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Abstract: Retinoic acid (RA) regulates stemness and differentiation in human embryonic stem cells
(ESCs). Ewing sarcoma (ES) is a pediatric tumor that may arise from the abnormal development of
ESCs. Here we show that RA impairs the viability of SK-ES-1 ES cells and affects the cell cycle. Cells
treated with RA showed increased levels of p21 and its encoding gene, CDKN1A. RA reduced mRNA
and protein levels of SRY-box transcription factor 2 (SOX2) as well as mRNA levels of beta III Tubulin
(TUBB3), whereas the levels of CD99 increased. Exposure to RA reduced the capability of SK-ES-1 to
form tumorspheres with high expression of SOX2 and Nestin. Gene expression of CD99 and CDKN1A
was reduced in ES tumors compared to non-tumoral tissue, whereas transcript levels of SOX2 were
significantly higher in tumors. For NES and TUBB3, differences between tumors and control tissue
did not reach statistical significance. Low expression of CD99 and NES, and high expression of SOX2,
were significantly associated with a poorer patient prognosis indicated by shorter overall survival
(OS). Our results indicate that RA may display rather complex modulatory effects on multiple target
genes associated with the maintenance of stem cell’s features versus their differentiation, cell cycle
regulation, and patient prognosis in ES.
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1. Introduction

Retinoic acid (RA) is a vitamin A derivative that displays actions as an endogenous
signaling molecule by modulating cells’ development and function. RA acts through three
RA receptors (RARs), namely RAR-α, RAR-β, and RAR-γ, which constitute a family of
transcription factors that regulate gene expression and form heterodimers with retinoid
X receptors (RXRs), RXR-α, RXR-β, and RXR-γ to bind RA response elements (RAREs)
in target gene promoters [1,2]. RA is critically involved in embryonic stem cell (ESC)
development, at least partially by modulating epigenetic changes through functional
interactions with histone deacetylases (HDACs) [3,4].

RA has been used as a biochemical tool to promote the differentiation of neuroblastoma
(NB) cells, particularly the SH-SY5Y cell line [5–8]. Early research on RA in NB included pio-
neer work by Thiele et al. who reported that treating human NB cell lines with RA promotes
neurite outgrowth, cell cycle changes, and a reduction in the expression of N-myc, overall
driving the cells towards a more differentiated state and a neuronal-like phenotype [9,10].
Studies such as this have ultimately led to the clinical testing of RA-related retinoids, partic-
ularly the isomer 13-cis-retinoic acid (isotretinoin), as pro-differentiating therapies for the
treatment of pediatric patients with NB [11–14]. In addition, RA-differentiated SH-SY5Y
cells have been established as a useful in vitro model of human neurons which is suitable
to be used as an experimental platform for the study of neurodegeneration associated with
diseases such as Alzheimer’s disease and Parkinson’s disease [15–17].

Like NB, Ewing sarcoma (ES) is a type of solid pediatric cancer that may arise from
disruptions in epigenetic regulation or cell signaling during ESC [18]. Although still de-
bated, it is hypothesized that ES cells might have a neural origin, possibly from fetal neural
crest cells [19,20], and carry the potential for neuronal differentiation [21,22]. Despite its
well-known differentiation-promoting effects in NB, RA can stimulate either differentiation
or stemness depending on the cell type. Moreover, RA can also influence other aspects of
cancer cell function, including proliferation and survival [23].

Considering the impact of RA treatment in NB-related studies, we believe further
assessment in other pediatric cancers could shed light on aspects of cancer cell function. As
it remains poorly understood how RA can affect ES cells, in the present study we looked
into effects of RA treatment on SK-ES1 human ES cells and the role of genes modulated by
RA in ES.

2. Materials and Methods
2.1. Cell Culture

SK-ES-1 cells were obtained from the American Type Culture Collection (ATCC;
Rockville, MD, USA) and checked for authenticity and contamination. Cells were grown in
RPMI (Gibco, Grand Island, NE, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco), 1% penicillin and streptomycin (Gibco), and 0.01% amphotericin B (Gibco). Expo-
nentially growing cells were detached with 0.25% trypsin solution. Cells were maintained
at 37 ◦C with a humidified atmosphere and 5% CO2.

2.2. Cell Viability

Cells were seeded at 3000 cells/well in 96-well plates. After 24 h, cells were treated
with 5 or 10 µM of RA (Sigma-Aldrich, St. Louis, MO, USA) and retreated after 72 h given
that RA degrades easily and thus its effect is reduced over time. After seven days of RA
exposure, cells were detached and counted in a Neubauer chamber with trypan blue (10 µL
of dye for each 10 µL of cell suspension) for viability measurement.
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2.3. Cell Survival

To evaluate the effects of RA on cell survival capability, cells were treated for seven
days with 5 or 10 µM of RA. After this period, 1000 cells/well were plated in 6-well plates
in a treatment-free medium. After a period of seven days, cells were fixed in 70% ethanol
and counterstained with 0.1% crystal violet. Stained colonies were counted and measured
using ImageJ (version 1.54d, National Institutes of Health, Bethesda, MD, USA).

2.4. Cell Cycle

To assess the cell cycle, SK-ES-1 cells were treated with RA and detached, centrifuged,
and washed with PBS. The cells were then re-suspended in 50 µg/mL propidium iodide
(PI) (Sigma-Aldrich) in 0.1% Triton X-100 and 0.1% sodium citrate solution. Cells were
stained in PI cell cycle solution for at least 15 min followed by assessment on an Attune
Acoustic focusing cytometer by Applied Biosystems (Thermo Fisher Scientific, Waltham,
MA, USA). In each sample, 20,000 cells were analyzed. Analysis was performed using
AttuneTm Next Acoustic Focusing (Life Technologies, Carlsbad, CA, USA).

2.5. Reverse Transcriptase Polymerase Chain Reaction (RT-qPCR)

RNA was extracted using ReliaPrep™ RNA Miniprep Systems (Promega, Madison,
WI, USA) and quantified by spectrophotometer NanoDrop in 260 nm wavelength. For
cDNA synthesis, we used GoScript™ Reverse Transcription System (Promega). The tran-
scriptional levels of target genes cyclin dependent kinase inhibitor 1A (CDKN1A), SRY-box
transcription factor 2 (SOX2), Nestin (NES), beta III Tubulin (TUBB3), and CD99 were
quantified using PowerUp™SYBR™ Green Master Mix (Thermo Fisher Scientific) in the
QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific). Expression of β-actin
was used as an internal control. Primer sequences are described in Table 1.

Table 1. Primer sequences used in this study.

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)

SOX2 CAGTCTGCAGACCTACATGA GGGAGGAAGAGGTAACCACAG

Nestin GATCGCTCAGGTCCTGGAAG GGGGTCCTAGGGAATTGCAG

TUBB3 CTCAGGGGCCTTTGGACATC CAGGCAGTC GCAGTTTTCAC

CD99 AAAAGGAGGCAGTGATGGTG TCCCCTTGTTCTGCATTTTC

CDKN1A ACTCTCAGGGTCGAAAAGGG CTTCCTGTGGGCGGATTAGG

ACTB AAACTGGAACGG GAAGGTG AGAGAAGTGGGGTGGCTTTT

2.6. Western Blot

Cells treated with RA and controls were lysed with 1× lysis buffer (CellLysis Buffer,
Cell Signaling Technology, Danvers, MA, USA), and protein was quantified using the Brad-
ford protein assay (Thermo Fisher Scientific). For blotting, 20 µg of protein were separated
by SDS-PAGE and transferred to a PVDF membrane. After 1 h under blocking solution (5%
Milk in TTBS), the membrane was incubated overnight at 4 ◦C with primary antibodies
against SOX2 (ab97959, 1:2000 dilution; Abcam, Cambridge, UK), p21 (sc-6246, 1:500 di-
lution; Santa Cruz Biotechnology, Dallas, TX, USA), and β-actin (ACTB) (sc-47778, 1:2000
dilution; Santa Cruz Biotechnology) as protein control. Incubation of primary antibodies
was followed by incubation with secondary antibodies (1:10,000 dilution; anti-rabbit IgG
7074, Cell Signaling; or anti-mouse IgG a4416, Sigma-Aldrich) for 1 h. Chemiluminescence
was detected using ECL Western Blotting Substrate (Thermo Fisher Scientific) and ana-
lyzed using iBright (Thermo Fisher Scientific). The immunodetection signal was analyzed
using ImageJ.
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2.7. Tumorsphere Formation

A tumorsphere expansion assay was performed as previously described [24]. Briefly,
cells were plated at 1000 cells/well in 24-well plates using DMEM/F12 (1:1) sphere in-
duction medium containing 2% of B27 (Gibco), 20 ng/mL recombinant human bFGF
(Sigma-Aldrich), 20 ng/mL recombinant human EGF (Sigma-Aldrich), heparin 10 IE/mL
(5 mg/mL) (Roche, Mannheim, Germany), and antibiotics. After three days of sphere for-
mation, RA was added at 10 µM concentration. Sphere photomicrographs were captured at
day seven under an inverted phase microscope (Leica Microsystems, Mannheim, Germany)
at ×5 magnification. Spheres were measured using ImageJ. The spheres’ RNAs were also
collected for RT-qPCR analysis.

2.8. Gene Expression

Expression data for CD99, CDKN1A, NES, SOX2, and TUBB3 were acquired from the
Gene Expression Omnibus (GEO) [PMC4944384]. We used the dataset GSE17679, GPL570
Affymetrix Human Genome U133 Plus 2.0 Array, which contains gene expression data from
44 ES tumor patients and 18 normal muscle samples which are used as controls [25]. Raw
microarray data normalization was performed using the Robust Multichip Average (RMA)
method through the Affy Bioconductor/R package [PMID: 14960456]. Clinical information
was obtained through the ‘geoquery’ package. GPL570 annotations were downloaded from
the database: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL570 (accessed
on 10 March 2024).

2.9. Statistical Analysis

Data from cellular and molecular experiments are shown as mean ± standard devia-
tion (SD). Statistical analysis was performed by one-way analysis of variance (ANOVA)
followed by Bonferroni’s post hoc tests for multiple comparisons. To analyze two condi-
tions, unpaired test T was used. Experiments were replicated at least three times; p values
under 0.05 were considered significant. The GraphPad Prism 8 software 10.1.2 (GraphPad
Software, San Diego, CA, USA) was used for the analyses. Differences in expression be-
tween ES and normal tissue (muscle) for each of five genes (CD99, CDKN1A, NES, SOX2,
and TUBB3), were analyzed with a Mann–Whitney test. Statistically significant differences
were verified using the Holm-adjusted p-value test, and analyses were performed using the
‘ggstatsplot’ package. To investigate the relationship between gene expression levels and
overall survival (OS) of ES patients, the “Survminer” package with ‘minprop = 0.2’ was
used to classify patients into high and low gene expression groups, and survival analysis
was conducted using the “Survival” package.

3. Results
3.1. RA Impairs SK-ES-1 Cell Viability but Not Colony-Forming Capacity

To evaluate the effects of RA on cell viability, we exposed SK-ES-1 cells to RA at 5 or
10 µM for seven days. Both RA concentrations significantly reduced the number of live
cells: RA at 5 µM induced a 40.6% reduction and RA at 10 µM induced a 56.7% reduction
compared to controls (p < 0.01 and p < 0.001; Figure 1A,B). To assess whether RA has
a long-term impact on cell survival and proliferation, we next assessed their ability to
form colonies by growing previously treated cells in a drug-free medium for seven days.
The results reveal that the number and area of colonies were not significantly changed by
previous RA treatment (Figure 1C,D).

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GPL570
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Figure 1. RA reduces SK-ES-1 cell viability without changing cell survival. (A) Cell viability of RA-
treated and control SK-ES-1 cells was verified using trypan blue exclusion assays. (B) Representative 
images of cells after RA exposure, taken using a an inverted microscope with 10× magnification (C) 
Representative images of crystal violet staining of RA-treated and control cell colonies after seven 
days of growth in a RA-free medium. (D) Colony formation measured by colony number and size. 
Results represent the mean ± SD of three independent experiments; ** p < 0.01; *** p < 0.001 compared 
to controls. 

3.2. RA Modulates Cell Cycle Progression in SK-ES-1 Cells 
To further investigate RA’s effects on cell function, we next evaluated cycle regulation by 

analyzing CDKN1A (the gene that encodes p21) levels after RA treatment. Exposure to 10 µM 
of RA resulted in a 3.4-fold increase in CDKN1A levels (p < 0.01) (Figure 2A). Protein levels of 
p21 showed an increase of 17% after exposure to 5 µM of RA (p < 0.05) (Figure 2B,C). RA 
exposure induced statistically significant but modest effects on the cell cycle, namely a 
small reduction in the number of cells in the S phase (p < 0.01) and increase ini G2/M arrest 
at both RA concentrations (p < 0.05 compared to controls) (Figure 2D). 

Figure 1. RA reduces SK-ES-1 cell viability without changing cell survival. (A) Cell viability of RA-
treated and control SK-ES-1 cells was verified using trypan blue exclusion assays. (B) Representative
images of cells after RA exposure, taken using a an inverted microscope with 10× magnification
(C) Representative images of crystal violet staining of RA-treated and control cell colonies after seven
days of growth in a RA-free medium. (D) Colony formation measured by colony number and size.
Results represent the mean ± SD of three independent experiments; ** p < 0.01; *** p < 0.001 compared
to controls.

3.2. RA Modulates Cell Cycle Progression in SK-ES-1 Cells

To further investigate RA’s effects on cell function, we next evaluated cycle regulation
by analyzing CDKN1A (the gene that encodes p21) levels after RA treatment. Exposure
to 10 µM of RA resulted in a 3.4-fold increase in CDKN1A levels (p < 0.01) (Figure 2A).
Protein levels of p21 showed an increase of 17% after exposure to 5 µM of RA (p < 0.05)
(Figure 2B,C). RA exposure induced statistically significant but modest effects on the cell
cycle, namely a small reduction in the number of cells in the S phase (p < 0.01) and increase
ini G2/M arrest at both RA concentrations (p < 0.05 compared to controls) (Figure 2D).
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Figure 2. RA regulates SK-ES-1 cell cycle progression. (A) Relative mRNA levels of CDKN1A in RA-
treated and control cells were verified using RT-qPCR. (B) Western blot analysis of p21 after RA 
exposure. (C) Relative Densitometric Unit (RDU) analysis normalized by ACTB and corrected by 
control. (D) Cell cycle distribution of SK-ES 1 after seven days of RA exposure. Results represent the 
mean ± SD of three independent experiments; * p < 0.5; ** p < 0.01 compared to controls. 
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To investigate the molecular pathways associated with the antiproliferative effects of 

RA, we evaluated the transcriptional levels of stemness regulatory RA target genes SOX2, 
CD99, and TUBB3. RA exposure reduced SOX2 transcriptional levels at 5 and 10 µM (0.27-
fold, p < 0.01; 0.44-fold, and p < 0.001, respectively; Figure 3A). Accordingly, the protein 
levels of SOX2 were also decreased after RA exposure at 5 and 10 µM (73.2%, p < 0.001; 
70,7% p < 0.01; Figure 3B,C). In addition, RA exposure decreased the transcriptional levels 
of TUBB3 at 5 and 10 µM (0.39-fold; 0.36-fold, respectively; p < 0.01) and caused an increase 
in CD99 levels at the 10 µM concentration (0.75-fold, p < 0.05) (Figure 3D,E). 

Figure 2. RA regulates SK-ES-1 cell cycle progression. (A) Relative mRNA levels of CDKN1A in
RA-treated and control cells were verified using RT-qPCR. (B) Western blot analysis of p21 after RA
exposure. (C) Relative Densitometric Unit (RDU) analysis normalized by ACTB and corrected by
control. (D) Cell cycle distribution of SK-ES 1 after seven days of RA exposure. Results represent the
mean ± SD of three independent experiments; * p < 0.5; ** p < 0.01 compared to controls.

3.3. RA Influences Expression of Stemness Regulators in SK-ES-1 Cells

To investigate the molecular pathways associated with the antiproliferative effects
of RA, we evaluated the transcriptional levels of stemness regulatory RA target genes
SOX2, CD99, and TUBB3. RA exposure reduced SOX2 transcriptional levels at 5 and 10 µM
(0.27-fold, p < 0.01; 0.44-fold, and p < 0.001, respectively; Figure 3A). Accordingly, the pro-
tein levels of SOX2 were also decreased after RA exposure at 5 and 10 µM (73.2%, p < 0.001;
70.7% p < 0.01; Figure 3B,C). In addition, RA exposure decreased the transcriptional levels
of TUBB3 at 5 and 10 µM (0.39-fold; 0.36-fold, respectively; p < 0.01) and caused an increase
in CD99 levels at the 10 µM concentration (0.75-fold, p < 0.05) (Figure 3D,E).
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Figure 3. RA modulates stemness regulators in SK-ES-1 cells. (A) Relative mRNA levels of SOX2 in 
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after RA exposure. (C) Relative Densitometric Unit (RDU) analysis normalized by ACTB and 
corrected by controls. Relative mRNA levels of (D) TUBB3 and (E) CD99 were determined in control 
and RA-treated SK-ES-1 cells by RT-qPCR. Relative mRNA levels were analyzed by the delta CT 
method. Results represent the mean ± SD of three independent experiments; * p < 0.05; ** p < 0.01; 
*** p < 0.001 compared to controls (Ctrl). 
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(Figure 4B). SOX2 was increased by 3.5-fold (p < 0.01), while Nestin was increased 3.1-fold 
(p < 0.0001), thus suggesting an increase in stemness after sphere formation. 

RA-induced inhibition caused a reduction in both the number and size of 
tumorspheres compared to controls (Figure 4C), as the treatment reduced the number of 
tumorspheres by 21.4% (p < 0.01) and sphere size was reduced by 34.1% (p < 0.01). To 
investigate additional molecular effects of RA in the tumorsphere context, the 
transcriptional levels of CDKN1A and SOX2 were measured in the RA-treated and control 
spheres. The CDKN1A levels increased 2,4-fold (p < 0.0001), whereas the SOX2 levels were 
not changed by the RA treatment (Figure 4D). 

Figure 3. RA modulates stemness regulators in SK-ES-1 cells. (A) Relative mRNA levels of SOX2
in RA-treated and control cells were assessed with RT-qPCR. (B) Western blot analysis of SOX2
protein after RA exposure. (C) Relative Densitometric Unit (RDU) analysis normalized by ACTB and
corrected by controls. Relative mRNA levels of (D) TUBB3 and (E) CD99 were determined in control
and RA-treated SK-ES-1 cells by RT-qPCR. Relative mRNA levels were analyzed by the delta CT
method. Results represent the mean ± SD of three independent experiments; * p < 0.05; ** p < 0.01;
*** p < 0.001 compared to controls (Ctrl).

3.4. RA Reduces Tumorsphere-Forming Capacity in SK-ES-1 Cells

To further elucidate the role of RA in stemness properties, we induced the expan-
sion of putative cancer stem cells (CSCs) forming tumorspheres in SK-ES-1 cells. Cells
were cultured in an appropriate medium for the expansion of tumorspheres for 7 days
(Figure 4A). To confirm the enrichment of stemness after sphere formation, transcriptional
levels of SOX2 and the neural stem cell marker Nestin (encoded by the NES gene) were
measured. Tumorspheres exhibited increased SOX2 and Nestin mRNA levels compared to
the monolayer cultures (Figure 4B). SOX2 was increased by 3.5-fold (p < 0.01), while Nestin
was increased 3.1-fold (p < 0.0001), thus suggesting an increase in stemness after sphere
formation.

RA-induced inhibition caused a reduction in both the number and size of tumorspheres
compared to controls (Figure 4C), as the treatment reduced the number of tumorspheres by
21.4% (p < 0.01) and sphere size was reduced by 34.1% (p < 0.01). To investigate additional
molecular effects of RA in the tumorsphere context, the transcriptional levels of CDKN1A
and SOX2 were measured in the RA-treated and control spheres. The CDKN1A levels
increased 2,4-fold (p < 0.0001), whereas the SOX2 levels were not changed by the RA
treatment (Figure 4D).
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Figure 4. RA inhibits SK-ES-1 cell tumorsphere formation. SK-ES-1 cells were cultured in a specific 
medium for tumor stem cell expansion over 7 days for enrichment of spheres. (A) Representative 
images of SK-ES-1 tumorspheres and cells in monolayers, taken using a an inverted microscope with 
10× magnification (B) Relative mRNA levels of stemness markers SOX2 and Nestin were determined 
in monolayers and tumorsphere cultures by RT-qPCR using specific primers. (C) Representative 
photomicrographs of tumorspheres after 7 days of induction in the absence (controls) or presence 
of RA at 10 µM, taken using a an inverted microscope with 10× magnification. RA was added on the 
third day of sphere induction. Relative number and size of RA-treated and control tumorspheres. 
(D) Relative mRNA levels of SOX2 and CDKN1A were determined in RA-treated and control 
spheres by RT-qPCR. Results represent the mean ± SD of three independent experiments; ** p < 0.01; 
**** p < 0.0001 compared to controls. 

3.5. Expression of RA Target Genes That Regulate Cell Cycle Progression and Stemness in ES 
Tumors 

We compared the expression levels of the CD99, CDKN1A, NES, SOX2, and TUBB3 
genes in ES tumor samples and controls consisting of normal muscle tissue. The results 
are shown in Figure 5. CD99 and CDKN1A showed significantly lower expression levels 
compared to the controls. In contrast, there were significantly higher levels of SOX2 in 
tumors, whereas, for NES and TUBB3, differences between the groups did not reach 
statistical significance. 

Figure 4. RA inhibits SK-ES-1 cell tumorsphere formation. SK-ES-1 cells were cultured in a specific
medium for tumor stem cell expansion over 7 days for enrichment of spheres. (A) Representative
images of SK-ES-1 tumorspheres and cells in monolayers, taken using a an inverted microscope with
10× magnification (B) Relative mRNA levels of stemness markers SOX2 and Nestin were determined
in monolayers and tumorsphere cultures by RT-qPCR using specific primers. (C) Representative
photomicrographs of tumorspheres after 7 days of induction in the absence (controls) or presence of
RA at 10 µM, taken using a an inverted microscope with 10× magnification. RA was added on the
third day of sphere induction. Relative number and size of RA-treated and control tumorspheres.
(D) Relative mRNA levels of SOX2 and CDKN1A were determined in RA-treated and control
spheres by RT-qPCR. Results represent the mean ± SD of three independent experiments; ** p < 0.01;
**** p < 0.0001 compared to controls.

3.5. Expression of RA Target Genes That Regulate Cell Cycle Progression and Stemness in
ES Tumors

We compared the expression levels of the CD99, CDKN1A, NES, SOX2, and TUBB3
genes in ES tumor samples and controls consisting of normal muscle tissue. The results
are shown in Figure 5. CD99 and CDKN1A showed significantly lower expression levels
compared to the controls. In contrast, there were significantly higher levels of SOX2
in tumors, whereas, for NES and TUBB3, differences between the groups did not reach
statistical significance.
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were significantly associated with a worse prognosis assessed by shorter OS. No 
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Figure 5. Expression of cell cycle and stemness regulators in ES. Comparisons of gene expression in
ES tumors and normal tissue for the genes CD99, CDKN1A, NES, SOX2, and TUBB3 were performed.
Expression data from 44 ES tumors and 18 non-tumoral muscle samples from the GSE17674 dataset
are shown. Each plot represents a gene, namely CD99, CDKN1A, NES, SOX2, and TUBB3, where gene
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3.6. Associations between Gene Expression of Cell Cycle Progression and Stemness Regulators and
Prognosis of Patients with ES Tumors

The low expression levels of CD99 and NES, and the high expression levels of SOX2,
were significantly associated with a worse prognosis assessed by shorter OS. No significant
associations of CDKN1A and TUBB3 with OS were found (Figure 6).
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4. Discussion

RA can regulate stem cell phenotype maintenance versus differentiation in ESCs as
well as in CSCs [23,26]. In the present study, we found that RA acutely hinders the viability
of SK-ES-1 ES cells; increases expression of CDKN1A, p21, and CD99 while reducing
expression of SOX2 and TUBB3; and impairs the formation of ES tumorspheres with high
expression of SOX2 and Nestin. It has been previously shown that SK-ES-1 cells express
all three types of RARs [27,28]. However, we cannot rule out the possibility that at least
some of the RA effects were mediated by receptor-independent mechanisms, such as the
activation of transcription factors that do not bind to RAREs [29]. In contrast to what we
found in the cell viability and tumorsphere formation assays, the colony-forming ability of
SK-ES-1 cells was not significantly affected by RA treatment. A previous study showed that
the overexpression of microRNA miR-139-5p significantly reduced invasion but increased
the clonogenic capacity of SK-ES-1 cells [30].

Poor differentiation is a feature of ES tumors, which might originate from different
types of stem cells. The evidence indicates that ES may arise from either developing
neural crest cells or mesenchymal stem cells [20,21,31–35]. ES tumors likely contain a
subpopulation of cells with stem cell features. CD133+ cells derived from primary ES
tumors are capable of initiating tumors in NOD/SCID mice [36] and display high expression
levels of stem cell markers [37–39].

The cyclin-dependent kinase (CDK) inhibitor p21 is a well-known tumor suppressor
that promotes cell cycle inhibition promoting the G1/S phase, and also acts as a modulator
of transcription and apoptosis. In addition to these functions, p21 also regulates differ-
entiation and stemness in CSCs [40], and knockdown of p21 increases the expression of
the stemness markers Oct-4 and Nanog in human mesenchymal stem cells [41]. Thus,
our observation that RA induced an increase in CDKN1A and p21 might be interpreted in
the context of stemness regulation, although our experiments were limited to these two
markers. Induction of CDKN1A/p21 is stimulated by p53, and SK-ES-1 cells harbor a p53
missense mutation which leads to a loss of p53 functioning [42]. However, recent evidence
suggests that RA can induce p21 in a p53-independent mechanism in NB4 promyelocytic
cells [43], thus a similar process might occur in SK-ES-1 ES cells. Given the well-established
role of SOX2 as a stemness marker in CSCs [44,45], the possibility that RA negatively
regulates stemness in SK-ES-1 cells is also supported by the reduction we observed in
SOX2 expression in the monolayer, although the same effect was not observed in the
tumorspheres. Thus, although RA can impair the formation of SK-ES-1 cell-derived tumor-
spheres, an in vitro model of the expansion of putative CSCs [24,37,46], we cannot rule out
the possibility that the reduction in sphere number involves apoptosis, although we did
not examine this process. Consistent with the possibility that tumorspheres were enriched
in ES CSCs, increased expression of SOX2 and NES, genes that encode two established
CSC markers [38,47,48], was observed in tumorspheres compared to cells cultured in a
monolayer.

Other findings seem to contradict our hypothesis that RA would reduce stemness
features and promote differentiation in SK-ES-1 cells. In both SH-SY5Y NB [49] and ES [50]
cells, neural differentiation with neurite outgrowth is accompanied by increased expression
of TUBB3, which is widely used as a marker of neural differentiation. On the other hand,
a drug-induced loss of viability in ES cells can be associated with a reduction in TUBB3
expression [51], thus the reduced expression of TUBB3 we observed might be associated
with the antitumor effect of RA in reducing cell viability.

High CD99 expression is a hallmark of ES tumors that contributes to a differential
diagnosis, as it is generally considered as a well-established pro-oncogenic factor. Inhibition
of CD99 in experimental ES is a strategy that can be used to both impair tumor cell viability
and promote neural differentiation [50,52–54]. For example, knocking down CD99 in ES cell
lines results in neurite outgrowth accompanied by an increased expression of TUBB3 and
other markers of neural differentiation [50]. Our finding of increased mRNA expression
of CD99 after RA treatment seems to contradict the view that RA can act as a promoter of
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cell death and differentiation in ES cells. However, in different tumor types, CD99 can act
either as a tumor promoter or suppressor, with different isoforms even displaying opposite
actions inside the same cell [55]. In addition, CD99 engagement can mediate cell death by
either caspase-dependent or -independent mechanisms in ES cells [56,57]. Moreover, in
terms of differentiation, high CD99 expression may remain a feature of ES tumors after
therapy-induced neural differentiation [58].

Our gene expression analysis indicates a reduction in the transcription of CD99 and
CDKN1A and increased levels of SOX2 in ES tumors, the latter being consistent with the
role of stemness in tumor progression. Moreover, we found that a lower expression of CD99
and NES and a higher expression of SOX2 are associated with a shorter OS in ES patients,
suggesting a role for these genes as prognostic markers. It is possible that upregulation of
SOX2 in ES tumors contributes to determining more aggressive disease.

5. Conclusions

In summary, our findings indicate that RA can affect cell function and modulate a
limited set of molecular targets associated with stemness features and cell cycle regulation
in SK-ES-1 ES cells. These findings are summarized in Figure 7. The expression levels of
these genes might influence the prognosis of patients with ES. These early results suggest
that RA possibly displays rather complex effects in modulating the maintenance of stem
cell characteristics through their actions on multiple molecular targets that are relevant to
disease progression in ES.
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58. Erdoğan, K.E.; Deveci, M.A.; Hakkoymaz, Z.R.; Gönlüşen, G. Therapy-induced neural differentiation in Ewing’s sarcoma: A case
report and review of the literature. Turk. Patoloji. Derg. 2019, 35, 139–143. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cancers12040964
https://www.ncbi.nlm.nih.gov/pubmed/32295077
https://doi.org/10.2174/1574888X17666220627114710
https://doi.org/10.4252/wjsc.v12.i6.481
https://www.ncbi.nlm.nih.gov/pubmed/32742565
https://doi.org/10.1111/j.1474-9726.2011.00676.x
https://www.ncbi.nlm.nih.gov/pubmed/21342417
https://doi.org/10.1007/s00432-023-04804-0
https://doi.org/10.1016/s0145-2126(96)00085-9
https://doi.org/10.1093/jmcb/mjy080
https://www.ncbi.nlm.nih.gov/pubmed/30517668
https://doi.org/10.1038/s41388-019-0997-x
https://www.ncbi.nlm.nih.gov/pubmed/31477842
https://doi.org/10.1158/0008-5472.CAN-14-1106
https://www.ncbi.nlm.nih.gov/pubmed/25261238
https://doi.org/10.1101/gad.1899710
https://www.ncbi.nlm.nih.gov/pubmed/20382729
https://doi.org/10.1111/cas.12691
https://www.ncbi.nlm.nih.gov/pubmed/25940879
https://doi.org/10.1016/j.jbc.2023.104802
https://www.ncbi.nlm.nih.gov/pubmed/37172727
https://doi.org/10.1172/JCI36667
https://doi.org/10.18632/oncotarget.8992
https://doi.org/10.1158/1078-0432.CCR-14-0492
https://doi.org/10.1038/onc.2015.463
https://www.ncbi.nlm.nih.gov/pubmed/26616853
https://doi.org/10.1038/s41419-019-1675-1
https://www.ncbi.nlm.nih.gov/pubmed/31209202
https://doi.org/10.3390/genes9030159
https://www.ncbi.nlm.nih.gov/pubmed/29534016
https://doi.org/10.1016/S0002-9440(10)65707-0
https://www.ncbi.nlm.nih.gov/pubmed/9846983
https://doi.org/10.1038/sj.onc.1207741
https://doi.org/10.5146/tjpath.2017.01390

	Introduction 
	Materials and Methods 
	Cell Culture 
	Cell Viability 
	Cell Survival 
	Cell Cycle 
	Reverse Transcriptase Polymerase Chain Reaction (RT-qPCR) 
	Western Blot 
	Tumorsphere Formation 
	Gene Expression 
	Statistical Analysis 

	Results 
	RA Impairs SK-ES-1 Cell Viability but Not Colony-Forming Capacity 
	RA Modulates Cell Cycle Progression in SK-ES-1 Cells 
	RA Influences Expression of Stemness Regulators in SK-ES-1 Cells 
	RA Reduces Tumorsphere-Forming Capacity in SK-ES-1 Cells 
	Expression of RA Target Genes That Regulate Cell Cycle Progression and Stemness in ES Tumors 
	Associations between Gene Expression of Cell Cycle Progression and Stemness Regulators and Prognosis of Patients with ES Tumors 

	Discussion 
	Conclusions 
	References

