation of this study is that the mechanisms underlying how SOX4 regulates
the differentiation of NB cells need to be well-studied, which are the focus of our future
studies.

In summary, our present study clearly provided evidence that SOX4 plays an important
role in the differentiation of NB cells.

5. Conclusions

In conclusion, our study demonstrated that NB patients with higher expressions of
SOX4 had good prognosis. Overexpressing SOX4 inhibited NB cell proliferation, elongated
the cells’ neurites, and blocked the cell cycle in the G1 phase, and the knockdown of the
expression of SOX4 partially reversed the function of RA in NB cells, which provided
evidence that SOX4 mediates the differentiation of NB cells.
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BE2 cell proliferation, elongated the cell’s neuritic, and blocked the cell cycle in G1 phase; Figure S2:
Knockdown SOX4 partially reserved RA-induced inhibition of BE2 cell proliferation, elongated the
cell’s neuritic, and blocking the cell cycle in G1 phase; Figure S3: Uncropped western blot of Figure 2C;
Figure S4: Uncropped western blot of Figure 4A; Figure S5: Uncropped western blot of Figure 5A.

Author Contributions: Conceptualization, Z.H. and X.T.; methodology, D.Z.; software, B.G.; vali-
dation, D.Z., Z.H. and X.T.; formal analysis, D.Z.; investigation, D.Z.; resources, Z.L.; data curation,
D.Z.; writing—original draft preparation, Z.H. and X.T.; writing—review and editing, B.G., Q.Z.,
Z.H. and X.T.; visualization, D.Z.; supervision, Z.L., Z.H. and X.T.; project administration, Z.L.;
funding acquisition, Z.L. and Z.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Science Foundation of China (82002641 and
81972515), the China Postdoctoral Science Foundation (2020M681015), the Key Research and De-
velopment foundation of Liaoning Province (2019JH8/10300024), the "Xingliao Talents Program"
of Liaoning Province (XLYC2008010), the 2013 Liaoning Climbing Scholar Foundation, and the
345 Talent Project of Shengjing Hospital of China Medical University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brodeur, G.M. Neuroblastoma: Biological insights into a clinical enigma. Nat. Rev. Cancer 2003, 3, 203–216. [CrossRef] [PubMed]
2. Shohet, J.; Foster, J. Neuroblastoma. BMJ 2017, 357, j1863. [CrossRef] [PubMed]
3. Tomolonis, J.A.; Agarwal, S.; Shohet, J.M. Neuroblastoma pathogenesis: Deregulation of embryonic neural crest development.

Cell Tissue Res. 2018, 372, 245–262. [CrossRef] [PubMed]
4. Edsjo, A.; Holmquist, L.; Pahlman, S. Neuroblastoma as an experimental model for neuronal differentiation and hypoxia-induced

tumor cell dedifferentiation. Semin. Cancer Biol. 2007, 17, 248–256. [CrossRef] [PubMed]
5. Gheisari, S.; Catchpoole, D.R.; Charlton, A.; Kennedy, P.J. Convolutional Deep Belief Network with Feature Encoding for

Classification of Neuroblastoma Histological Images. J. Pathol. Inform. 2018, 9, 17. [CrossRef] [PubMed]
6. Bushue, N.; Wan, Y.J. Retinoid pathway and cancer therapeutics. Adv. Drug Deliv. Rev. 2010, 62, 1285–1298. [CrossRef]
7. di Masi, A.; Leboffe, L.; De Marinis, E.; Pagano, F.; Cicconi, L.; Rochette-Egly, C.; Lo-Coco, F.; Ascenzi, P.; Nervi, C. Retinoic acid

receptors: From molecular mechanisms to cancer therapy. Mol. Asp. Med. 2015, 41, 1–115. [CrossRef]
8. Tang, X.H.; Gudas, L.J. Retinoids, retinoic acid receptors, and Cancer. Annu. Rev. Pathol. 2011, 6, 345–364. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers14225642/s1
https://www.mdpi.com/article/10.3390/cancers14225642/s1
http://doi.org/10.1038/nrc1014
http://www.ncbi.nlm.nih.gov/pubmed/12612655
http://doi.org/10.1136/bmj.j1863
http://www.ncbi.nlm.nih.gov/pubmed/28468760
http://doi.org/10.1007/s00441-017-2747-0
http://www.ncbi.nlm.nih.gov/pubmed/29222693
http://doi.org/10.1016/j.semcancer.2006.04.005
http://www.ncbi.nlm.nih.gov/pubmed/16828305
http://doi.org/10.4103/jpi.jpi_73_17
http://www.ncbi.nlm.nih.gov/pubmed/29862127
http://doi.org/10.1016/j.addr.2010.07.003
http://doi.org/10.1016/j.mam.2014.12.003
http://doi.org/10.1146/annurev-pathol-011110-130303


Cancers 2022, 14, 5642 14 of 15

9. Lammer, E.J.; Chen, D.T.; Hoar, R.M.; Agnish, N.D.; Benke, P.J.; Braun, J.T.; Curry, C.J.; Fernhoff, P.M.; Grix, A.W., Jr.; Lott, I.T.;
et al. Retinoic acid embryopathy. N. Engl. J. Med. 1985, 313, 837–841. [CrossRef]

10. Roenigk, H.H., Jr. Liver toxicity of retinoid therapy. Pharmacol. Ther. 1989, 40, 145–155. [CrossRef]
11. Altucci, L.; Leibowitz, M.D.; Ogilvie, K.M.; de Lera, A.R.; Gronemeyer, H. RAR and RXR modulation in cancer and metabolic

disease. Nat. Rev. Drug Discov. 2007, 6, 793–810. [CrossRef] [PubMed]
12. Kagechika, H.; Shudo, K. Synthetic retinoids: Recent developments concerning structure and clinical utility. J. Med. Chem. 2005,

48, 5875–5883. [CrossRef] [PubMed]
13. Grimm, D.; Bauer, J.; Wise, P.; Kruger, M.; Simonsen, U.; Wehland, M.; Infanger, M.; Corydon, T.J. The role of SOX family members

in solid tumours and metastasis. Semin. Cancer Biol. 2020, 67, 122–153. [CrossRef] [PubMed]
14. Moreno, C.S. SOX4: The unappreciated oncogene. Semin. Cancer Biol. 2020, 67 Pt 1, 57–64. [CrossRef]
15. Jang, S.M.; Kim, J.W.; Kim, C.H.; An, J.H.; Johnson, A.; Song, P.I.; Rhee, S.; Choi, K.H. KAT5-mediated SOX4 acetylation

orchestrates chromatin remodeling during myoblast differentiation. Cell Death Dis. 2015, 6, e1857. [CrossRef]
16. Inoue, H.; Takahashi, H.; Hashimura, M.; Eshima, K.; Akiya, M.; Matsumoto, T.; Saegusa, M. Cooperation of Sox4 with beta-

catenin/p300 complex in transcriptional regulation of the Slug gene during divergent sarcomatous differentiation in uterine
carcinosarcoma. BMC Cancer 2016, 16, 53. [CrossRef]

17. Xu, E.E.; Krentz, N.A.; Tan, S.; Chow, S.Z.; Tang, M.; Nian, C.; Lynn, F.C. SOX4 cooperates with neurogenin 3 to regulate endocrine
pancreas formation in mouse models. Diabetologia 2015, 58, 1013–1023. [CrossRef]

18. Chen, C.; Lee, G.A.; Pourmorady, A.; Sock, E.; Donoghue, M.J. Orchestration of Neuronal Differentiation and Progenitor Pool
Expansion in the Developing Cortex by SoxC Genes. J. Neurosci. 2015, 35, 10629–10642. [CrossRef]

19. Liu, P.; Ramachandran, S.; Ali Seyed, M.; Scharer, C.D.; Laycock, N.; Dalton, W.B.; Williams, H.; Karanam, S.; Datta, M.W.; Jaye,
D.L.; et al. Sex-determining region Y box 4 is a transforming oncogene in human prostate cancer cells. Cancer Res. 2006, 66,
4011–4019. [CrossRef]

20. Lee, H.; Goodarzi, H.; Tavazoie, S.F.; Alarcon, C.R. TMEM2 Is a SOX4-Regulated Gene That Mediates Metastatic Migration and
Invasion in Breast Cancer. Cancer Res. 2016, 76, 4994–5005. [CrossRef]

21. Tan, X.; Gong, W.; Chen, B.; Gong, B.; Hua, Z.; Zhang, S.; Chen, Y.; Li, Q.; Li, Z. Downregulation of fibronectin 1 attenuates
ATRA-induced inhibition of cell migration and invasion in neuroblastoma cells. Mol. Cell. Biochem. 2021, 476, 3601–3612.
[CrossRef] [PubMed]

22. Frumm, S.M.; Fan, Z.P.; Ross, K.N.; Duvall, J.R.; Gupta, S.; VerPlank, L.; Suh, B.C.; Holson, E.; Wagner, F.F.; Smith, W.B.; et al.
Selective HDAC1/HDAC2 inhibitors induce neuroblastoma differentiation. Chem. Biol. 2013, 20, 713–725. [CrossRef] [PubMed]

23. Peltier, D.C.; Simms, A.; Farmer, J.R.; Miller, D.J. Human neuronal cells possess functional cytoplasmic and TLR-mediated innate
immune pathways influenced by phosphatidylinositol-3 kinase signaling. J. Immunol. 2010, 184, 7010–7021. [CrossRef]

24. Tsubota, S.; Kishida, S.; Shimamura, T.; Ohira, M.; Yamashita, S.; Cao, D.; Kiyonari, S.; Ushijima, T.; Kadomatsu, K. PRC2-
Mediated Transcriptomic Alterations at the Embryonic Stage Govern Tumorigenesis and Clinical Outcome in MYCN-Driven
Neuroblastoma. Cancer Res. 2017, 77, 5259–5271. [CrossRef] [PubMed]

25. Wang, J.G.; Barsky, L.W.; Davicioni, E.; Weinberg, K.I.; Triche, T.J.; Zhang, X.K.; Wu, L. Retinoic acid induces leukemia cell G1
arrest and transition into differentiation by inhibiting cyclin-dependent kinase-activating kinase binding and phosphorylation of
PML/RARalpha. FASEB J. 2006, 20, 2142–2144. [CrossRef] [PubMed]

26. Zarrilli, R.; Pignata, S.; Apicella, A.; Di Popolo, A.; Memoli, A.; Ricchi, P.; Salzano, S.; Acquaviva, A.M. Cell cycle block at
G1-S or G2-M phase correlates with differentiation of Caco-2 cells: Effect of constitutive insulin-like growth factor II expression.
Gastroenterology 1999, 116, 1358–1366. [CrossRef]

27. Ponzoni, M.; Bachetti, T.; Corrias, M.V.; Brignole, C.; Pastorino, F.; Calarco, E.; Bensa, V.; Giusto, E.; Ceccherini, I.; Perri, P. Recent
advances in the developmental origin of neuroblastoma: An overview. J. Exp. Clin. Cancer Res. 2022, 41, 92. [CrossRef]

28. Hatori, Y.; Yan, Y.; Schmidt, K.; Furukawa, E.; Hasan, N.M.; Yang, N.; Liu, C.N.; Sockanathan, S.; Lutsenko, S. Neuronal
differentiation is associated with a redox-regulated increase of copper flow to the secretory pathway. Nat. Commun. 2016, 7, 10640.
[CrossRef]

29. Chakraborty, K.; Kar, S.; Rai, B.; Bhagat, R.; Naskar, N.; Seth, P.; Gupta, A.; Bhattacharjee, A. Copper dependent ERK1/2
phosphorylation is essential for the viability of neurons and not glia. Metallomics 2022, 14, mfac005. [CrossRef]

30. Zhang, Z.Y.; Mai, Y.; Yang, H.; Dong, P.Y.; Zheng, X.L.; Yang, G.S. CTSB promotes porcine preadipocytes differentiation by
degrading fibronectin and attenuating the Wnt/beta-catenin signaling pathway. Mol. Cell. Biochem. 2014, 395, 53–64. [CrossRef]

31. Peterson, S.; Bogenmann, E. The RET and TRKA pathways collaborate to regulate neuroblastoma differentiation. Oncogene 2004,
23, 213–225. [CrossRef] [PubMed]

32. Liu, T.; Bohlken, A.; Kuljaca, S.; Lee, M.; Nguyen, T.; Smith, S.; Cheung, B.; Norris, M.D.; Haber, M.; Holloway, A.J.; et al. The
retinoid anticancer signal: Mechanisms of target gene regulation. Br. J. Cancer 2005, 93, 310–318. [CrossRef]

33. Stoney, P.N.; Fragoso, Y.D.; Saeed, R.B.; Ashton, A.; Goodman, T.; Simons, C.; Gomaa, M.S.; Sementilli, A.; Sementilli, L.; Ross,
A.W.; et al. Expression of the retinoic acid catabolic enzyme CYP26B1 in the human brain to maintain signaling homeostasis.
Brain Struct. Funct. 2016, 221, 3315–3326. [CrossRef]

34. Backdahl, L.; Herberth, M.; Wilson, G.; Tate, P.; Campos, L.S.; Cortese, R.; Eckhardt, F.; Beck, S. Gene body methylation of
the dimethylarginine dimethylamino-hydrolase 2 (Ddah2) gene is an epigenetic biomarker for neural stem cell differentiation.
Epigenetics 2009, 4, 248–254. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJM198510033131401
http://doi.org/10.1016/0163-7258(89)90081-8
http://doi.org/10.1038/nrd2397
http://www.ncbi.nlm.nih.gov/pubmed/17906642
http://doi.org/10.1021/jm0581821
http://www.ncbi.nlm.nih.gov/pubmed/16161990
http://doi.org/10.1016/j.semcancer.2019.03.004
http://www.ncbi.nlm.nih.gov/pubmed/30914279
http://doi.org/10.1016/j.semcancer.2019.08.027
http://doi.org/10.1038/cddis.2015.190
http://doi.org/10.1186/s12885-016-2090-y
http://doi.org/10.1007/s00125-015-3507-x
http://doi.org/10.1523/JNEUROSCI.1663-15.2015
http://doi.org/10.1158/0008-5472.CAN-05-3055
http://doi.org/10.1158/0008-5472.CAN-15-2322
http://doi.org/10.1007/s11010-021-04113-5
http://www.ncbi.nlm.nih.gov/pubmed/34024029
http://doi.org/10.1016/j.chembiol.2013.03.020
http://www.ncbi.nlm.nih.gov/pubmed/23706636
http://doi.org/10.4049/jimmunol.0904133
http://doi.org/10.1158/0008-5472.CAN-16-3144
http://www.ncbi.nlm.nih.gov/pubmed/28807939
http://doi.org/10.1096/fj.06-5900fje
http://www.ncbi.nlm.nih.gov/pubmed/16935935
http://doi.org/10.1016/S0016-5085(99)70500-7
http://doi.org/10.1186/s13046-022-02281-w
http://doi.org/10.1038/ncomms10640
http://doi.org/10.1093/mtomcs/mfac005
http://doi.org/10.1007/s11010-014-2111-6
http://doi.org/10.1038/sj.onc.1206980
http://www.ncbi.nlm.nih.gov/pubmed/14712226
http://doi.org/10.1038/sj.bjc.6602700
http://doi.org/10.1007/s00429-015-1102-z
http://doi.org/10.4161/epi.9093
http://www.ncbi.nlm.nih.gov/pubmed/19535899


Cancers 2022, 14, 5642 15 of 15

35. Goessler, U.R.; Bugert, P.; Bieback, K.; Deml, M.; Sadick, H.; Hormann, K.; Riedel, F. In-vitro analysis of the expression of TGFbeta
-superfamily-members during chondrogenic differentiation of mesenchymal stem cells and chondrocytes during dedifferentiation
in cell culture. Cell. Mol. Biol. Lett. 2005, 10, 345–362. [PubMed]

36. Koli, K.; Ryynanen, M.J.; Keski-Oja, J. Latent TGF-beta binding proteins (LTBPs)-1 and -3 coordinate proliferation and osteogenic
differentiation of human mesenchymal stem cells. Bone 2008, 43, 679–688. [CrossRef]

37. Jiang, M.; Xu, S.; Bai, M.; Zhang, A. The emerging role of MEIS1 in cell proliferation and differentiation. Am. J. Physiol. Cell
Physiol. 2021, 320, C264–C269. [CrossRef]

38. Kim, S.Y.; Volkl, S.; Ludwig, S.; Schneider, H.; Wixler, V.; Park, J. Deficiency of Fhl2 leads to delayed neuronal cell migration and
premature astrocyte differentiation. J. Cell Sci. 2019, 132, jcs228940. [CrossRef]

39. Lorda-Diez, C.I.; Montero, J.A.; Sanchez-Fernandez, C.; Garcia-Porrero, J.A.; Chimal-Monroy, J.; Hurle, J.M. Four and a half
domain 2 (FHL2) scaffolding protein is a marker of connective tissues of developing digits and regulates fibrogenic differentiation
of limb mesodermal progenitors. J. Tissue Eng. Regen. Med. 2018, 12, e2062–e2072. [CrossRef]

40. Wang, J.; Yang, Y.; Xia, H.H.; Gu, Q.; Lin, M.C.; Jiang, B.; Peng, Y.; Li, G.; An, X.; Zhang, Y.; et al. Suppression of FHL2 expression
induces cell differentiation and inhibits gastric and colon carcinogenesis. Gastroenterology 2007, 132, 1066–1076. [CrossRef]

41. Yoshikawa, Y.; Kimura, S.; Soga, A.; Sugiyama, M.; Ueno, A.; Kondo, H.; Zhu, Z.; Ochiai, K.; Nakayama, K.; Hakozaki, J.; et al.
Plasmodium berghei Brca2 is required for normal development and differentiation in mice and mosquitoes. Parasites Vectors 2022,
15, 244. [CrossRef] [PubMed]

42. Wang, C.Y.; Deneen, B.; Tzeng, S.F. BRCA1/BRCA2-containing complex subunit 3 controls oligodendrocyte differentiation by
dynamically regulating lysine 63-linked ubiquitination. Glia 2019, 67, 1775–1792. [CrossRef] [PubMed]

43. Rajan, J.V.; Wang, M.; Marquis, S.T.; Chodosh, L.A. Brca2 is coordinately regulated with Brca1 during proliferation and differenti-
ation in mammary epithelial cells. Proc. Natl. Acad. Sci. USA 1996, 93, 13078–13083. [CrossRef] [PubMed]

44. Ding, L.; Su, Y.; Fassl, A.; Hinohara, K.; Qiu, X.; Harper, N.W.; Huh, S.J.; Bloushtain-Qimron, N.; Jovanovic, B.; Ekram, M.; et al.
Perturbed myoepithelial cell differentiation in BRCA mutation carriers and in ductal carcinoma in situ. Nat. Commun. 2019, 10,
4182. [CrossRef] [PubMed]

45. Song, G.; Shi, L.; Guo, Y.; Yu, L.; Wang, L.; Zhang, X.; Li, L.; Han, Y.; Ren, X.; Guo, Q.; et al. A novel PAD4/SOX4/PU.1 signaling
pathway is involved in the committed differentiation of acute promyelocytic leukemia cells into granulocytic cells. Oncotarget
2016, 7, 3144–3157. [CrossRef]

46. Yi, Y.; Zhu, H.; Klausen, C.; Leung, P.C.K. Transcription factor SOX4 facilitates BMP2-regulated gene expression during invasive
trophoblast differentiation. FASEB J. 2021, 35, e22028. [CrossRef]

47. Han, W.; Hu, P.; Wu, F.; Wang, S.; Hu, Y.; Li, S.; Jiang, T.; Qiang, B.; Peng, X. FHL3 links cell growth and self-renewal by modulating
SOX4 in glioma. Cell Death Differ. 2019, 26, 796–811. [CrossRef]

48. Chen, D.; Hu, C.; Wen, G.; Yang, Q.; Zhang, C.; Yang, H. DownRegulated SOX4 Expression Suppresses Cell Proliferation,
Migration, and Induces Apoptosis in Osteosarcoma In Vitro and In Vivo. Calcif. Tissue Int. 2018, 102, 117–127. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/16010298
http://doi.org/10.1016/j.bone.2008.06.016
http://doi.org/10.1152/ajpcell.00422.2020
http://doi.org/10.1242/jcs.228940
http://doi.org/10.1002/term.2637
http://doi.org/10.1053/j.gastro.2006.12.004
http://doi.org/10.1186/s13071-022-05357-w
http://www.ncbi.nlm.nih.gov/pubmed/35804459
http://doi.org/10.1002/glia.23660
http://www.ncbi.nlm.nih.gov/pubmed/31184779
http://doi.org/10.1073/pnas.93.23.13078
http://www.ncbi.nlm.nih.gov/pubmed/8917547
http://doi.org/10.1038/s41467-019-12125-5
http://www.ncbi.nlm.nih.gov/pubmed/31519911
http://doi.org/10.18632/oncotarget.6551
http://doi.org/10.1096/fj.202100925RR
http://doi.org/10.1038/s41418-018-0152-1
http://doi.org/10.1007/s00223-017-0340-x

	Introduction 
	Materials and Methods 
	Reagents 
	Cell Culture and Treatment 
	Microarray Data and Data Analysis 
	Cell Transfection 
	Quantitative RT-PCR 
	Western Blotting 
	Cell Survival Analysis 
	Immunocytochemistry Staining 
	Cell Cycle Analysis 
	Statistical Analyses 

	Results 
	The Differentially Expressed Genes Obtained from the Microarray Data Analysis 
	SOX4 Has a Positive Correlation with the Survival Rate of Patients with NB 
	Overexpression of SOX4 Has the Potential to Induce the Differentiation of NB Cells 
	Downregulation of SOX4 Partially Blocks the Function of RA in NB Cells 

	Discussion 
	Conclusions 
	References

