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Abstract

Background Neuroblastoma is a highly heterogeneous paediatric malignancy characterized by dysregulated oncogenic
pathways that promote tumor progression and therapeutic resistance. We previously demonstrated that indole-3-acetic acid
(IAA), a naturally occurring indole derivative, exerts antiproliferative effects in SH-SY5Y and SK-N-BE(2) neuroblastoma
cells by reducing cell viability, downregulating ALK expression, inducing G1 cell-cycle arrest, promoting autophagy, and
suppressing clonogenicity and migration.

Methods and Results To explore molecular correlates of these effects, we analysed the transcriptomic response of SH-SYSY
neuroblastoma cells to IAA treatment by RNA sequencing (RNA-seq), followed by differential expression analysis and Gene
Ontology (GO)-based Gene Set Enrichment Analysis (GSEA). RNA-seq identified concentration-dependent transcriptional
responses to IAA treatment, with the most pronounced changes observed at 1 mM concentration. GSEA identified neuronal
migration as a significantly enriched biological process, suggesting modulation of developmental programs associated with
the neural origin of neuroblastoma cells. Among the differentially expressed genes, ERBB4 and GPM6A4 showed reduced
expression and MAMDC? displayed increased expression following IAA treatment, changes that were confirmed by qRT-
PCR in independent biological samples. ADGRG1, FERIL4 and DCDC?2 were not confirmed by qRT-PCR and are reported
as RNA-seq observations only. ALK transcript levels remained unaffected, raising the hypothesis that reduced ALK pro-
tein levels may involve post-transcriptional regulation, although this was not directly tested in the present study. FRBB4,
MAMDC?2 and GPM64A are involved in cancer-related signalling and cellular behaviour, and their modulation by IAA has
not been previously described.

Conclusion These findings show that IAA induces extensive transcriptional changes in SH-SY5Y cells and identify candi-
date molecular correlates of its antiproliferative activity. This exploratory, hypothesis-generating study is limited to tran-
script-level data from a single cell line. It provides a dataset and candidate genes for future validation and mechanistic studies
in neuroblastoma models with different molecular backgrounds.
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Introduction

Neuroblastoma (NB) is the most common extracranial
solid tumor in paediatric patients. It arises in early child-
hood from neural crest-derived progenitor cells of the
sympathetic nervous system, a developmental context char-
acterized by high proliferative and migratory activity that
increases susceptibility to oncogenic transformation [1].
NB is a biologically and genetically heterogeneous disease
whose clinical and biological heterogeneity remains only
partially explained despite substantial advances in under-
standing its genomic and transcriptional landscape; its clini-
cal variability is driven by diverse genomic alterations and
transcriptional programs affecting tumor progression and
therapeutic response [2]. In addition, neuroblastoma cells
display marked phenotypic plasticity mediated by transcrip-
tional and epigenetic reprogramming, which contributes to
disease progression and treatment resistance; key oncogenic
drivers, including MYCN, LIN28B, PHOX2B, and ALK, fur-
ther disrupt normal developmental pathways controlling
proliferation and differentiation [3].

In this context, we previously demonstrated that treat-
ment with indole-3-acetic acid (IAA) exerted a consistent
antitumor effect in neuroblastoma cells [4]. Specifically,
IAA significantly reduced cell viability and clonogenic
potential, induced a marked Gl-phase cell-cycle arrest,
enhanced autophagic activity, and impaired cell migratory
capacity. These effects were accompanied by a downregula-
tion of ALK expression, suggesting a potential link between
IAA exposure and modulation of key oncogenic signalling
in neuroblastoma.

To explore molecular correlates of the antiproliferative
activity of IAA, we analysed the transcriptomic profile of
treated SH-SYS5Y neuroblastoma cells by RNA sequencing.
Given the neural crest origin of neuroblastoma and the per-
sistence of developmental programs regulating migration,
pathway analysis may identify effects of IAA on processes
associated with tumor progression and cellular plasticity.

Among the differentially expressed genes, ERBB4,
ADGRGI, FERIL4, and MAMDC?2 were selected based
on their reported roles in cancer-related signalling and pro-
cesses relevant to proliferation, adhesion, and migration [5—
8]; gene associated with neuronal migration (DCC, GPM6A,
DCDC2) were also examined. We therefore investigated
IAA-induced transcriptional changes using RNA-seq and
GO-based GSEA and examined whether their expression
changes are associated with the antiproliferative and anti-
migratory phenotype previously observed. This exploratory
study is limited to transcript-level data in a single cell line.
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Materials and methods
Cell culture and treatment

The human neuroblastoma SH-SYS5Y cell line was kindly
provided by the Bank of Human and Animal Continuous
Cell Lines-CEINGE Biotecnologie Avanzate “Franco Sal-
vatore”, Napoli, Italy. The SH-SY5Y cells were cultured in
DMEM purchased from Thermo Fischer Scientific, supple-
mented with 10% fetal bovine serum (FBS) (Lonza, Basel,
Switzerland), 1% I-glutamine (Sigma-Aldrich, MO, USA),
and 1% penicillin/streptomycin (Thermo Fischer Scientific,
Massachusetts, USA). Cells were grown in a humidified 5%
CO, incubator at 37 °C and used within passages 26-32.
Cells incubated in medium alone served as the negative con-
trol. All experiments were conducted in 5% FBS medium
following a 12-hour starvation period. For the IAA treat-
ment, IAA was dissolved in DMSO and cells were treated
at final concentrations of 0.1 mM and 1 mM for 48 h. These
concentrations were selected based on our previous dose-
response characterization of IAA effects in SH-SYSY cells,
in which a broader concentration range (0.01-1 mM) was
tested and antiproliferative, cell-cycle, autophagic, and
migratory effects were shown to increase in an IAA concen-
tration-dependent manner across this range [4]. Millimolar
concentrations of [AA are consistent with those employed
in previous studies characterizing its biological and struc-
tural/functional properties in vitro [9].

Untreated control cells were incubated with medium con-
taining the same concentration of DMSO for the same dura-
tion. At the end of the treatment period, 1x 10° cells were
harvested for each sample and stored in RNA stabilization
buffer prior to RNA extraction.

Total RNA samples were extracted and processed for
transcriptomic analysis by Eurofins Genomics (Ebersberg,
Germany).

RNA sequencing and bioinformatic analysis

Raw RNA sequencing reads were processed using a stan-
dardized bioinformatics pipeline. Ribosomal RNA (rRNA)
reads were removed using RiboDetector [10], and sequence
quality was assessed using fastp [11] by trimming adapter
sequences, removing low-quality bases (Phred score < 20),
and discarding reads shorter than 30 bp. Only high-quality
reads passing quality control were retained for downstream
analyses. High-quality reads were aligned to the Homo sapi-
ens reference genome (GRCh38/hg38, UCSC) using STAR
(v2.7.10b) [12]. Gene-level expression was quantified using
RSEM (v1.3.3), generating expected read counts for down-
stream analyses.
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Differential gene expression analysis was performed
using DESeq2 [13]. Genes with fewer than 10 reads on
average across experimental groups were removed before
analysis. DESeq2 was used for read count normalization
and identification of differentially expressed genes between
conditions. Statistical significance was assessed using the
Benjamini—-Hochberg false discovery rate (FDR) correction.
Genes with an adjusted p-value < 0.1 and an absolute log2
fold change > 1 were considered significantly differentially
expressed.

Principal component analysis (PCA) and volcano plots
were generated in R (v4.6.0). PCA was performed on
variance-stabilized expression data generated using the
DESeq?2 variance stabilizing transformation (VST) to eval-
uate global transcriptomic variation among experimental
groups, whereas volcano plots were generated using the
complete differential expression dataset by plotting log,
fold change values against the —log10 transformation of the
FDR-adjusted p-value. Genes were classified according to
FDR-adjusted p-value and log, fold-change thresholds, and
selected genes of biological interest were highlighted.

Functional enrichment analysis was performed using
Gene Ontology (GO)-based Gene Set Enrichment Analy-
sis (GSEA). DESeq2-derived differential expression results
were used as input, and genes were ranked according to their
log, fold change values without applying a significance cut-
off. Gene identifiers were converted from ENSEMBL IDs
to Entrez Gene IDs and gene symbols using the org.Hs.eg.
db annotation database, and duplicate identifiers were col-
lapsed by retaining the gene with the highest absolute log2
fold change value.

GO-GSEA was performed using the gseGO() function
implemented in the clusterProfiler R package [14]. Enrich-
ment analysis was conducted for Biological Process (BP),
Molecular Function (MF), and Cellular Component (CC)
categories. Statistical significance was assessed using Ben-
jamini—-Hochberg multiple testing.

Table 1 Sequence of primers used in qRT-PCR analysis
Gene Name Forward primer (5'—3' Reverse primer

sequence) (5'—3' sequence)
GAPDH GTCAACGGATTTGGTCG TGGAAGATGGTG
TATTG ATGGGATTT
FERIL4 ACACAGTCCTTGTGGGT CCTGTCTCCTCCA
TCC TCTCTCC
MAMDC2 TACCAGCTTCAGCAGGGG CCTCGTACAGGC
CAGCCAT
ERBB4 GTTCAGGATGTGGACGT CTGCCGTCACAT
TGC TGTTCTGC
ADGRGI  GCGGGGAGGCTGAGAAG CAGGCCAGGGCA
AGACT GAGACGACACAG
GPM6A4 ATCTCTGCTTGGACCTT CAGGCGTCTTTC
CGT ACATAGGC
DCDC2 AGAGAGGTCTGAAACA CCTCCCTACCTCC
CGGG TTCCTCT

RT-qPCR validation

Total RNA was extracted from independent biological rep-
licates of untreated and 1 mM IAA-treated SH-SYSY cells
(n=3) using TRIzol Reagent [Invitrogen, Carlsbad, CA,
US]. Genomic DNA removal and cDNA synthesis was car-
ried out using the QuantiTect Reverse Transcription Kit
[QIAGEN, Hilden, Germany]. qRT-PCR was carried out
with the iQ SYBR green Supermix (Bio-Rad, Hercules,
CA, USA) and the CFX96 System (Bio-Rad, Hercules, CA,
USA). The thermocycling conditions were as follows: 2 min
at 95 °C, 40 cycles of denaturation at 95 °C for 15 s and
annealing at specific temperatures for 30 s, and extension
for 20 s at 72 °C. Specific primer pairs used for this analy-
sis were designed using Primer3 software (version 4.1.0,
https://primer3.ut.ee) and are reported in Table 1. Relative
expression was normalized to gene coding the glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and calcu-
lated using the 224" method. Statistical significance was
assessed by applying a two-tailed Student’s t-test directly
on ACt values. A p-value<0.05 was considered statistically
significant. Data wrangling, error propagation calculations,
and statistical analyses were performed using R software
(version 4.6.0) with the dplyr package.

Results and discussion

Principal component analysis (PCA) was performed on
variance-stabilized normalized RNA-seq counts to evalu-
ate global transcriptional differences among experimental
conditions. The first two principal components accounted
for 83% of the total variance, with PC1 and PC2 explain-
ing 74% and 9% of the variability, respectively (Fig. 1).
Biological replicates clustered closely within each condi-
tion, confirming the reproducibility of the RNA-seq dataset.
Samples treated with 0.1 mM IAA showed a transcrip-
tional profile closer to untreated controls, whereas samples
exposed to 1 mM IAA displayed a marked separation along
PC1 from both control and 0.1 mM IAA groups, indicating
that the higher IAA concentration induced stronger global
transcriptomic changes in SH-SY5Y cells. Consistent with
the PCA results, differential expression analysis revealed a
limited transcriptional effect at 0.1 mM IAA, with only one
differentially expressed gene identified. Conversely, treat-
ment with | mM IAA resulted in a stronger transcriptional
response, with 113 differentially expressed genes identified
based on an adjusted p-value<0.1 and an absolute log2 fold
change>1 (Fig. 2).

This concentration-dependent transcriptional response is
consistent with the dose-dependent phenotypic effects pre-
viously reported for IAA in SH-SYS5Y cells [4], where the
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Fig. 1 Principal component analysis (PCA) of RNA-seq samples. PCA
showing the distribution of three biological replicates for each experi-
mental condition based on global transcriptomic profiles. S_Control,

antiproliferative and pro-autophagic effects were also more
pronounced at 1| mM than at lower concentrations. Selected
differentially expressed genes of biological relevance are
reported in Table 2, including their log2 fold change val-
ues and adjusted p-values. In our previous investigation,
we reported a clear time- and dose-dependent decrease in
total ALK protein expression upon IAA treatment in SH-
SYS5Y cells. Interestingly, our transcriptomic dataset did
not reveal statistically significant repression of ALK tran-
scription at 48 h. This discrepancy between unchanged ALK
transcript levels and previously reported reduced ALK pro-
tein levels is consistent with a post-transcriptional mode of
regulation. One plausible hypothesis is that IAA promotes
enhanced ALK protein degradation, potentially linked to
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untreated SH-SY5Y cells; SI 01, SH-SYS5Y cells treated with 0.1 mM
indole-3-acetic acid (IAA); SI 1, SH-SYSY cells treated with 1| mM
IAA

the autophagic activity previously observed following IAA
treatment; however, the present RNA-seq dataset does not
establish protein degradation, nor does it identify autophagy
as the mechanism responsible, and this hypothesis remains
to be experimentally tested, for example through protein
stability assays combined with pharmacological inhibition
of autophagic or proteasomal degradation pathways.

In our previous study [4], IAA reduced cell viability in
a concentration- and time-dependent manner in both SH-
SY5Y and SK-N-BE(2) cells (MYCN-amplified, PT53-
mutated), with significant effects at 0.1 and 1 mM after
48 and 72 h, 1.6, in the concentration range used here. The
effect was less pronounced in SK-N-BE(2), in line with neu-
roblastoma heterogeneity. The antiproliferative phenotype
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Fig. 2 Volcano plot showing differential gene expression changes in
SH-SY5Y cells following IAA treatment compared with untreated
controls. The x-axis represents the log2 fold change (IAA-treated vs.
untreated), and the y-axis represents the —log10 transformation of the
FDR-adjusted p-value. Genes with an adjusted p-value<0.1 and an
absolute log2 fold change>1 were classified as significantly upregu-

is therefore not restricted to a single neuroblastoma line;
however, whether the transcriptional response described
here is shared by SK-N-BE(2) or other models was not
tested, and all transcriptomic findings are specific to SH-
SYS5Y. IAA has also been reported to reduce proliferation in
Caco-2 intestinal epithelial cells [15—16], indicating that its
antiproliferative effect is not restricted to SH-SYSY cells.
GO-GSEA identified neuronal migration as a significantly
enriched biological process, consistent with the neural crest
origin of neuroblastoma and persistence of developmen-
tal migratory programs. This suggests that IAA treatment

lated (green) or downregulated (red). Genes meeting the adjusted
p-value threshold but not the fold-change criterion are shown in khaki,
whereas non-significant genes are shown in grey. Selected genes of
biological relevance, based on their association with IAA-induced cel-
lular responses and reported roles in cancer-related and neuronal pro-
cesses, are highlighted and labelled

influences transcriptional programs related to the SH-SY5Y
cell movement, cytoskeletal regulation, and neuronal devel-
opmental features, in line with its previous described effects
on proliferation, migration, and clonogenicity [4].

ERBB4, ADGRGI (GPR56), FERIL4, and MAMDC?2
were selected as candidate genes based on their reported
involvement in tumor-associated signalling, cellular behav-
iour, and processes relevant to the phenotype observed after
[AA treatment.

To validate the RNA-seq findings, the relative expression
levels of FERIL4, MAMDC?2, ERBB4, ADGRG1, GPMG64,

@ Springer
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Table 2 Differentially expressed genes tested by RNA-seq and qRT-
PCR

Gene

log, FC* Adjusted p-value® Relative level® p-value!

FERIL4 1.58 2.11x107° 0.90 0.53
MAMDC2  1.90 2.07x107° 2.90 0.03
ERBB4 -2.14 1.91x107 0.46 0.018
ADGRGI -1.56 2.52x10™ 1.2 0.71
DCC -1.68 5.41x107 n.d. n.d.
GPM64 -1.97 1.05x10 0.48 0.046
DCDC2 -1.57 1.81x1072 1.0 0.79

“Log, FC, fold change based on log,; Benjamini-Hochberg adjusted
p-values for selected genes; ‘relative gene expression levels of
selected genes from comparative CT method; 27T > 1, genes more
highly expressed in SH-SYSY cells treated for 48 h with 1 mM
TAA; 2T < 1, genes more highly expressed in untreated SH-SY5Y
cells; Two-tailed Student’s t-test on ACt values; p-value<0.05 was
considered statistically significant. n.d., not determined. Values are
the means+=SD of three different biological replicates. Data wran-
gling, error propagation calculations, and statistical analyses were
performed using R software (version 4.6.0) with the dplyr package

and DCDC?2 were assessed by qRT-PCR in SH-SYSY cells
treated with 1 mM IAA (Table 2). Consistent with the RNA-
seq data, MAMDC?2 was confirmed to be upregulated, while
ERBB4, and GPM6A were confirmed to be downregulated
following IAA treatment.

For FERIL4, ADGRGI, and DCDC?2 the variation did
not reach statistical significance (Table 2); these genes are
therefore reported as RNA-seq observations only, without
independent validation. Overall, qRT-PCR confirmed the
direction of change for three of the six genes tested (ERBB4,
GPMo6A, and MAMDC?2) at the transcript level. Protein-
level validation was not performed, as it falls outside the
scope of this exploratory transcriptomic study and will be
needed to confirm these findings.

ERBB4, a receptor tyrosine kinase involved in neuronal
development and proliferative and survival signalling, was
downregulated following IAA treatment. Reduced ERBB4
expression or activity has been associated with attenuates
PI3K/AKT-dependent signalling and reduced proliferation
and survival in several cancer models [17-18], as well as
high-risk neuroblastoma features [19]. Its downregulation
of ERBBA4 is therefore consistent with our previous findings
of reduced proliferation, G1 arrest, and clonogenic poten-
tial after [AA treatment, although this remains a correlative
observation.

MAMDC?2 downregulation in aggressive cancers cor-
relates with RAF/MEK/ERK hyperactivation, whereas its
re-expression promotes cell-cycle arrest; in breast can-
cer, MAMDC? has been reported to inhibit proliferation
through this pathway [8]. Although these findings cannot
be directly extrapolated to neuroblastoma, the robust induc-
tion of MAMDC?2 (log, FC = 1.9), confirmed by RT-qPCR,
is consistent with the G1 arrest and reduced clonogenicity
observed in our functional assays [4], raising the hypothesis
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that it may restrain RAF-ERK/AKT-ERK signalling in SH-
SYSY cells. This remains speculative and require direct
experimental testing.

The changes in ADGRG1 (GPR56), FER1L4 and DCDC?2
detected by RNA-seq (Table 2) were not confirmed by RT-
qPCR; they are reported as RNA-seq observations only and
are not considered further in the interpretation of the results.

Beyond their established roles in cancer-associated sig-
nalling, several of the modulated genes identified in our
dataset are also involved in neuronal developmental pro-
cesses, consistent with the neural origin of SH-SYS5Y cells.
In addition to ERBB4, other genes associated with neuro-
nal migration were downregulated in the RNA-seq dataset:
GPMo6A4, which was confirmed by RT-qPCR, and DCC and
DCDC2, which are reported as RNA-seq observations only.
DCC encodes a Netrin-1 receptor playing a central role
in axonal guidance, neuronal migration, and cytoskeletal
remodelling through intracellular signalling pathways reg-
ulating cell motility [20]. GPM6A contributes to neuronal
differentiation, neurite extension, and neuronal membrane
organization [21], whereas DCDC?2 is involved in microtu-
bule organization and neuronal migration [22]. The down-
regulation of these genes is consistent with the GO-based
GSEA results and suggests that IAA exposure is associated
with transcriptional programs associated with neuronal
migration, cytoskeletal dynamics, and neuronal cell-state
regulation in SH-SYS5Y cells. Given that SH-SY5Y cells
retain neuronal lineage characteristics, the modulation of
these developmental pathways may reflect a partial altera-
tion of neural-related transcriptional programs rather than a
direct effect on neuronal differentiation.

As an exploratory study, this work has a defined scope.
The transcriptomic analysis was carried out in SH-SYS5Y
cells, and its extension to other neuroblastoma models,
such as SK-N-BE(2) [4], will be of interest. RT-qPCR con-
firmed MAMDC?2, ERBB4 and GPMG6A, whereas ADGRG 1,
FERIL4 and DCDC?2 are reported as RNA-seq observa-
tions. Protein-level and functional analyses were beyond
the scope of this work; the findings therefore describe tran-
script-level associations, and the candidate genes provide a
basis for future mechanistic studies, including the hypothe-
sized autophagy-related regulation of ALK. The millimolar
IAA concentrations used are consistent with previous stud-
ies [4, 15, 16], and lower concentrations may be explored in
future work.

Conclusions
Overall, the integration of RNA-seq and GO-based GSEA

data indicates that IAA induces a coordinated transcrip-
tional change in SH-SYS5Y cells affecting genes involved
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in proliferation, survival, adhesion, migration, and neuronal
development-related processes. The concomitant modula-
tion of ERBB4, MAMDC?2, and GPM6A, confirmed by qRT-
PCR, identified candidate molecular correlates compatible
with the reduced proliferative, migratory, and clonogenic
phenotype previously observed in IAA-treated SH-SY5Y
cells, whereas ADGRG 1, FER1L4 and DCDC?2 are reported
as RNA-seq observations only. These findings support a
role for IAA as a modulator of SH-SY5Y neuroblastoma
cell transcriptional states and identify a set of candidate
genes and pathways warranting further mechanistic investi-
gation. As discussed above, the causal contribution of these
genes, the generalizability of these findings beyond the SH-
SY5Y model, protein-level validation, and the proposed
autophagy-related mechanism of ALK regulation remain to
be experimentally established.
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