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Abstract

High-risk (HR) neuroblastoma (NBL) patients often receive standardized treatment despite
wide variations in clinical outcomes, underscoring the need for improved stratification
tools. A distinguishing feature of NBL is the patient-specific expression of gangliosides
(GGs), particularly GD2, which may serve as biomarkers. We analyzed GG profiles in
18 patient-derived tumors and 11 NBL cell lines using thin-layer chromatography and mass
spectrometry. Expression of 0-, a-, and b-series GGs was examined and correlated with
clinical risk, outcome, and gene expression data. Low-risk (LR) tumors expressed higher
levels of complex b-series GGs. In HR tumors, five GG profiles (A-E) were identified.
Profile A featured complex b-series GGs; B showed GD2 dominance; C showed synthesis
arrest at GM3 or GD3 due to low expression of the GM2/GD2 synthase, encoded by the
B4GALNT1 gene; D included complex a- and b-series GGs; and E was marked by GM2
and GD1a prevalence. B4GALNT1 expression served as a prognostic marker. Relapsed
tumors following anti-GD2 therapy typically exhibited reduced GD2 levels, except for one
profile A tumor that displayed a ceramide anchor shorter than those found in LR tumors.
Astonishingly, the ceramide anchor composition of GD2 itself appears to separate LR and
HR NBL, hinting at a role of ceramide synthases in NBL biology. All cell lines expressed
GM2, but exhibited very low levels of complex b-series GGs. Profile C was found only
in cell lines of the mesenchymal subtype. These findings support further investigation
of GG composition and associated enzyme expression as potential biomarkers for risk
stratification and treatment response in NBL.
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1. Introduction

Neuroblastoma (NBL) is among the most common extracranial solid tumors in chil-
dren. Due to the significant biological and clinical heterogeneity of this disease, effective
risk stratification is crucial for guiding treatment decisions. While over 90% of children
with low-risk (LR) neuroblastoma achieve long-term survival with mild or even no treat-
ment, prognosis for those with high-risk disease (HR) remains poor despite intensive
multimodal therapy approaches [1-3]. The current standard of care for patients with HR
NBL involves an intensive treatment regimen that includes chemotherapy, surgical tumor
resection, autologous stem cell transplantation, radiotherapy, and immunotherapy with
anti-GD2 mAbs [4-6].

In recent years, substantial efforts have been directed towards translating genomic and
transcriptomic discoveries into novel therapeutic strategies. Despite substantial advance-
ments in the molecular characterization of NBL, few actionable targets have been identified
(mainly alterations in the anaplastic lymphoma kinase, encoded by the ALK gene), and the
survival rates for HR patients have not improved meaningfully. Additionally, immune-
based therapies, such as immune checkpoint inhibitors, have shown limited efficacy in
NBL, even if some HR patients have a high mutational burden [7]. This is largely due to
the unfavorable tumor microenvironment and deficient major histocompatibility complex I
(MHC-I) expression [8,9]. Consequently, novel treatment paradigms are needed. Further-
more, most patients with HR NBL are treated uniformly, without additional stratification,
despite variability in outcomes. There is an urgent need for new strategies to identify
factors that can better stratify these patients, especially to define an “ultra-high-risk” (UHR)
subgroup that faces an exceptionally poor prognosis [10].

One peculiarity of the NBL biology is the elevated level of a distinctive class of
lipid-linked glycans known as gangliosides (GGs), the most famous representative being
GD2 [11]. GGs are amphiphilic glycosphingolipids (GSLs) containing N-acetylneuraminic
acid residues (sialic acid). GG synthesis is a multi-step enzymatic process taking place
in the endoplasmic reticulum and Golgi apparatus. It begins with the attachment of
glucose to ceramide, forming glucosylceramide, after which glycosyltransferases and
sialyltransferases sequentially add specific sugar residues and sialic acid, respectively, to
generate progressively more complex gangliosides (Figure 1). Gangliosides of the ganglio-
series are particularly abundant in the brain and are usually classified in four series (0-,
a-, b-, and c-series) according to the number of sialic acid residues on the inner galactose
moiety (Figure 1). Their structure and composition are highly variable and this diversity
is exploited during embryogenesis, when GGs are produced at specific developmental
stages, and to allow cell-to-cell variability in syngeneic cell populations [12]. The GG
GD2 is well known to be highly expressed on the surface of most NBL cells, serving as a
target for immunologic treatment approaches in HR NBL, including anti-GD2 mAbs (e.g.,
dinutuximab and naxitamab), chimeric antigen receptor (CAR)-T cells, and vaccines [13-15].
GD2 is produced from GD3 through the addition of an N-acetylgalactosamine residue, a
reaction catalyzed by the enzyme [3-1,4-N-acetylgalactosaminyltransferase, encoded by the
B4GALNT1 gene. BAGALNT1 expression has been described in the majority of HR NBL cases
and has been discussed as a surrogate biomarker of GD2 expression [16]. Its expression has
been used in combination with other marker genes for the detection of minimal residual
disease in peripheral blood and bone marrow [17]. However, the GG composition of NBL
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is considerably more complex and highly heterogeneous. Previous studies have linked
specific ganglioside alterations to differences in the clinical and biological behavior of
NBL [11,18,19]. Deregulated GG expression can indeed support the tumor development by
regulating membrane receptors, modulating the expression of MHC-I, as well as inhibiting
the activity of immune cells, including T cells and natural killer (NK) cells [20,21]. Moreover,
GGs produced by NBL are shed from tumor cells in the tumor microenvironment and
blood and have been discussed as a liquid biomarker for patient monitoring [22-24].
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Figure 1. Symbolic structures and biosynthesis of ganglio-series gangliosides (GGs). GGs are
synthesized by the stepwise addition of monosaccharides to ceramide (Cer) via the action of differ-
ent glycosyltransferases (in red) and different sialyltransferases (in blue). Cer is produced in the
endoplasmic reticulum by the sequential action of serine palmitolyltransferase complex (SPT), ketodi-
hydrosphingosine reductase (KDSR), one of six ceramide synthases (CerS1-6), and dihydroceramide
desaturase 1 (delta 4-desaturase, sphingolipid 1, DEGS1). Transported to the Golgi apparatus, UDP-
glucose ceramide glucosyltransferase (UGCG) will convert Cer to GlcCer at the cytosolic leaflet. On
the luminal side of the Golgi apparatus, glycosyltransferases and sialyltransferases then can convert
GlcCer in a stepwise manner to lactosylceramide (LacCer) and more complex glycosphingolipids
(GSLs) and gangliosides. Lac-Cer is substrate for six transferases enabling the production not only
of ganglio-series GSLs (as presented), but also of (neo)lacto-, globo-, isoglobo-series and complex
sulfatides (not shown here). Gangliosides of the ganglio-series are divided into four series. The
“0-series” includes GM1b, GD1lalpha, and GD1c. The “a-series” includes GM3, GM2, GM1a, and GD1a.
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GD3, GD2, GD1b, and GT1b belong to the “b-series” and GT3, GT2, GT1c, and GQlc belong to the
“c-series”. The arrows indicates that the synthesis can continue towards more complex structures.
In normal brains, basically, a- and b-series GGs are expressed. The length of the amide-bound acyl
chain (see indication in brackets) depends on the specificity of the expressed ceramide synthases
(CerS1-6) and is dominated by CerS1 and the presence of a stearic acid residue in normal brain
neurons [25]. Gle: glucose, Gal: galactose, GalNAc: N-acetyl galactosamine, NeuNAc: N-acetyl
neuraminic acid, 3-KDS: 3-ketodihydrosphingosine, DHCer: dihydro-ceramide, B(3/4)GALT4/5/6:
beta-1-(3/4)-galactosyltransferase 4/5/6, BAGALNT1: beta-1-4-N-acetyl galactosaminyltransferase
1, ST3GAL2/3/5: ST3 beta-galactoside alpha-2,3-sialyltransferase 2/3/5, ST6GGALNACS5: ST6 N-
acetyl-galactosaminide alpha-2,6-sialyltransferase 5, ST8SIA1/3/5: ST8 alpha-N-acetyl-neuraminide
alpha-2,8-sialyltransferase 1/3/5.

Here, we analyzed the GG profiles of NBL tissues and cell lines. Our results indicate
that GG profiles can distinguish HR from LR NBL and identify HR profiles of diagnostic
and therapeutic relevance.

2. Results
2.1. Patient and Tumor Samples

In total, 18 tumor samples from 16 NBL patients were analyzed by mass spectrometry
(Table 1). All eight tumor samples of LR NBL patients, as well as four out of ten HR
tumor samples, were obtained at primary diagnosis prior to any systemic treatment. In
our analysis, we also included two HR samples, which were collected at primary diagnosis
after induction chemotherapy and four samples of either primary refractory or relapsed
HR patients after receiving treatment with anti-GD2 mAbs.

Table 1. Neuroblastoma patients and sample characteristics.

Last Therapy Disease
. . Before Age at . Sample Status at GG .
Patient ID Risk Sample Diagnosis Sex Histology Localization Sample MYCN Profile Ceramide
Collection Collection
#1 LR (4S) none 8m m NBL, pd Metastatic (skin, Pr'lmary NA A normal
lumbar) disease
Primary tumor Primary
#2 LR (4S) none 2m m NBL, pd (adrenal gland) disease NA A normal
#3 LR none 5m f NBL, pd Primary tumor Pr'unary NA A normal
(adrenal gland) disease
#4 LR none Im f NBL, pd Primary tumor Pr.1mary NA A normal
(adrenal gland) disease
#5 LR none 4m £ NBLpd ~ Lrimarytumor — Primary NA A normal
(adrenal gland) disease
NBL, Primary tumor Primar:
#6 LR none 4y f dif /mature Y ° . Y NA A normal
GN (adrenal gland) disease
#7 LR none 5m m NBL, pd Primary tumor Primary NA A normal
(adrenal gland) disease
Primary tumor Primar
#8 LR none 9m m NBL, pd (retroperi- di y NA A normal
isease
toneal)
Metastatic
(lymph node, Primary
#9 HR none ly m NBL, pd . . A B normal
supraclavicu- disease
lar)
Primary tumor Primary
#10 HR none 2y m NBL, pd (adrenal gland) disease A C long
Metastatic Primar
#11 HR none 8y m NBL, pd (lymph node, di y NA B long
. isease
cervical)
Primary tumor Pri
#12 HR none ly m NBL, pd (retroperi- dr.lmary A B short
isease
toneal)
. Primary
#13 HR chemotherapy 4y f NBL, pd N([g:;?tt:lt)l < refractory, NA C long

PD
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Table 1. Cont.
Last Therapy Disease
. . Before Age at . Sample Status at GG .
Patient ID Risk Sample Diagnosis Sex Histology Localization Sample MYCN Profile Ceramide
Collection Collection
Primary tumor Primar
#14 HR chemotherapy 8y m NBL, dif (retroperi- di y NA D normal
isease
toneal)
anti-GD2 - 1st Relapse,
#15 HR mAb 4y f NBL, pd Metastatic (jaw) PD NA A short
. . Primary
#16 HR anti-GD2 ly m GNB M.e tastatlci(soft refractory, A D normal
mAb tissue, axilla) SD
anti-GD2 . Istrelapse
#17 HR mAb 8y m NBL, pd Metastatic (cns) (initial) NA B long
anti-GD2 Metastatic 1st relapse,
#18 HR mAb 8y m NBL, pd (lung) PD NA E n.d.

# indicates the sample IDs; anti-GD2 mAb: anti-GD2 monoclonal antibody; m/y: months/years; f: female;
m: male; LR: low-risk; HR: high-risk; NBL: neuroblastoma; pd: poorly differentiated; dif: differentiating; GG:
ganglioside; GNB: ganglioneuroblastoma; GN: ganglioneuroma; cns: central nervous system; NA: not amplified;
A: amplified; n. d.: not determined; PD: progressive disease; SD: stable disease. Stage 4S is based on the
International Neuroblastoma Staging System (INSS) [26]. “GG profile” and “ceramide” refer, respectively, to the
predominant GG composition and the predominant length of the ceramide anchor identified in this study; ‘normal’
ceramide denotes the ceramide length typically found in healthy neurons. For more details, see Section 2.3.
Samples 14 and 18 and samples 11 and 17 belong to the same patient and were retrieved at different time points.

2.2. The b-Series of GGs Is Associated with LR NBL

We analyzed the expression of GGs of the 0-series (GM1b, GD1lalpha, and GD1c),
a-series (GM3, GM2, GM1a, and GD1b), and of the b-series (GD3, GD2, GD1b, and GT1b)
by mass spectrometry (Figure 2A, Supplemental Figure S1 and Supplemental Table S1) in
18 NBL samples (Table 1 and Supplemental Table S2). Four tumor samples of HR patients
and eight samples of LR patients at primary diagnosis were available. We also included
two samples of HR patients, which were obtained after induction chemotherapy, and four
samples of HR patients after anti-GD2 therapy with monoclonal antibodies. LR samples
significantly expressed more GT1b, GD1b, and GD3, all belonging to the b-series. Some
HR samples expressed a high amount of GM2 and GD1a, which belong to the a-series. The
expression of GM3 and GD2 was not significantly different between the two groups. The
0-series was not expressed. GT1b exhibited the highest concentration, particularly in the
LR group. The concentration of all GGs and of GT1b, but not of GD2, was significantly
higher in LR group, regardless of whether the HR samples were retrieved at diagnosis
(Figure 2B), following chemotherapy (Figure 2C), or after anti-GD2 therapy (Figure 2D).
The difference remained significant even when the outlier LR sample was excluded across
samples at diagnosis (all GGs, p = 0.0121, GT1b, p = 0.0061). For one patient, samples were
retrieved after chemotherapy and after anti-GD2 therapy. Of these, the sample retrieved
after chemotherapy (#14 in Table 1) had the highest expression in GG, GT1b, and GD2 across
the HR samples (Figure 2C, green triangle). However, after treatment with an anti-GD2
mADb, all three values were reduced (red triangle vs. green triangle in Figure 2D, sample #18).
For another patient (indicated with a diamond), samples retrieved at diagnosis (#11) and
after an anti-GD2 mADb (#17) were analyzed. This sample showed the second highest GD2
expression across the HR samples in the sample at diagnosis, but again, a reduction in GD2
was observed after an anti-GD2 mAb treatment (red diamond vs. green diamond in 2D). The
amount of GD2 in HR samples correlated with the level of expression of B4GALNT1, which
was required for the last step in GD2 synthesis (Figures 1 and 2E, Spearman correlation:
r = 0.95). The previously mentioned samples #14 and #11, which exhibited the highest GD2
expression, also demonstrated the highest expression of BAGALNT1, while the two HR
samples with the lowest GD2 expression had the lowest B4GALNT1 expression (Figure 2E).
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Figure 2. The b-series of GGs is associated with low-risk NBL. The GG composition of eight low-
risk (LR) (black box plots) and ten high-risk (HR) samples (gray box plots) was analyzed by mass
spectrometry in all samples (A), only in samples at diagnosis (B), or after inclusion of samples (in
green) retrieved after chemotherapy (C) and samples (in red) retrieved after anti-GD2 therapy (D).
The difference in the expression levels of all GGs, GT1b, and GD2 was assessed using a Mann-—
Whitney test. The relationship between the amount of GD2 in nine HR samples and the expression of
B4GALNT1 is shown in (E) and was analyzed using Spearman correlation (monotonic relationship).
The samples indicated with a triangle or with a diamond, respectively, in (C), (D), and (E) belong to

the same HR patients.
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Taken together, these results indicate a clear dominance of the b-series in LR samples
and specifically high expression of the complex ganglioside GT1b. GD2 expression is not
associated with the risk, but its expression is correlated with the amount of B4GALNTT.

2.3. GG Profiles of HR Samples

HR patients had very heterogeneous GG profiles. While LR NBL expressed particularly
complex GGs, particularly of the b-series, within HR samples, we observed the following
profiles (Table 2): (A) similar profile as in LR, characterized by the dominance of GT1b
(Figure 3A, lane a); (B) almost only GD2 is expressed (Figure 3A, lane b); (C) only GM3 or
GD3 is expressed (Figure 3A, lanes d to f); (D) complex GGs of the a- and b-series are both
expressed, with a particularly strong expression of GD1a (Figure 3A, lane c); and (E) GD1a
and GM2 (both a-series) are the prevalent species expressed (Supplemental Table S2, sample
#18). In our small cohort of HR samples, MYCN amplification was not associated with a
particular GG profile (Supplemental Table S3). In our cohort of high-risk patients, three died
of the disease. Only one of them was MYCN-amplified. Two of the patients had tumors
characterized by the stopping of synthesis beyond GM3 or GD3 (profile C), with very low
GD2 expression, irrespective of the MYCN status (Figure 3B). For the patient with MYCN
amplification, samples collected at different time points were available. Interestingly, this
profile did not change at different time points of the therapy (Figure 3A, lanes d to f).
One HR patient who died of the disease (not MYCN-amplified) had a profile similar to
a LR NBL (Figure 3A, lane a). GD2 expression was high in this sample, even though
the patient received anti-GD2 mAb, while GD2 expression was rather low in the other
samples retrieved after anti-GD2 therapy, suggesting an intrinsic resistance to anti-GD2
mADb therapy (Figure 3C, red point). The composition of the ceramide anchor of GD2 in
this sample was different from the one detected in LR NBL. We were indeed able to identify
GD2 isoforms with different lengths of the ceramide anchor across the NBL samples.
Considering the ceramide anchors of children contain predominantly C18-sphingosine
(with a minor contribution of C20-sphingosine), we identified ceramide anchors containing
C18 and C20 fatty acid chains (ceramide anchor length of 36-38), typical of normal neurons;
shorter anchors containing saturated C14 and C16 (ceramide anchor length of 32-34);
and very long ceramide anchors with C22-C26 fatty acids (ceramide anchor length of
40-44). Each sample contained a mixture of GD2 with different lengths of anchor. Some
samples expressed a relatively high (about 30%) portion of shorter and very long ceramides
(Table 1 group “short”), some samples expressed preferentially normal neuronal ceramides
(C36-38) (Table 1 group “normal”), and some samples almost exclusively contained very
long ceramides (Table 1 group “long”) (Figure 3D, left panel). When the samples were
divided according to the risk, LR samples had a dominance of ceramide anchor length
of 36-38 (Figure 3D, right panel). The sample with profile A and high GD2 expression
after anti-GD2 mAb treatment was characterized by a high proportion of smaller ceramide
anchors (32-34) (Figure 3D, red point in the right panel). Very long ceramide anchors with
C22-C26 fatty acids (ceramide anchor length of 40-44) were less abundant in LR samples,
and interestingly, all samples with mostly very long ceramide anchors were HR samples
only. MYCN amplification was not associated with a particular length of the ceramide
anchor (Supplemental Table S4), but, again, the limited sample size reduces the statistical
power to detect associations.

Table 2. GG profiles of high-risk (HR) and low-risk (LR) neuroblastoma.

Profile Prevalent GGs Risk Status

A b-series, particularly GT1b Al LR and some HR
B GD2 HR
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Figure 3. GG profiles of high-risk (HR) samples. (A) GGs were extracted and analyzed by thin-layer
chromatography in six HR NBL samples (a to f). Samples d to f belong to the same patients and
were retrieved at diagnosis (d) or after 5 cycles (e) or 6 cycles (f) of chemotherapy. GGs were stained
with orcinol (upper panel) or with an antibody (AB) against GD2 (lower panel). A mixture of GGs
isolated from beef brain (GM1a, GD1a, GD1b, and GT1b) was used as reference. MYCN-amplified
samples are in red. Samples of patients who died of the disease are marked with an asterisk. The
GD2 band is marked with a red box. (B) The ratio between the sum of GM3 and GD3 and the sum of
all other GGs (GM3 + GD3/all others, Y axis) was calculated in HR patients who survived (alive)
or died of the disease (DOD). MYCN-amplified samples are in red. (C) GD2 expression in samples
retrieved from four patients after anti-GD2 mAb treatment. The sample in red has GG profile A; the
samples in green have profile C. The sample in yellow is a low-risk (LR) sample. (D) Length of the
ceramide anchor of GD2 determined by mass spectrometry. The length is indicated as the sum of
the sphingoid base, considered to be mainly C18, and the length of the fatty acid chain (X-axis). The
Y-axis indicates the % of GD2 with the respective ceramide anchor. Each sample contains a mixture
of GD2 species with varying ceramide anchor lengths. In the left panel, samples in violet (diamond)
expressed a relatively high portion of shorter and very long ceramides; samples in blues (circles)
contained predominantly normal neuronal ceramides; and samples in red (triangle) expressed almost
exclusively longer ceramides. In the right panel, samples were divided into low-risk (LR) and high-
risk (HR). The sample in red was retrieved after anti-GD2 therapy and had high GD2 expression.
Note that all four samples with high C40-44 ceramide anchor content belonged to the HR group.

2.4. BAGALNT1 Downregulation as a Predictive Marker of Poor Outcome

The two samples which expressed only GM3 or GD3 (profile C) had the lowest ex-
pression of GD2 across the HR tumors and the lowest expression of BAGALNT1 (Figure 4A,
green points), which is required for the synthesis of GM2, GD2, and more complex GGs.
Both patients had an extraordinarily aggressive clinical course and died relatively early
after diagnosis due to uncontrolled progressive disease. Meta-analysis across three inde-
pendent RNA-seq datasets (n = 124, 95, and 498 with OS) using continuous B4GALNT1
gene expression as a covariate in Cox proportional hazards models yielded a pooled effect
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estimate (HR) of 0.67 (95% CI: 0.56 to 0.82, z = —4.04, p < 0.0001) under both common
effect and random effects models. There was no evidence of between-study heterogeneity
(T2 = 0.00 (95% CI 0.00-0.049), I? = 0.0% (95% CI 0.0-89.6), Q(2) = 0.13, p = 0.91), noting that
precision of heterogeneity estimates was limited with k = 3 (Figure 4B and Supplemental
Table S5). These results suggest a robust and directionally consistent association between
higher B4GALNT1 expression and improved overall survival across datasets. Unfortunately,
we did not have access to datasets containing survival data in which patients were stratified
according to anti-GD2 therapy status. As a result, we were unable to directly assess the
predictive value of BAGALNT1 expression for treatment response.
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Figure 4. B4GALNT1 downregulation as a predictive marker of poor outcome. (A) The expression
of genes required in the GG synthesis were analyzed by qRT-PCR in high-risk (HR) and low-risk
(LR) samples. The samples in green belong to two patients with profile C. (B) The meta-analysis was
performed with publicly available transcriptome and survival data. The number of patients with
available survival data was 124, 95, and 498 in the Westermann, Bell, and SEQC studies, respectively.
The Westermann dataset was restricted to samples collected at diagnosis only (disease class: initial);
Bell and SEQC did not report treatment status at sampling. The random effects model used the
DerSimonian-Laird estimator for 12; squares show study’s hazard ratio (HR) from Cox models with
B4GALNT1 as a continuous covariate; diamond shows pooled estimate.

2.5. Neuroblastoma Cell Lines Preferentially Express the a-Series of Gangliosides

We also analyzed the expression of GGs in eleven NBL cell lines (Table 3). All cell lines
expressed GM2, but the levels of GD1b and GT1b were found to be minimal (Figure 5A).
GM2 was more abundant than GD2, except the CHP-134 cell line, which expressed the
highest amount of GD2, and the LA-N-5 cell line, which demonstrated a comparable level
of GD2 and GM2. Accordantly, the a-series GGs dominated over b-series GGs, with the
exception of the CHP-134 cells, which demonstrated a high expression of GD2 and GD3; the
LA-N-5 cells, which exhibited the lowest level of GM2 and the highest level of GT1b; and the
ACN cells, which expressed a high amount of GD3 (Figure 5B). Most cell lines preferentially
expressed simple rather than complex GGs, with a clear exception of the murine cell line
NXS2 that expressed a high amount of GD1a. Compared to the profiles found in patient-
derived NBL samples, LA-N-5 could be partially aligned to profile A (presence of GT1b,
although the expression was not higher than GM2). Profile B (dominance of GD2) was
found in the cell line CHP-134. Profile C (prevalence of GM3 and/or GD3) was found
prevalently in GI-ME-N and ACN, followed by SK-N-AS (Figure 5C). Profile D (complex
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GGs of the a- and b-series were both expressed) was not found in any cell line. Profile E
(prevalence of GD1a and GM2) was found in NBL-S, SK-N-BE(2)-C, SH-SY5Y, and NXS2,
while LS had the highest amount of GM2, but a low concentration of GD1a and IMR-32
expressed almost exclusively GM2. The cell line SH-SY5Y NBL exhibits two distinct lineage
states characterized by their cellular phenotypes and differentiation status [27]. The first
is a differentiated adrenergic state, which resembles mature sympathetic neurons. The
second is a mesenchymal state, often described as ‘neural crest cell-like’, which is less
differentiated and displays features associated with neural crest progenitors, including
increased migratory capacity and plasticity. Interestingly, profile C was observed only
in the mesenchymal subtype (mes) and in 3 out of 4 mes cell lines (Table 3). Based on
transcriptome data of publicly available NBL cell lines, B4GALNT1 downregulation, which
could explain the dominance of GM3 and GD3, has been described in GI-ME-N and SK-N-
AS (Supplemental Figure 52). According to these data, another cell line with low expression
of B4GALNT1 is cogn519. Taken together, these results indicate that NBL cell lines have a
profile reminiscent of HR NBL, with a prevalence for simple GGs of the a-series, and the
low expression of complex GGs of the b-series. However, the high heterogeneity of the
profiles makes it difficult to correlate each one with profiles found in the clinical sample.
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128-
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Figure 5. Neuroblastoma cell lines preferentially express the a-series of gangliosides. GGs of the
a- and of the b-series were quantified by mass spectrometry in eleven cell lines. Each cell line is
indicated by a symbol; the distribution of the respective values is shown as box and whisker plots.
(A) Concentration of the indicated GGs (X-axis) across the cell lines. The amount of each GG is
indicated as nmol GG per mg of total protein (Y-axis). (B) The ratio between the sum of GGs of the
a-series (GM3, GM2, GM1a, GD1a) and the sum of GGs of the b-series (GD3, GD2, GD1b, GT1b) was
calculated for each cell line (Y-axis: ratio a/b-series). (C) The ratio between the sum of GM3 and GD3
and the sum of all other GGs was calculated for each cell line (Y-axis: ratio (GM3+GD3)/others).
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Table 3. Cell lines analyzed in this work.
Cell Line Origin Species Subtype Age Sex MYCN ALK GG
8 p typ 8 Profile
NBL-S .
28] Adrenal tumor (primary) Human Adr [29] 36 m male No No E
[I;(S)] Abdominal tumor Human Mes [31] 16m female Yes No (E)
CH[§2-1134 Left adrenal area Human Adr [27] 13 m male Yes No B
SH[_%Y] 5Y Bone marrow (subclon) Human Adr [27] 4y female No Fl[;Z]}L E
SK-N-AS Bone marrow
[35] (metastasis) Human Mes [27] 6y female No No C
SK_N[_;E(Z)_C Bone marrow (subclon) Human Adr [27] 26 m male Yes No E
GIME-N Bone marrow Human Mes [27] 42 m female No No C
[37] (metastasis)
LA-N-5 Bone marrow R1275Q
[38] (metastasis) Human Adr [27] 4m male Yes [38] (A)
ACN Bone marrow
[39] (metastasis) Human Mes [27] 36 m male No No C
IMR-32 Bone marrow
[40] (metastasis) Human Adr [27] 13 m male Yes No (E)
1\[2(18]2 Murine - - - unknown unknown E

In the category “Subtype”, Adr refers to adrenergic and Mes to mesenchymal cell state. “ALK” denotes the
mutation status of the ALK gene; No indicates that no mutation was described in the cell line; “GG profile” refers
to the GG composition identified in this study; m/y: months/years.

3. Discussion

NBL can be viewed as a failure in the proper differentiation of neural crest cells. These
cells typically differentiate into neurons of the sympathetic ganglia or sympathetic neuron-
like chromaffin cells of the adrenal medulla or Schwann cells in response to specific signals.
During this differentiation process, NBL cells emerge, which may resemble immature
sympathetic neurons (N-type cells) or Schwann cells (S-type cells) [42]. In neurons, the
total GG content increases several-fold from the embryonic stage to the postnatal life, with
a parallel shift from simpler (i.e., GD3 and GM3) to more complex GG species (i.e., GM1,
GD1a, GD1b, and GT1b) [43]. Therefore, it is reasonable to infer that the GG composition
in NBL reflects the developmental stage of the neural crest cells from which the tumor
cells originate. Given the crucial role of GGs in regulating various processes, including
differentiation and immunomodulation, it is expected that GG composition can significantly
impact the biology and treatment of NBL [44]. Our findings suggest that the composition
of GGs may influence both patient risk stratification and therapeutic response.

In terms of stratification, we observed a clear difference between the GG profiles in LR
and HR tumor samples. LR NBL is characterized by a high abundance of complex GGs,
with a predominance of the b-series over the a-series. This pattern is reminiscent of the GG
profile observed during mid-embryogenesis, where GT1b is initially expressed at higher
levels than GD1a. In contrast, in the mature brain, both GT1b and GD1a are expressed
at comparable levels [43]. Indeed, during the development, GD3-synthase (encoded by
ST8SIA1) slightly decreases, and as a result, more GD1a is synthesized in late embryonic,
postnatal, and adult brains [43]. Correlation between LR and high amounts of complex
b-series GGs was suggested previously by using thin-layer chromatography [45]; with our
method we quantified ten GGs with high specificity. We observed five GG profiles in HR
samples. Of particular interest were the samples expressing only the simple GGs GM3,
and GD3 (profile C), which are the main GGs of neural stem cells [43]. This profile was
found in patients with an exceptionally severe clinical course who died of uncontrolled
progressive disease early after primary diagnosis in our small cohort. Therefore, the
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biosynthetic stop beyond GM3 and GD3 with consequent minimal GD2 expression may
characterize a highly aggressive, immature NBL subtype, constituting an ultra-high-risk
cohort, resistant to GD2-targeted immunotherapeutic approaches. This finding should
be necessarily validated in a larger cohort. Further studies are also needed to determine
whether GM3/GD3 enrichment is indicative of cancer stem cell-like characteristics in NBL.
These samples were characterized by a very low expression of BAGALNT1, which is required
for the synthesis of GD2 and GM2 and therefore of more complex GGs. Loss of B4GALNT1
expression correlated with worse survival in several, but not all, available cohorts with
transcriptome or microarray data. Loss of B4GALNT1 expression could therefore be used
as a biomarker to identify patients with particularly aggressive tumors, but should be
validated in characterized cohorts. We also observed a clear difference in the ceramide
length between HR and LR tumors. The de novo synthesis of ceramides is catalyzed by
six (dihydro)ceramide synthases (CerS1-6), each with specificity for different acyl-CoA
substrates. Stearic acid (C18:0), the main fatty acid of GGs in LR NBL, is also the main fatty
acid of GGs of adult differentiated neurons, due to the dominant expression of ceramide
synthase 1 (CerS1) [46]. Shorter ceramide reflects the expression of CerS5 (or 6), while
very long ceramide reflects the expression of CerS2. Ceramide synthases are differentially
expressed in the developing brain, with CerS1 increasing and CerS6 decreasing during
brain development [47]. CerS2 is strongly expressed in oligodendrocytes and Schwann cells
and catalyzes the synthesis of very long acyl chain-containing ceramides, which generate
sphingomyelin and cerebrosides [48]. Interestingly, mesenchymal NBL tumor cells which
resemble Schwann cell precursors of the developing neural crest are enriched in relapsed
tumors [49]. A correlation between CerS1/5/6 expression and ceramide length in NBL,
as well as the association of CerS expression with prognosis, should be analyzed in larger
cohorts. In terms of clinical utility and therapy management, some profiles could help to
predict sensitivity to retinoid therapy and to anti-GD2 targeted therapies. Retinoid-based
tumor differentiation therapy has a well-established history in clinical development and is
recognized as a standard treatment for HR NBL in some protocols [50]. However, there are
still many HR NBL patients who have tumors that do not respond to retinoid-based therapy.
Neuronal differentiation in vitro can be induced by exposure of NBL cells to exogenous
complex gangliosides, particularly GT1b and GQ1b [51]. Interestingly, the complex GGs of
the a- and b-series, along with a more differentiated phenotype, can be induced by all-trans
retinoic acid (ATRA) and 13-cis retinoic acid (RA) in several, but not all, NBL cell lines [52].
ATRA can cause a marked increase in GG content, with relative enhancement in GD1a
and GT1b synthesis [53]. This induction occurs through the activation of GD1b/GM1la
synthase activity, but not GD3 or GD2/GM2 synthase [52]. Retinoic acid can activate the
transcription of these glycosyltransferases or stabilize their expression [54]. Complex GGs
such as GM1a promote neurotrophin tyrosine kinase receptor A (TrkA)-mediated NBL
cell differentiation [55]. Therefore, in tumors with the profile C, where the synthesis of
GGs stops at GM3 and GD3, ATRA or 13-cis retinoic RA are unlikely to have any effect.
GM2 and GD2 are indeed essential to allow the production of more complex gangliosides,
which in turn are required to promote TrkA-mediated NBL cell differentiation [55]. In
contrast, in samples with the prevalence of GD2 over all other GGs (profile B), sensitivity
to ATRA or 13-cis retinoic RA can be expected. GD2 is an intermediate product during the
synthesis of more complex GGs [43], and its accumulation suggests a low activity of the
GD1b/GM1a synthase, which could be stimulated by ATRA or 13-cis retinoic RA. However,
inhibition of GG synthesis did not block neurite formation induced by ATRA in the LAN-5
cell line [56]. Further mechanistic studies will be needed to assess the relevance of GG
profiles in resistance to retinoid therapy.



Int. J. Mol. Sci. 2025, 26, 8431

13 of 21

Concerning anti-GD2 therapies, resistance can be expected in samples with profile
C and profile E, which both expressed a very low amount of GD2, either because of the
low expression of BAGALNT1 (profile C) or because the synthesis of GGs was shifted to the
a-series (profile E). The shift to the a-series could be due to a downregulation of the gene
coding for the GD3-synthase (ST8SIA1). Downregulation of STSSIA1 has been previously
suggested as being associated with the transition to a mesenchymal state resulting in
resistance to anti-GD2 mAbs [49]. The a-series is very strong at birth, but diminishes
later [57]. Therefore, the high concentration observed at high risk may reflect a particularly
proliferative stage of neuronal development. Expression of GM2 has been associated with
resistance to anti-GD2 therapy in previous studies, leading to the development of anti-GM2
CAR-T cells [58]. While a low amount of GD2 has been discussed as a reason for resistance
to anti-GD2 mAbs [59], only 10-12% of NBL patients show complete or partial loss of GD2
expression in bone marrow-derived NBL cells [60], a percentage far lower than the overall
rate of non-response to antibody therapy. Therefore, constitutively low or absent GD2
expression can account for only a portion of anti-GD2 directed therapy resistance. Indeed,
a recent study using anti-GD2 CAR-T cells found no loss of GD2 expression on relapsed
tumor cells after treatment failure [14]. In our cohort, one sample from a patient who died
of the disease exhibited a profile similar to that of an LR NBL, with a high amount of the
complex GGs of the b-series GT1b (profile A). This sample showed a high level of GD2
expression, despite being retrieved after growth under anti-GD2 therapy. Interestingly,
GD2 in this sample had a significantly higher proportion of the shorter ceramide anchors
than found in GD2 of LR samples. GGs that contain shorter-chain fatty acids are known to
be preferentially shed by tumor cells, including GD2 and GT1b [23,61]. GD2 ganglioside
with a shorter fatty acyl chain is up to 10-fold more active than those with a longer fatty
acyl chain in immunosuppression [62]. Several mechanisms of immunosuppression by
GGs have been described. GGs shed in serum, including GM3, GD3, GT1b, and GD2,
inhibiting the cytotoxicity of NK cells [63]. GGs, particularly GD3 and GT1b but not
GD1a, strongly bind siglec-7 [64]. Siglec-7 is mainly expressed on NK cells and mediates
negative regulatory signals [65,66]. NBL cells, through GGs, can engage Siglec-7 to inhibit
immune responses [67]. GT1b can also bind Siglec-5, which is an inhibitory immune
checkpoint molecule for human T cells [68,69]. Of note, as discussed in the literature,
circulating GD2 binding to dinutiximab in plasma could block the antibody’s therapeutic
effect by saturating the antibody binding sites or potentially inducing systemic complement
activation, therefore increasing toxicity [70]. The length of the ceramide can moreover
influence the antigenicity of GGs. Particularly, elongation of the fatty acid to 24 carbon
atoms, as detected in some HR samples, can reduce the binding affinity of monoclonal
antibodies to half [71]. GD2 isoforms are not routinely analyzed in clinical samples. In
future studies, more samples should be examined to determine whether these isoforms are
associated with resistance to anti-GD2-directed therapies. Moreover, mechanistic testing in
the future would be necessary to verify how specific GGs, including GD2 with different
ceramide lengths, drive aggressiveness or therapy resistance in NBL.

All cell lines analyzed in this work showed a low concentration of complex GGs of the
b-series (GD1b and GT1b) and a prevalence of GGs of the a-series, particularly GM2. This
GG composition has been described in several human NBL cell lines [72,73]. Importantly,
three of the five profiles (B, C, and E) identified in HR tumor samples are also present in
the cell lines, reinforcing their relevance as models for preclinical research. None of the
cell lines analyzed in this work can recapitulate profile A (prevalence of complex GGs of
the b-series) and D (co-expression of complex GGs of the a- and of the b-series). To the
best of our knowledge, the expression of complex b-series GGs, without co-expression of
complex a-series GGs, has not yet been reported in NBL cell lines in the literature. Co-
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expression of complex GGs of the a- and b-series (profile D) has been described in the cell
lines KP-N-NS and SMS-KCN and in the SH-SY5Y cell line upon retinoic acid-induced
neuronal differentiation [72-74]. About forty NBL cell lines have been described, but only
a subset have been characterized for their GG profiles. Further GG profiling is needed to
identify cell lines that match all GG profiles observed in patient samples. Such cell lines
would enhance the available in vitro models, particularly for studying aggressive NBL
subtypes [75]. Based on our results, the GIMEN cell line could, for example, represent a
good model for the analysis of NBL clinical samples with high expression of GM3 (profile
Q). Given that patients with this profile had a particularly dismal prognosis, this model
could be used to analyze the induction of GD2 and of more complex GGs. Interestingly, all
NBL cell lines with profile C were of the mesenchymal subtype, which is characterized by a
more aggressive phenotype. GGs interact with cell surface receptors, modulating signaling
pathways involved in cellular processes such as growth, differentiation, and apoptosis. As
different GG structures may have opposite regulatory effects on these receptors, it would be
important to include GG profiles in the characterization of preclinical models of NBL [76].
Moreover, the composition of GGs is affected by the growth conditions. Particularly, the
a-series is abundant when the cells are grown in cell culture, while the same cells grown in
mice express more of the b-series [77].

A key limitation of this study is the relatively small number of NBL samples analyzed,
as well as their heterogeneity. The limited sample size reduces the statistical power to
detect associations, while the variability in clinical and molecular characteristics among the
samples introduces potential confounding factors that may obscure or bias the observed
results. Consequently, the findings should be interpreted with caution, and future studies
should aim to include larger, more homogeneous cohorts to validate and extend these
results. Although we were able to identify a clear distinction between HR and LR samples,
several distinct profiles were observed within the HR group. The prevalence of these
profiles within the broader NBL population still needs to be determined. Because GG
analysis is not routinely performed, the expression of genes, such as BAGALNT1, or of
multiple genes involved in the GG network, could help to identify and characterize such
subtypes [19].

4. Materials and Methods
4.1. Patients and Tissues

Surplus fresh frozen tissues from surgery were used for the analysis of gangliosides.
Tumor areas were isolated by an experienced pathologist. In accordance with the ethics
committee of Rhineland-Palatinate, written informed consent of all patients or their custo-
dians was obtained for “scientific use of surplus tissue not needed for histopathological
diagnosis”. Diagnosis and treatment-related data were extracted from archived medical
records. Risk stratification of NBL patients was performed according to national guide-
lines [4]. This study was performed in agreement with the Declaration of Helsinki on
the use of human material for research. Ethical approval was obtained by the local ethics
committee (No. 2020-15404, 16 November 2020 and No. 2021-15871, 19 May 2021). Tran-
scriptome and clinical data were available via the R2: Genomics Analysis and Visualization
Platform (http://r2.amc.nl), accessed in June 2025.

4.2. Cell Cultures

Human neuroblastoma cell lines were kept at 37 °C and 5% CO, in 10 cm?2 cell culture
dishes (SARSTEDT AG & Co.KG, Niimbrecht, Germany). The LS and CHP-134 (provided
by DMSZ, Braunschweig, Germany) and IMR-32, SK-N-AS, SK-N-BE(2)C, GI-ME-N, LAN-
5, and ACN cell lines (provided by Tumor Cell Lines Repository (TCLR) at Laboratory of
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Experimental Therapies in Oncology, IRCCS Istituto G. Gaslini, Genoa, Italy) were culti-
vated in RPMI-1640 medium (Sigma Life Science, St. Louis, MO, USA). NBL-S (provided
by DMSZ, Braunschweig, Germany) cells were cultivated in IMDM (Sigma Life Science,
St. Louis, MO, USA). The SH-SY5Y (provided by DMSZ) and NXS2 cell lines (provided
by TCLR) were cultivated in Advanced DMEM high-glucose medium (Sigma Life Science,
St. Louis, MO, USA). All media were supplemented with 1% penicillin/streptomycin
(Dickson and Company, Franklin Lakes, NJ, USA) 1% L-glutamine (Sigma Life Science, St.
Louis, MO, USA), and 10% fetal bovine serum (Thermo Fisher Scientific GMbH, Schwerte,
Germany). Cells were split twice a week by a confluence of about 85%. Cell pellets of
5 x 10° cells were frozen at —80 °C without medium for mass spectrometry. Cell lines were
periodically tested for mycoplasma contamination by polymerase chain reaction (PCR)
assay, characterized by cell proliferation and morphology evaluation, and authenticated by
multiplex short-tandem repeat profiling (PowerPlex Fusion-24 loci, Promega, Milano, Italy).

4.3. Lipid Extraction

Tissues and cell lines were extracted with solvent mixtures of chloroform-methanol-
water, desalted with C18-columns, and split into neutral and acidic lipids with DEAE
ion exchange columns as described in detail in [18]. Shortly, freeze-dried tissues were
powdered, and up to circa 20 mg dry weight was extracted three times with chloroform-
methanol-water. Supernatants were collected, and the residual pellet was used for BCA-
based protein quantification. Lipid extracts were desalted on C18 columns, separated into
neutral and acidic lipids via DEAE ion exchange, and desalted again on C18. Fractions were
dried under nitrogen at 37 °C and re-dissolved in chloroform-methanol-water (10:10:1) to
4 mg protein/mL.

4.4. Thin-Layer Chromatography and Immune Overlay

Lipids (300 ng protein) were applied to HPTLC plates (Linomat IV, Camag, Muttenz,
Switzerland) and developed with a pre-run solvent (chloroform-acetone, 1:1), dried, then
run in chloroform-methanol-0.2% aqueous CaCl, (45:45:10) as described in detail in [18].
Detection of ganglioside GD2 was performed using the immuno-overlay technique using an
anti-GD2 antibody (BD Pharmingen, San Diego, CA, USA #554272, clone 14.G2a), followed
by alkaline phosphatase-conjugated secondary antibody and BCIP/NBT substrate (Sig-
maFAST, Sigma-Aldrich, Taufkirchen, Germany). In order to visualize all GGs, TLC plates
were destained in acetone afterwards. Subsequent to drying, plates were sprayed with
orcinol reagent using a Derivatizer from Camag (Muttenz, Switzerland), and developed at
120 °C as described in detail in [18].

4.5. LC-MS? Analysis of Gangliosides

An aliquot of the acidic lipid extract corresponding to 600 ng sample protein was
mixed with isotopically labeled GG in 100 puL of chloroform-methanol-water (10:10:1)
and diluted with 100 pL of solvent A (75% acetonitrile, 19.25% isopropanol, 4% water,
1% methanol, 0.75% DMSO, 0.2% formic acid + 10 mM ammonium acetate). The mixture
contained D5-GM3(D5-d36:1) (Avanti Polar Lipids, Alabaster, AB, USA) to quantify GM3,
D3-GM2(D3-d36:1 (and D3-d38:1)) (Cayman Chemical Company, Ann Arbor, MI, USA) to
quantify GM2, D5-GM1a(D5-d36:1) (Avanti Polar Lipids, Alabaster, AB, USA) to quantify
GM1a and GM1b, and D3-GD3(D3-d36:1) (Cayman Chemical Company, Ann Arbor, MI,
USA) to quantify GD3, GD2, GD1a, GD1b, GD1c, GD1«, and GT1b; the latter due to the
lack of corresponding isotopically labeled standards at that time. For GD2-, GD1-, and
GT1-species correction factors for mass spectrometric response differences were taken
into account, which were obtained with corresponding unlabeled standards. A volume
of 10 uL spiked sample was injected onto an Aqcuity I class UPLC (Waters, Milford, MA,
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USA) equipped with an ACQUITY UPLC Glycan BEH Amide column (1.7 pm beads
with 130 A, 150 mm x 2.1 mm, Waters, Milford, MA, USA) and run at 40 °C. An HILIC
gradient was applied, starting with 100% solvent A and increasing finally to 100% solvent
B (10% acetonitrile, 15% isopropanol, 20% water, 54.25% methanol, 0.75% DMSO, 0.9%
formic acid + 10 mM ammonium acetate) following re-equilibration: 0/100, 1/100, 2/95,
3.5/90, 6.5/60,15/0,19/0, 22/50, 25/100, and 30/100 [min/%A]. GGs were monitored
with a triple-quadrupole-like tandem mass spectrometer (Xevo TQ-S, Waters, Milford,
MA, USA) in the negative electrospray multiple reaction monitoring mode. The transition
of single deprotonated molecular ions of GM3, GM2, GM1a, GM1b, and GD3 and of
double deprotonated molecular ions of GD2 and GD1lalpha, GD1a, GD1b, and GT1b to the
sialic acid fragments of N-acetyl neuraminic acid (Neu5Ac, fragment m/z —290.1) for all
gangliosides and of N-glycolyl neuraminic acid (Neu5Gec, fragment m/z —306.1) for GM3
and GM2 only were monitored. The MRM transitions can be found in Supplemental Table
S1. The separation capacity of this LC-MS? method is documented in Supplemental Figure
S1. Parameters for mass spectrometric quantifier and qualifier transitions are summarized
in Supplemental Table S1. GGs with the ceramide anchors 32:1;02, 34:1;02, 36:1,02, 38:1,02,
40:1;02, 41:1,02, 42:2;02, 42:1,02, 43:1,02, 44:2,02, and 44:1;02 were taken into account.
GM3, GM2, GM1a, and GD3 were quantified in relation to their respective deuterated
internal standards. GM1b was quantified in relation to D5-GM1a. GD2, GD1lalpha, GD1a,
GD1b, and GT1b were quantified in relation to D3-GD3, taking a response factor into
account, which was calculated with known concentrations of corresponding standard GGs.

4.6. Gene Expression Analysis of Tumor Samples

RNA was extracted from fresh-frozen tumor specimens using the RNeasy Lipid Tissue
Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. The RNA
quality was assessed with a Bioanalyzer Device (Agilent Technologies, Santa Clara, CA,
USA), and only samples exhibiting sufficient RNA integrity number (RIN) values were
selected for further experiments. Reverse transcription was carried out using the Prime-
Script™ RT Reagent Kit with gDNA Eraser (TaKaRa BIO INC, Kusatsu, Japan). Quantitative
RT-PCR was performed with the PerfeCTa® SYBR® Green Fast Mix® (Quantabio, Beverly,
CA, USA) on a LightCycler 480 system (Roche, Basel, Switzerland). Relative quantifica-
tion was normalized to the housekeeping gene HPRT1 and calculated using the 274ACt
method. The calibrator was defined as the maximal PCR cycle number minus the average
Ct value of HPRT1. The primers used for qRT-PCR were as follows: BAGALNT1 forward:
5'CCTTCAGGCAGCTTCTGGT3, reverse: 5 TGCTGTGTTGGTCTGGTAGC3'; and HPRT1
forward: 5-TGACACTGGCAAAACAATGCA, reverse: 5'-GGTCCTTTTCACCAGCAAGCT.

Data visualization was performed using GraphPad Prism (version 7.02, Boston, MA, USA).

4.7. GG Transcriptome Profiles of NBL Cell Lines

The R2: Genomics Analysis and Visualization Platform (https://r2.amc.nl) was em-
ployed for the profile gene expression of selected GGs for NBL cell lines from (1) dataset
GSE89413 (n = 41) [75] and (2) dataset “Cell line Neuroblastoma—Molenaar” (n = 20) [78].

4.8. Statistical Analysis

HR and LR samples were compared using the Mann-Whitney test. The relationship
between two variables was analyzed by Spearman correlation. Survival analysis based on
B4GALNT1 gene expression was conducted using Cox proportional hazards regression via
the R2: Genomics Analysis and Visualization Platform (https:/ /r2.amc.nl) across multiple
neuroblastoma (NBL) datasets (see Supplementary Table S5), accessed on 5 June 2025.
Overall survival data were used as the endpoint. The derived p-values from the R2 Cox
hazard regression, where BAGALNT1 expression was used as a continuous coefficient, were
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further used for a pooled meta-analysis to estimate the common and random effects of
three RNA-seq studies (EGAD00001006625 (Westermann) [79], and GSE181582 (Bell) [80]
and GSE62564 (SEQC) [81] via the R package meta (version 8.1-0) [82]. We restricted
EGADO00001006625 to diagnostic (“initial”) tumors for the primary meta-analysis to avoid
bias from post-treatment/relapse sampling. Treatment status at sampling was not available
for the other two studies.

5. Conclusions

In conclusion, our data suggest that the dysregulation of GGs in NBL offers a promising
avenue for both diagnosis and therapy. Specifically, the GM3/GD3 profile, associated with
very immature and aggressive tumor cells, warrants further attention and validation in
a larger cohort. Targeted differentiation of these immature precursor cells could open
new therapeutic possibilities. Additionally, our study highlights potential mechanisms
of resistance to anti-GD2 therapies, such as shifts to other GG series or the presence of
shorter GD2 species. Incorporating GG profiling could enhance risk stratification, support
the development of more targeted treatment strategies, and help to identify relevant
preclinical models.
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Abbreviations

The following abbreviations are used in this manuscript:

ATRA All-trans retinoic acid
CER Ceramide
CERS Ceramide synthase

GG Ganglioside

GSL Glycosphingolipid
HR High-risk

LR Low-risk

MHC-1  Major histocompatibility complex I
NBL Neuroblastoma

NK Natural killer cell

TrkA Tyrosin kinase receptor A

References

1.

10.

11.

12.

13.

14.

15.

Berthold, F.; Faldum, A.; Ernst, A.; Boos, J.; Dilloo, D.; Eggert, A.; Fischer, M.; Fruhwald, M.; Henze, G.; Klingebiel, T.; et al.
Extended induction chemotherapy does not improve the outcome for high-risk neuroblastoma patients: Results of the randomized
open-label GPOH trial NB2004-HR. Ann. Oncol. 2020, 31, 422-429. [CrossRef]

Hero, B.; Simon, T.; Spitz, R.; Ernestus, K.; Gnekow, A K.; Scheel-Walter, H.G.; Schwabe, D.; Schilling, FH.; Benz-Bohm, G;
Berthold, F. Localized infant neuroblastomas often show spontaneous regression: Results of the prospective trials NB95-S and
NB97. J. Clin. Oncol. 2008, 26, 1504-1510. [CrossRef] [PubMed]

Streby, K.A.; Parisi, M.T.; Shulkin, B.L.; LaBarre, B.; Bagatell, R.; Diller, L.; Grupp, S.A.; Matthay, K.K.; Voss, S.D.; Yu, A.L,;
et al. Impact of diagnostic and end-of-induction Curie scores with tandem high-dose chemotherapy and autologous transplants
for metastatic high-risk neuroblastoma: A report from the Children’s Oncology Group. Pediatr. Blood Cancer 2023, 70, e30418.
[CrossRef] [PubMed]

Simon, T.; Hero, B.; Schulte, ] H.; Deubzer, H.; Hundsdoerfer, P.; von Schweinitz, D.; Fuchs, J.; Schmidt, M.; Prasad, V.; Krug, B.;
et al. 2017 GPOH Guidelines for Diagnosis and Treatment of Patients with Neuroblastic Tumors. Klin. Padiatr. 2017, 229, 147-167.
[CrossRef]

Matthay, K.K.; Maris, ].M.; Schleiermacher, G.; Nakagawara, A.; Mackall, C.L.; Diller, L.; Weiss, W.A. Neuroblastoma. Nat. Rev.
Dis. Primers 2016, 2, 16078. [CrossRef] [PubMed]

Tolbert, V.P.; Matthay, K.K. Neuroblastoma: Clinical and biological approach to risk stratification and treatment. Cell Tissue Res.
2018, 372, 195-209. [CrossRef]

Heipertz, A.E.; Pajtler, KW.,; Pfaff, E.; Schramm, K_; Blattner-Johnson, M.; Milde, T.; Jones, B.C.; Zuliani, C.; Hutter, C.; Lohi,
O.; et al. Outcome of Children and Adolescents with Relapsed /Refractory/Progressive Malignancies Treated with Molecularly
Informed Targeted Drugs in the Pediatric Precision Oncology Registry INFORM. JCO Precis Oncol. 2023, 7, €2300015, Erratum in
JCO Precis. Oncol. 2023, 7, €2300341. [CrossRef]

Wienke, J.; Dierselhuis, M.P,; Tytgat, G.A.M.; Kunkele, A.; Nierkens, S.; Molenaar, ].J. The immune landscape of neuroblastoma:
Challenges and opportunities for novel therapeutic strategies in pediatric oncology. Eur. J. Cancer 2021, 144, 123-150. [CrossRef]
Wolfl, M,; Jungbluth, A.A.; Garrido, E; Cabrera, T.; Meyen-Southard, S.; Spitz, R.; Ernestus, K.; Berthold, F. Expression of MHC
class I, MHC class II, and cancer germline antigens in neuroblastoma. Cancer Immunol. Immunother. 2005, 54, 400-406. [CrossRef]
DuBois, S.G.; Macy, M.E.; Henderson, T.O. High-Risk and Relapsed Neuroblastoma: Toward More Cures and Better Outcomes; American
Society of Clinical Oncology Educational Book: Alexandria, VA, USA, 2022; Volume 42, pp. 1-13. [CrossRef]

Schengrund, C.L.; Shochat, S.J. Gangliosides in neuroblastomas. Neurochem. Pathol. 1988, 8, 189-202. [CrossRef]

D’Angelo, G.; Capasso, S.; Sticco, L.; Russo, D. Glycosphingolipids: Synthesis and functions. FEBS ]. 2013, 280, 6338-6353.
[CrossRef]

Cheung, 1.Y,; Mauguen, A.; Modak, S.; Ragupathi, G.; Basu, E.M.; Roberts, S.S.; Kushner, B.H.; Cheung, N.K. Effect of Oral
beta-Glucan on Antibody Response to Ganglioside Vaccine in Patients with High-Risk Neuroblastoma: A Phase 2 Randomized
Clinical Trial. JAMA Oncol. 2023, 9, 242-250. [CrossRef]

Del Bufalo, E; De Angelis, B.; Caruana, I.; Del Baldo, G.; De Ioris, M.A.; Serra, A.; Mastronuzzi, A.; Cefalo, M.G.; Pagliara, D.;
Amicucci, M.; et al. GD2-CARTO1 for Relapsed or Refractory High-Risk Neuroblastoma. N. Engl. ]. Med. 2023, 388, 1284-1295.
[CrossRef]

Wu, Z.L.; Schwartz, E.; Seeger, R.; Ladisch, S. Expression of GD2 ganglioside by untreated primary human neuroblastomas.
Cancer Res. 1986, 46, 440-443.



Int. J. Mol. Sci. 2025, 26, 8431 19 of 21

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Tang, X.X.; Shimada, H.; Ikegaki, N. Clinical Relevance of CD4 Cytotoxic T Cells in High-Risk Neuroblastoma. Front. Immunol.
2021, 12, 650427. [CrossRef] [PubMed]

Uemura, S.; Ishida, T.; Thwin, K.K.M.; Yamamoto, N.; Tamura, A.; Kishimoto, K.; Hasegawa, D.; Kosaka, Y.; Nino, N.; Lin, K.S,;
et al. Dynamics of Minimal Residual Disease in Neuroblastoma Patients. Front. Oncol. 2019, 9, 455. [CrossRef]

Paret, C.; Ustjanzew, A.; Ersali, S.; Seidmann, L.; Jennemann, R.; Ziegler, N.; Malki, K.E.; Russo, A.; Wingerter, A.; Ortmuller, F,;
et al. GD2 Expression in Medulloblastoma and Neuroblastoma for Personalized Immunotherapy: A Matter of Subtype. Cancers
2022, 14, 6051. [CrossRef]

Ustjanzew, A.; Nedwed, A.S.; Sandhoff, R.; Faber, J.; Marini, F; Paret, C. Unraveling the glycosphingolipid metabolism by
leveraging transcriptome-weighted network analysis on neuroblastic tumors. Cancer Metab. 2024, 12, 29. [CrossRef] [PubMed]
Massa, P.T. Specific suppression of major histocompatibility complex class I and class II genes in astrocytes by brain-enriched
gangliosides. J. Exp. Med. 1993, 178, 1357-1363. [CrossRef] [PubMed]

van der Haar Avila, I.; Windhouwer, B.; van Vliet, S.J. Current state-of-the-art on ganglioside-mediated immune modulation in
the tumor microenvironment. Cancer Metastasis Rev. 2023, 42, 941-958. [CrossRef]

Ladisch, S.; Wu, Z.L.; Feig, S.; Ulsh, L.; Schwartz, E.; Floutsis, G.; Wiley, F.; Lenarsky, C.; Seeger, R. Shedding of GD2 ganglioside
by human neuroblastoma. Int. ]. Cancer 1987, 39, 73-76. [CrossRef]

Li, R.X.; Ladisch, S. Shedding of human neuroblastoma gangliosides. Biochim. Biophys. Acta 1991, 1083, 57-64. [CrossRef]
[PubMed]

Morini, M.; Barco, S.; Ardito, M.; Cafaro, A.; Pigliasco, F,; Rossi, L.; Fragola, M.; Segalerba, D.; Conte, M.; Garaventa, A.; et al.
Detection of plasma circulating GD2 ganglioside in patients with neuroblastoma and age-matched healthy children. Diagnostic
and prognostic evaluation. Oncologist 2025, 30, oyaf008. [CrossRef]

Sandhoff, R.; Sandhoff, K. Emerging concepts of ganglioside metabolism. FEBS Lett. 2018, 592, 3835-3864. [CrossRef]

Brodeur, G.M.; Seeger, R.C.; Barrett, A.; Berthold, E; Castleberry, R.P.; D’Angio, G.; De Bernardi, B.; Evans, A.E.; Favrot, M;
Freeman, A.I; et al. International criteria for diagnosis, staging, and response to treatment in patients with neuroblastoma. J. Clin.
Oncol. 1988, 6, 1874-1881. [CrossRef]

van Groningen, T.; Koster, J.; Valentijn, L.J.; Zwijnenburg, D.A.; Akogul, N.; Hasselt, N.E.; Broekmans, M.; Haneveld, F;
Nowakowska, N.E.; Bras, J.; et al. Neuroblastoma is composed of two super-enhancer-associated differentiation states. Nat. Genet.
2017, 49, 1261-1266. [CrossRef]

Cohn, S.L.; Salwen, H.; Quasney, M.W.; Ikegaki, N.; Cowan, ].M.; Herst, C.V.; Kennett, R H.; Rosen, S5.T.; DiGiuseppe, ].A.; Brodeur,
G.M. Prolonged N-myc protein half-life in a neuroblastoma cell line lacking N-myc amplification. Oncogene 1990, 5, 1821-1827.
Kaufman, M.E.; Vayani, O.R.; Moore, K.; Chlenski, A.; Wu, T.; Lee, S.M.; Desai, A.V,; He, C.; Cohn, S.L.; Applebaum, M.A.
Characterizing Relationships between T-cell Inflammation and Outcomes in Patients with High-Risk Neuroblastoma According
to Mesenchymal and Adrenergic Signatures. Cancer Res. Commun. 2024, 4, 2255-2266. [CrossRef] [PubMed]

Rudolph, G.; Schilbach-Stuckle, K.; Handgretinger, R.; Kaiser, P.; Hameister, H. Cytogenetic and molecular characterization of a
newly established neuroblastoma cell line LS. Hum. Genet. 1991, 86, 562-566. [CrossRef] [PubMed]

Kendsersky, N.M.; Odrobina, M.; Mabe, N.W.; Farrel, A.; Grossmann, L.; Tsang, M.; Groff, D.; Wolpaw, A.J.; Narch, A,;
Zammarchi, F; et al. Lineage dependence of the neuroblastoma surfaceome defines tumor cell state-dependent and -independent
immunotherapeutic targets. Neuro Oncol. 2025, 27, 1372-1384. [CrossRef]

Schlesinger, H.R.; Gerson, ].M.; Moorhead, P.S.; Maguire, H.; Hummeler, K. Establishment and characterization of human
neuroblastoma cell lines. Cancer Res. 1976, 36, 3094-3100.

Jalava, A.M.; Heikkila, J.; Akerlind, G.; Pettit, G.R.; Akerman, K.E. Effects of bryostatins 1 and 2 on morphological and functional
differentiation of SH-SY5Y human neuroblastoma cells. Cancer Res. 1990, 50, 3422-3428.

George, R.E; Sanda, T.; Hanna, M.; Frohling, S.; Luther, W., II; Zhang, J.; Ahn, Y.; Zhou, W.; London, W.B.; McGrady, P; et al.
Activating mutations in ALK provide a therapeutic target in neuroblastoma. Nature 2008, 455, 975-978. [CrossRef]

El-Badry, O.M.; Romanus, J.A.; Helman, L.J.; Cooper, M.].; Rechler, M.M.; Israel, M.A. Autonomous growth of a human
neuroblastoma cell line is mediated by insulin-like growth factor I J. Clin. Investig. 1989, 84, 829-839. [CrossRef] [PubMed]
Biedler, J.L.; Spengler, B.A. A novel chromosome abnormality in human neuroblastoma and antifolate-resistant Chinese hamster
cell lives in culture. J. Natl. Cancer Inst. 1976, 57, 683-695. [CrossRef]

Melodia, A.; Cornara, L.; Bertelli, R.; Canepa, M.; Gimelli, G.; Repetto, G.; Cornaglia-Ferraris, P. New line of human neuroblastoma
derived from bone marrow. Pathologica 1986, 78, 371-384.

Berlak, M.; Tucker, E.; Dorel, M.; Winkler, A.; McGearey, A.; Rodriguez-Fos, E.; da Costa, B.M.; Barker, K.; Fyle, E.; Calton, E.;
et al. Mutations in ALK signaling pathways conferring resistance to ALK inhibitor treatment lead to collateral vulnerabilities in
neuroblastoma cells. Mol. Cancer 2022, 21, 126. [CrossRef] [PubMed]

Gross, N.; Favre, S.; Beck, D.; Meyer, M. Differentiation-related expression of adhesion molecules and receptors on human
neuroblastoma tissues, cell lines and variants. Int. |. Cancer 1992, 52, 85-91. [CrossRef] [PubMed]



Int. J. Mol. Sci. 2025, 26, 8431 20 of 21

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Tumilowicz, J.J.; Nichols, WW.; Cholon, J.J.; Greene, A.E. Definition of a continuous human cell line derived from neuroblastoma.
Cancer Res. 1970, 30, 2110-2118.

Lode, H.N.; Xiang, R.; Varki, N.M.; Dolman, C.S.; Gillies, S.D.; Reisfeld, R.A. Targeted interleukin-2 therapy for spontaneous
neuroblastoma metastases to bone marrow. . Natl. Cancer Inst. 1997, 89, 1586—1594. [CrossRef]

Ratner, N.; Brodeur, G.M.; Dale, R.C.; Schor, N.F. The “neuro” of neuroblastoma: Neuroblastoma as a neurodevelopmental
disorder. Ann. Neurol. 2016, 80, 13-23. [CrossRef] [PubMed]

Yu, RK,; Tsai, Y.T.; Ariga, T. Functional roles of gangliosides in neurodevelopment: An overview of recent advances. Neurochem.
Res. 2012, 37, 1230-1244. [CrossRef]

Schengrund, C.L. Gangliosides and Neuroblastomas. Int. ]. Mol. Sci. 2020, 21, 5313. [CrossRef]

Hettmer, S.; Malott, C.; Woods, W.; Ladisch, S.; Kaucic, K. Biological stratification of human neuroblastoma by complex “B”
pathway ganglioside expression. Cancer Res. 2003, 63, 7270-7276.

Laviad, E.L.; Albee, L.; Pankova-Kholmyansky, L; Epstein, S.; Park, H.; Merrill, A.H., Jr.; Futerman, A.H. Characterization of
ceramide synthase 2: Tissue distribution, substrate specificity, and inhibition by sphingosine 1-phosphate. . Biol. Chem. 2008, 283,
5677-5684. [CrossRef]

Novgorodov, S.A.; Chudakova, D.A.; Wheeler, B.W.; Bielawski, J.; Kindy, M.S.; Obeid, L.M.; Gudz, T.I. Developmentally regulated
ceramide synthase 6 increases mitochondrial Ca?* loading capacity and promotes apoptosis. J. Biol. Chem. 2011, 286, 4644-4658.
[CrossRef]

Becker, I.; Wang-Eckhardt, L.; Yaghootfam, A.; Gieselmann, V.; Eckhardt, M. Differential expression of (dihydro)ceramide
synthases in mouse brain: Oligodendrocyte-specific expression of CerS2/Lass2. Histochem. Cell Biol. 2008, 129, 233-241.
[CrossRef] [PubMed]

Mabe, N.W.; Huang, M.; Dalton, G.N.; Alexe, G.; Schaefer, D.A.; Geraghty, A.C.; Robichaud, A.L.; Conway, A.S.; Khalid, D.;
Mader, M.M.; et al. Transition to a mesenchymal state in neuroblastoma confers resistance to anti-GD2 antibody via reduced
expression of ST8SIA1. Nat. Cancer 2022, 3, 976-993. [CrossRef]

Matthay, K.K.; Reynolds, C.P.; Seeger, R.C.; Shimada, H.; Adkins, E.S.; Haas-Kogan, D.; Gerbing, R.B.; London, W.B.; Villablanca,
J.G. Long-term results for children with high-risk neuroblastoma treated on a randomized trial of myeloablative therapy followed
by 13-cis-retinoic acid: A children’s oncology group study. J. Clin. Oncol. 2009, 27, 1007-1013, Erratum in J. Clin. Oncol. 2014, 32,
1862-1863. [CrossRef]

Leskawa, K.C.; Hogan, E.L. Quantitation of the in vitro neuroblastoma response to exogenous, purified gangliosides. J. Neurosci.
Res. 1985, 13, 539-550. [CrossRef]

Hettmer, S.; McCarter, R.; Ladisch, S.; Kaucic, K. Alterations in neuroblastoma ganglioside synthesis by induction of GD1b
synthase by retinoic acid. Br. ]. Cancer 2004, 91, 389-397. [CrossRef]

Li, R.; Ladisch, S. Alteration of neuroblastoma ganglioside metabolism by retinoic acid. J. Neurochem. 1992, 59, 2297-2303.
[CrossRef]

Osanai, T.; Watanabe, Y.; Sanai, Y. Glycolipid sialyltransferases are enhanced during neural differentiation of mouse embryonic
carcinoma cells, P19. Biochem. Biophys. Res. Commun. 1997, 241, 327-333. [CrossRef]

Chiricozzi, E.; Biase, E.D.; Maggioni, M.; Lunghi, G.; Fazzari, M.; Pome, D.Y.; Casellato, R.; Loberto, N.; Mauri, L.; Sonnino, S.
GM1 promotes TrkA-mediated neuroblastoma cell differentiation by occupying a plasma membrane domain different from TrkA.
J. Neurochem. 2019, 149, 231-241. [CrossRef]

Li, R.; Ladisch, S. Inhibition of endogenous ganglioside synthesis does not block neurite formation by retinoic acid-treated
neuroblastoma cells. |. Biol. Chem. 1997, 272, 1349-1354. [CrossRef]

Kracun, I; Rosner, H.; Drnovsek, V.; Vukelic, Z.; Cosovic, C.; Trbojevic-Cepe, M.; Kubat, M. Gangliosides in the human brain
development and aging. Neurochem. Int. 1992, 20, 421-431. [CrossRef]

Dalton, G.; Kim, W.-].; Mabe, N.; Huang, M.; Rotiroti, M.; Tousley, A.; Stegmaier, K.; Majzner, R. 244 Targeting gangliosides in
pediatric cancer. J. Immunother. Cancer 2023, 11, 283.

Terzic, T.; Cordeau, M.; Herblot, S.; Teira, P.; Cournoyer, S.; Beaunoyer, M.; Peuchmaur, M.; Duval, M.; Sartelet, H. Expression
of Disialoganglioside (GD2) in Neuroblastic Tumors: A Prognostic Value for Patients Treated with Anti-GD2 Immunotherapy.
Pediatr. Dev. Pathol. 2018, 21, 355-362. [CrossRef]

Schumacher-Kuckelkorn, R.; Volland, R.; Gradehandt, A.; Hero, B.; Simon, T.; Berthold, F. Lack of immunocytological GD2
expression on neuroblastoma cells in bone marrow at diagnosis, during treatment, and at recurrence. Pediatr. Blood Cancer 2017,
64, 46-56. [CrossRef]

Ladisch, S. Biological Significance of Tumor Gangliosides: Shedding, Transfer, and Immunosuppression. In Frontiers in Bioactive
Lipids; Vanderhoek, ].Y., Ed.; Springer: Boston, MA, USA, 1996; pp. 215-221. [CrossRef]

Ladisch, S.; Li, R.; Olson, E. Ceramide structure predicts tumor ganglioside immunosuppressive activity. Proc. Natl. Acad. Sci.
USA 1994, 91, 1974-1978. [CrossRef]



Int. J. Mol. Sci. 2025, 26, 8431 21 of 21

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Bergelson, L.D.; Dyatlovitskaya, E.V.; Klyuchareva, T.E.; Kryukova, E.V.; Lemenovskaya, A.F; Matveeva, V.A.; Sinitsyna, E.V. The
role of glycosphingolipids in natural immunity. Gangliosides modulate the cytotoxicity of natural killer cells. Eur. J. Immunol.
1989, 19, 1979-1983. [CrossRef]

Yamaji, T.; Teranishi, T.; Alphey, M.S.; Crocker, P.R.; Hashimoto, Y. A small region of the natural killer cell receptor, Siglec-7, is
responsible for its preferred binding to alpha 2,8-disialyl and branched alpha 2,6-sialyl residues. A comparison with Siglec-9. J.
Biol. Chem. 2002, 277, 6324—6332. [CrossRef]

Falco, M.; Biassoni, R.; Bottino, C.; Vitale, M.; Sivori, S.; Augugliaro, R.; Moretta, L.; Moretta, A. Identification and molecular
cloning of p75/AIRM1, a novel member of the sialoadhesin family that functions as an inhibitory receptor in human natural
killer cells. J. Exp. Med. 1999, 190, 793-802. [CrossRef]

Ibarlucea-Benitez, I.; Weitzenfeld, P.; Smith, P.; Ravetch, ].V. Siglecs-7/9 function as inhibitory immune checkpoints in vivo and
can be targeted to enhance therapeutic antitumor immunity. Proc. Natl. Acad. Sci. USA 2021, 118, €2107424118. [CrossRef]
Theruvath, J.; Menard, M.; Smith, B.A.H.; Linde, M.H.; Coles, G.L.; Dalton, G.N.; Wu, W.; Kiru, L.; Delaidelli, A.; Sotillo, E.; et al.
Anti-GD2 synergizes with CD47 blockade to mediate tumor eradication. Nat. Med. 2022, 28, 333-344. [CrossRef]

Rapoport, E.; Mikhalyov, I.; Zhang, J.; Crocker, P.; Bovin, N. Ganglioside binding pattern of CD33-related siglecs. Bioorg. Med.
Chem. Lett. 2003, 13, 675-678. [CrossRef]

Vuchkovska, A.; Glanville, D.G.; Scurti, G.M.; Nishimura, M.I.; White, P; Ulijasz, A.T.; Iwashima, M. Siglec-5 is an inhibitory
immune checkpoint molecule for human T cells. Immunology 2022, 166, 238-248. [CrossRef]

Balis, EM.; Busch, C.M.; Desai, A.V.; Hibbitts, E.; Naranjo, A.; Bagatell, R.; Irwin, M.; Fox, E. The ganglioside G(D2) as a circulating
tumor biomarker for neuroblastoma. Pediatr. Blood Cancer 2020, 67, €28031. [CrossRef]

Karlsson, G.; Mansson, ].E.; Wikstrand, C.; Bigner, D.; Svennerholm, L. Characterization of the binding epitope of the monoclonal
antibody DMADb-1 to ganglioside GM2. Biochim. Biophys. Acta 1990, 1043, 267-272. [CrossRef]

Hettmer, S.; Ladisch, S.; Kaucic, K. Low complex ganglioside expression characterizes human neuroblastoma cell lines. Cancer
Lett. 2005, 225, 141-149. [CrossRef]

Kaneko, T.; Okita, H.; Nakajima, H.; Iijima, K.; Ogasawara, N.; Miyagawa, Y.; Katagiri, Y.U.; Nakagawa, A.; Kiyokawa, N.;
Sato, T.; et al. Neuroblastoma cells can be classified according to glycosphingolipid expression profiles identified by liquid
chromatography-tandem mass spectrometry. Int. J. Oncol. 2010, 37, 1279-1288. [CrossRef]

Rebhan, M.; Vacun, G.; Bayreuther, K.; Rosner, H. Altered ganglioside expression by SH-SY5Y cells upon retinoic acid-induced
neuronal differentiation. Neuroreport 1994, 5, 941-944. [CrossRef]

Harenza, J.L.; Diamond, M.A.; Adams, R.N.; Song, M.M.; Davidson, H.L.; Hart, L.S.; Dent, M.H.; Fortina, P.; Reynolds, C.P.; Maris,
J.M. Transcriptomic profiling of 39 commonly-used neuroblastoma cell lines. Sci. Data 2017, 4, 170033, Erratum in Sci. Data 2017,
4,170183. [CrossRef]

Julien, S.; Bobowski, M.; Steenackers, A.; Le Bourhis, X.; Delannoy, P. How Do Gangliosides Regulate RTKs Signaling? Cells 2013,
2,751-767. [CrossRef]

Sasaki, H.; Momoi, T.; Yamanaka, C.; Yorifuji, T.; Kaji, M.; Mikawa, H. Changes in the ganglioside composition of human
neuroblastoma cells under different growth conditions. Int. J. Cancer 1991, 47, 742-745. [CrossRef]

Molenaar, J.J.; Koster, J.; Zwijnenburg, D.A.; van Sluis, P.; Valentijn, L.].; van der Ploeg, I.; Hamdi, M.; van Nes, J.; Westerman,
B.A.; van Arkel, J.; et al. Sequencing of neuroblastoma identifies chromothripsis and defects in neuritogenesis genes. Nature 2012,
483, 589-593. [CrossRef]

Hartlieb, S.A.; Sieverling, L.; Nadler-Holly, M.; Ziehm, M.; Toprak, U.H.; Herrmann, C.; Ishaque, N.; Okonechnikov, K;
Gartlgruber, M.; Park, Y.G,; et al. Alternative lengthening of telomeres in childhood neuroblastoma from genome to proteome.
Nat. Commun. 2021, 12, 1269. [CrossRef]

Hagemann, S.; Misiak, D.; Bell, J.L.; Fuchs, T.; Lederer, M.L; Bley, N.; Hammerle, M.; Ghazy, E.; Sippl, W.; Schulte, ]. H.; et al.
IGF2BP1 induces neuroblastoma via a druggable feedforward loop with MYCN promoting 17q oncogene expression. Mol. Cancer
2023, 22, 88. [CrossRef]

Consortium, S.M.-I1. A comprehensive assessment of RNA-seq accuracy, reproducibility and information content by the Sequencing
Quality Control Consortium. Nat. Biotechnol. 2014, 32, 903-914. [CrossRef]

Balduzzi, S.; Rucker, G.; Schwarzer, G. How to perform a meta-analysis with R: A practical tutorial. Evid. Based Ment. Health 2019,
22,153-160. [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.



