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Abstract

Neuroblastoma is the most common extracranial solid tumor in infancy, originating
from aberrant proliferation of neural crest cells during embryonic development and
typically arising in regions associated with the sympathetic nervous system. The aryl
hydrocarbon receptor (AHR), a ligand-activated transcription factor, has been shown to
promote the differentiation of neuroblastoma cells. Tetrahydrocorticosterone (THB), a
glucocorticoid, was recently identified as an endogenous AHR activator that regulates
neurogenesis and neural differentiation in zebrafish. In addition, a synthetic compound
structurally similar to THB, referred to as Compound Y, has been developed. Based on
these findings, it was hypothesized that both Compound Y and THB promote
neuroblastoma cell differentiation through AHR activation, thereby inhibiting cell
proliferation. In this study, both Compound Y and THB were demonstrated to inhibit
neuroblastoma cell proliferation while enhancing the expression of neural differentiation
markers, including growth-associated protein 43 (GAP43) and neuron-specific enolase
(NSE). To facilitate efficient identification of differentiation-inducing compounds, a
luciferase-based screening platform targeting GAP43 promoter activity was established.
Additionally, ex vivo experiments using primary neuroblastoma cells derived from TH-

MYCN transgenic mice confirmed the growth-inhibitory effects of Compound Y. /n vivo

v

doi:10.6342/NTU202501007



analysis further demonstrated that Compound Y significantly slowed tumor progression

and prolonged survival in TH-MYCN mice. Collectively, these findings highlight the

therapeutic potential of Compound Y and THB in neuroblastoma treatment by targeting

AHR-mediated differentiation pathways.

Keywords: Tetrahydrocorticosterone; Aryl hydrocarbon receptor; Neural differentiation;

Neuroblastoma; TH-MYCN transgenic mice

doi:10.6342/NTU202501007



Table of Contents

R LAk X & T I
o OSSR URUSPPRRN II
B R 11
ADSEIACE. .......oiiiiiiiiie et e et e e et e e e s taeeee s v
Table 0f COMTENTS............ooiiiiiiiiii et VI
LSt Of FIUIES.....cooiiiiiiiiii et VIII
1 INErOAUCTION. ..ottt ettt et e et esabee e 01
1-1 Neuroblastoma. . ......eeeiiiiiieee et e e et e e e eeaaens 01
1-2 Aryl hydrocarbon reCeptor........couuuuiiiiiiiiiiiiiiiiiiiiiee e 06
1-3 TetrahydroCortiCOStEIONE. . uuuu ittt ittt 10
Rationale...........ooooiiiiiii e 12
2. Materials and methods..............cooooiiiiiiiiii e 13
2-1 Cell CUIUIE. .. .eeiieeeeee et et e e ettt e e et e e e seaeeeeenes 13
2-2 Chemical T@AZENTS.......eeviiieiieeeiiie ettt ettt e e e e eeebaeesabeesnae e 13
2-3 Cell VIaDIIItY @SSAY....uvtieiiiiieeiiiieeiiieeeeeitiee e ettt e eite e et eesereeesebbeeesanbeeesneeeenes 14
2-4 WESLETN DIOt.....eiiiiiiiiiieiie e et 14
2.5 Plasmid construction and luciferase assay.........c.cccoeeviiineiiineeiiineeiiinnnnns 16
VI

doi:10.6342/NTU202501007



2-6 Bioinspired Nanodroplet Processing (BioNDP) platform............c.covuvvvvnnn.. 16

2-7 Primary tumor cells 1S01ation.........ceeiuiiiiiiniiiiii e 17
2-8 Animal mMaintenancCe.......o.uiuiiitt i e 18
2-9 Statistical analySiS....c.viviniriiiii i 19
B RESUILS e e 21
3-1 Compound Y and THB inhibit neuroblastoma cell proliferation.......................... 21

3-2 Compound Y and THB induce neuronal differentiation in neuroblastoma cells...21

3-3 Compound Y and THB enhance GAP43 promoter activity in SK-N-SH cells....22

3-4 Compound Y inhibits proliferation of primary neuroblastoma cells..................... 23

3-5 Compound Y attenuates neuroblastoma tumor growth in vivo............ccccceveenee. 24

3-6 Compound Y prolongs survival in TH-MYCN micCe.........cccceeverienienennicneennenne. 24

4. DIESCUSSIOM ..ottt 26

S, ReTerenCes. .......oooooiiiiiiiiiii 29

0. FHGUI@S. ..o e e 40
Vi

doi:10.6342/NTU202501007



List of Figures

Figure A. Development of neuroblastoma from the neural crest...........c.ccceeeeveeennnen. 01
Figure B. International neuroblastoma risk group staging system.............c.cceeu.e... 04
Figure C. Canonical AHR signaling pathway...........cccccceeviiiiiiiiiiiniieccie e, 07
Figure D. General overview for primary neuroblastoma cell isolation..................... 18

Figure 1. Compound Y and THB inhibit cell proliferation in neuroblastoma cells...40

Figure 2. Compound Y and THB induce neuronal differentiation in neuroblastoma

Figure 4. Compound Y inhibits cell proliferation in primary neuroblastoma cells...46

Figure 5. Ultrasound imaging of TH-MYCN mice tumors.........ccccecueevuerveruenneenne. 49

Figure 6. Compound Y attenuates neuroblastoma tumor growth............cccccvcvenennee. 51

Figure 7. Compound Y prolongs survival of TH-MYCN mice.........cccccoceerervuennnenne. 53
VI

doi:10.6342/NTU202501007



1. Introduction

1-1 Neuroblastoma

Neuroblastoma is the most commonly diagnosed pediatric cancer. It typically
arises from genetic mutations in neural crest cells during early embryonic development,
which disrupt the regulation of cell proliferation (Fig. A) [1]. Genes commonly
associated with neuroblastoma include ALK, KIF1B, MYCN, and PHOX2B, as well as
deletions in genes located on chromosomes 1 and 11. Familial neuroblastoma is

extremely rare, accounting for only 1-2% of all cases [2].

Ectoderm
Neural crest
cells _‘b 3! Chromosomal
P s instability
hoad | % e
Sympathoadrena
progenitors >, 1q-
< Neural tube
1p-
ALK/ ®
o ., /8 17q+
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neurons

Dorsal aorta

Figure A. Development of neuroblastoma from the neural crest [1].

During development, neural crest cells differentiate into components of the
sympathetic nervous system. As a result, tumors can occur in any region where

sympathetic nerves are present, with the adrenal glands being the most common site,
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followed by the neck, chest, abdomen (excluding the adrenal glands), spinal cord, and

pelvis. Clinical presentations of neuroblastoma vary widely, ranging from spontaneous

tumor regression to highly metastatic, undifferentiated tumors with poor prognoses.

Consequently, neuroblastoma is recognized as a complex and highly heterogeneous

disease.

Neuroblastoma accounts for approximately 7% of all pediatric cancers but is

responsible for about 15% of childhood cancer-related deaths [3, 4]. The annual

incidence rate among children aged 0 to 14 years is approximately 10.2 cases per

million [5]. The disease often metastasizes before symptoms appear, resulting in

approximately 50% of cases being diagnosed at intermediate- or high-risk stages [6].

While the long-term survival rate for low-risk patients exceeds 90%, the five-year

overall survival rate for high-risk patients remains below 50%, even with intensive

treatment [7]. Treatment failure and relapse in high-risk patients continue to be major

contributors to pediatric cancer mortality.

The International Neuroblastoma Staging System (INSS) was the first globally

recognized standard for staging neuroblastoma. It classifies the disease into stages 1,

2A, 2B, 3, 4, and 4S based on the tumor’s anatomical location and extent of spread at

diagnosis. Stage 4 indicates widespread metastasis, a common characteristic of

advanced cancers. Stage 4S, however, is a unique category that describes patients
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younger than one year of age with limited metastasis to specific organs—namely, the

bone marrow, liver, or skin. Notably, the prognosis for Stage 4S is generally favorable,

and in some cases, monitoring alone may be sufficient without additional treatment.

More recently, a new classification system—the International Neuroblastoma Risk

Group Staging System (INRGSS)—has been proposed. Unlike the INSS, which is

based on surgical and pathological findings, the INRGSS is a pre-treatment clinical

staging system that relies on imaging studies to evaluate tumors and identify image-

defined risk factors (IDRFs) (Fig. B) [8]. The key distinction between the two systems

lies in their timing and criteria: while the INSS staging is determined post-surgically,

the INRGSS stratifies patients before treatment based on clinical and biological markers,

including age at diagnosis, tumor stage, histological differentiation, MYCN gene

amplification, deletion of chromosome 11q, and tumor cell ploidy. Based on these

factors, patients are assigned to very low-, low-, intermediate-, or high-risk groups, each

receiving stratified treatment strategies according to risk level prior to surgical

intervention.
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INRG Age Histologic Grade of Tumor 11q Pretreatment
Stage (months) Category Differentiation MYCN  Aberration Ploidy Risk Group
L1/L2 GN maturing; A Very low
GNB intermixed
L1 Any, except NA B Very low
GN maturing or :
GNB intermixed Amp K High
L2 Any, except No D Low
<18 GN maturing or NA -
GNB intermixed Yes G Intermediate
No E Low
Differentiating NA Ves
=18 GNB nodular; H Intermediate
neuroblastoma Poorly differentiated NA
or undifferentiated
Amp N High
M <18 NA Hyperdiploid F Low
<12 NA Diploid | Intermediate
12t0< 18 NA Diploid J Intermediate
<18 Amp O High
>18 P High
MS No C Very low
NA :
18 Yes Q High
Amp R High

Figure B. International neuroblastoma risk group staging system |[8].

Numerous therapeutic strategies are currently being developed for the treatment

of neuroblastoma. Patients classified as low- or intermediate-risk, based on disease

progression, generally have favorable prognoses and a high likelihood of being cured

through conventional chemotherapy or surgical intervention. In contrast, high-risk

patients typically exhibit lower survival rates and require a multimodal treatment

approach, which may include chemotherapy, surgery, radiotherapy, hematopoietic stem

cell transplantation, and differentiation therapy.

Differentiation therapy employs agents that promote the maturation of

neuroblastoma cells into non-proliferative neural cells. One such agent is isotretinoin,

a synthetic isomer of retinoic acid, which induces differentiation of neuroblastoma cells

into mature neurons, leading to cell cycle arrest and apoptosis. Retinoic acid itself has
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also been shown to induce differentiation in undifferentiated neuroblastoma cells [9].

In recent years, immunotherapy has emerged as a promising strategy for

neuroblastoma treatment. GD2, a disialoganglioside, is a glycolipid antigen highly

expressed on the surface of neuroblastoma and other neuroectodermal tumor cells.

Clinical studies have demonstrated that Dinutuximab—an anti-GD2 monoclonal

antibody—combined with granulocyte-macrophage colony-stimulating factor (GM-

CSF), interleukin-2 (IL-2), and retinoic acid, significantly improves short-term survival

in patients with high-risk neuroblastoma [10].

MYCN amplification is among the most widely recognized genetic alterations in

neuroblastoma, occurring in approximately 25% of all cases and in up to 40% of

patients with advanced-stage disease [11, 12]. MYCN expression is positively

associated with the activation of genes that promote tumor aggressiveness and

malignancy [13]. Knockdown of MYCN expression has been shown to induce neural

differentiation and apoptosis in neuroblastoma cells [14]. Patients with normal MYCN

gene expression typically have a more favorable prognosis, while those exhibiting

MYCN amplification or overexpression are often associated with rapid disease

progression and higher mortality rates. Consequently, MYCN amplification is

recognized as a critical prognostic marker of poor clinical outcomes and represents a

promising therapeutic target in neuroblastoma.
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1-2 Aryl hydrocarbon receptor

Our previous study demonstrated that the expression of the aryl hydrocarbon
receptor (AHR) is inversely correlated with MYCN levels in neuroblastoma tumors
[15]. AHR belongs to the basic helix-loop-helix (b HLH) Per-ARNT-Sim (PAS) family
and is the only member known to be ligand-activated [16]. It is best known for its role
in mediating the toxic effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), one of
the most toxic exogenous environmental dioxins.

The molecular mechanisms underlying AHR signaling have been extensively
studied. In its inactive state, AHR is bound to a cytoplasmic chaperone complex
composed of heat shock protein 90 (Hsp90), prostaglandin E synthase 3 (p23), and co-
chaperones such as X-associated protein 2 (XAP2, also known as AIP or ARA9) [17,
18]. Upon ligand binding, AHR undergoes a conformational change that disrupts its
interaction with XAP2 and activates its nuclear localization signal (NLS), allowing
AHR to translocate into the nucleus via the nuclear pore complex. Once in the nucleus,
AHR dissociates from the chaperone complex and forms a heterodimer with the aryl
hydrocarbon receptor nuclear translocator (ARNT, also known as HIFI1f). This
complex, along with additional cofactors, binds to xenobiotic response elements (XREs;
consensus sequence CACGCNA/T) and the TATA box within the promoter region of

target genes. Following transcriptional activation, AHR dissociates from ARNT and is
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exported back to the cytoplasm via CRM1 (exportin 1), where it rebinds to Hsp90 and

completes the signaling cycle (Fig. C) [19, 20].

Plasma

OO Ligand membrane

Cytoplasm
u

CYP1A1
CYP1A2
CYP1B1

Figure C. Canonical AHR signaling pathway. In its inactive state, AHR is localized

in the cytoplasm in complex with AIP and Hsp90. Ligand binding induces a

conformational change, leading to dissociation from chaperone proteins and nuclear

translocation, where AHR associates with ARNT and binds to XREs to activate target

gene transcription [20].

AHR is a ligand-dependent transcription factor that can be activated by a wide

range of exogenous compounds, including polycyclic aromatic hydrocarbons (PAHs),

benzimidazoles, and flavonoids. Upon activation, AHR translocates to the nucleus and

regulates the expression of xenobiotic-metabolizing enzymes such as CYPIAI,

CYPI1A2, and CYP1B1, which play key roles in drug and toxin metabolism [21]. In

addition to exogenous ligands, AHR is also activated by endogenous metabolites,
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including eicosanoids derived from arachidonic acid. These ligands can further regulate

CYPI family gene expression, impacting lipid metabolism and immune responses [22].

AHR also interacts with other transcriptional regulators such as nuclear factor erythroid

2-related factor 2 (Nrf2) to induce the expression of phase II detoxifying enzymes,

including glutathione S-transferase (GST), thereby promoting the elimination of

reactive intermediates and maintaining redox homeostasis [23]. Studies have shown

that dioxin-mediated AHR activation leads to disturbances in lipid metabolism,

gluconeogenesis, and the tricarboxylic acid (TCA) cycle, resulting in hepatotoxicity

and metabolic disorders [24]. These findings highlight the critical role of AHR in

metabolic dysfunctions induced by environmental toxins.

In addition to metabolic regulation, AHR plays an important role in immune

modulation. Its activation influences the differentiation of helper T cells and regulatory

T cells (Tregs) [25]. AHR is also broadly expressed in dendritic cells and macrophages,

where its activation promotes the production of anti-inflammatory cytokines such as

IL-10 and suppresses the expression of pro-inflammatory cytokines [26]. Moreover,

Toll-like receptor (TLR) signaling induces AHR expression, and AHR functions as a

negative regulator of TLR-mediated immune responses [26, 27]. In barrier organs such

as the intestine, skin, and lungs, AHR is essential for maintaining mucosal immune

homeostasis and protecting against pathogenic invasion [28]. Owing to these
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physiological functions, AHR is increasingly regarded as a potential immunoregulatory

target in autoimmune diseases, including rheumatoid arthritis [29], multiple sclerosis,

systemic lupus erythematosus [30], and type 1 diabetes [31].

Beyond immune regulation, AHR also participates in controlling cell survival and

differentiation. AHR has been shown to bind E2F1 and suppress E2F1-induced

apoptosis, thereby negatively regulating programmed cell death [32]. In acute myeloid

leukemia cells, AHR activation inhibits cell migration and invasiveness [33]. In

melanoma cells, AHR upregulates the cyclin-dependent kinase inhibitor p27, arresting

cell cycle progression at the G1 phase [34]. In SK-N-SH human neuroblastoma cells,

TCDD inhibits proliferation by inducing G1 phase arrest through AHR activation [35].

AHR is expressed in cerebellar granule neuron precursors (GNPs) during early

postnatal development, suggesting a role in regulating neuroblast proliferation and

differentiation [36, 37]. AHR-deficient mice exhibit impaired neuronal differentiation

in the dentate gyrus [38]. Furthermore, overexpression of AHR has been shown to

promote neural differentiation in neuroblastoma cells [19, 39], and its expression

positively correlates with the degree of differentiation in neuroblastoma tumor tissues

[15]. Collectively, these findings highlight the importance of AHR in neural

development and support its therapeutic potential in neuroblastoma treatment.

Given that AHR is a ligand-activated receptor, pharmacological activation of AHR
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using specific agonists represents a promising strategy for neuroblastoma therapy.
Kynurenine (Kyn), a tryptophan-derived metabolite, is an endogenous ligand for AHR
[40]. Our previous study demonstrated that Kyn-mediated AHR activation significantly
downregulates MYCN expression, leading to reduced cell proliferation and enhanced
neural differentiation [41]. In vivo, Kyn also inhibits neuroblastoma metastasis by
upregulating the metastasis suppressor gene KiSS-1 [41]. These findings further
emphasize the therapeutic potential of AHR signaling in neuroblastoma. However, the
clinical applicability of Kyn is limited by its low efficacy; a concentration of 200 pM
is required to achieve only a 30% reduction in cell proliferation in vitro. Although Kyn
is an endogenous substance with low toxicity, its limited efficacy excludes its use as an
ideal therapeutic agent. Therefore, identifying a more effective and safer AHR agonist
has become a key objective in the development of novel AHR-targeted therapies for

neuroblastoma.

1-3 Tetrahydrocorticosterone

Tetrahydrocorticosterone (THB) is a planar molecule characterized by its
hydrophobic and lipophilic properties and is predicted to bind to the hydrophobic
ligand-binding domain of AHR [42, 43]. Our laboratory has identified two endogenous
isomers, Sa-tetrahydrocorticosterone (Sa-THB) and 5B-tetrahydrocorticosterone (583-

10
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THB), as potential AHR ligands using a cell-free bioassay designed to detect dioxin-

like compounds [44]. These isomers are metabolites of corticosterone, enzymatically

converted by Sa-reductase and 5B-reductase, respectively. Both 5a-THB and 5B-THB

are present in the central nervous system (CNS) and are classified as neuroactive

steroids [45-50]. Previous studies have demonstrated that THB induces AHR

translocation from the cytoplasm to the nucleus and subsequently activates the

transcription of the downstream target gene CYP1A41, confirming its ability to activate

AHR signaling [51]. Additionally, an in vivo study in zebrafish has shown that THB-

mediated AHR activation promotes neurogenesis and supports the differentiation of

myelinating glial cells, particularly oligodendrocytes and Schwann cells [51].

Furthermore, THB has been shown to induce neuronal differentiation in neuroblastoma

cells [51]. Collectively, these findings suggest that THB possesses therapeutic potential

for the treatment of neuroblastoma by promoting cellular differentiation through the

activation of AHR signaling.

11
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Rationale

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor
known to play a role in the regulation of neuroblastoma cell differentiation. Previous
studies have identified tetrahydrocorticosterone (THB) and Compound Y as
endogenous and exogenous ligands of AHR, respectively. Notably, THB has been
shown to activate AHR and modulate neural development in zebrafish. Despite these
findings, the therapeutic potential of THB and Compound Y in promoting
neuroblastoma cell differentiation and suppressing tumor proliferation remains unclear.
Therefore, this study aims to investigate whether THB or Compound Y can induce
differentiation and inhibit proliferation of neuroblastoma cells in vitro, ex vivo, and in
vivo. The therapeutic efficacy of these compounds was evaluated using the TH-MYCN
transgenic mouse model of neuroblastoma. Through this research, we seek to elucidate
the potential of THB and Compound Y as differentiation-inducing therapeutic agents

and to establish a novel strategy for the treatment of neuroblastoma.

12

doi:10.6342/NTU202501007



2. Materials and methods

2-1 Cell culture

Human neuroblastoma cell lines SK-N-SH and SK-N-BE were obtained from the
American Type Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle
Medium (DMEM; Gibco), supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher Scientific Hyclone, Waltham, MA, USA), 100 U/mL penicillin, and 100 U/mL
streptomycin. Cells were maintained in a humidified incubator at 37 °C with 5% CO..

Primary neuroblastoma cells were cultured in a medium consisting of 50%
Neurobasal medium (Gibco), 40% DMEM/F12 (Gibco), and 10% FBS, supplemented
with B-27 minus vitamin A (Gibco), N-2 supplement (Gibco), 0.01 pg/mL epidermal
growth factor (EGF; Gold Biotechnology), 0.02 pg/mL basic fibroblast growth factor

(bFGF; Gold Biotechnology), and 25 pg/mL primocin (InvivoGen).

2-2 Chemical reagents

5B-Tetrahydrocorticosterone (5p-THB) was purchased from Toronto Research
Chemicals (Toronto, Ontario, Canada) and dissolved in DMSO. Compound Y was
obtained from RDD Lab, Inc. (Wugu District, New Taipei City, Taiwan) and dissolved
in DMSO. Retinoic acid was purchased from Sigma-Aldrich and also dissolved in

13

doi:10.6342/NTU202501007



DMSO. For treatment, all compounds were diluted 1:1000 in DMEM supplemented

with 2% FBS.

2-3 Cell viability assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8; Dojindo,
Kumamoto, Japan). SK-N-SH and SK-N-BE cells were seeded in 96-well plates at
densities of 10,000 and 12,000 cells per well, respectively, and allowed to adhere for
24 hours. Cells were then treated with the indicated compound and incubated for 24,
72, or 120 hours. Subsequently, 10 uL of CCK-8 reagent was added to each well and
incubated for 1 hour. Absorbance was measured at 450 nm using a SpectraMax 13X

microplate reader (Molecular Devices) to determine cell viability.

2-4 Western blot

Cells were washed with cold phosphate-buffered saline (PBS), and total protein
was extracted using RIPA buffer (150mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 7.5) supplemented with 1% protease
inhibitor cocktail (Merck Millipore, Billerica, MA, USA). Lysates were centrifuged at
14,000 rpm for 15 minutes at 4 °C. Protein concentrations were determined using the
Pierce BCA Protein Assay Kit (Thermo Scientific). Samples were mixed with protein

14
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loading buffer containing 2-mercaptoethanol (2-ME), then boiled at 100 °C for 10

minutes.

Proteins were resolved by SDS-PAGE (10% resolving gel; 90 V for 70 minutes in

4% stacking gel and 130V for 1.5 hours in the resolving gel), and transferred to

polyvinylidene fluoride (PVDF) membranes (Millipore Sigma; 100 V for 90 minutes at

4 °C). Membranes were blocked with 5% bovine serum albumin (BSA; Millipore

Sigma) in TBST for 1 hour at room temperature, then incubated overnight at 4 °C with

primary antibodies diluted in TBST containing 1% BSA. After washing three times with

TBST, membranes were incubated with horseradish peroxidase (HRP)-conjugated

secondary antibodies for 1 hour at room temperature. Signal detection was performed

using enhanced chemiluminescence (ECL) reagents (Advansta, Menlo Park, CA, USA)

and visualized with the UVP ChemStudio Plus imaging system (Analytik Jena, Jena,

Germany). Band intensities were quantified using VisionWorks software (Analytik

Jena).

The primary antibodies used were as follows: mouse polyclonal anti-GAP43 (sc-

17790, Santa Cruz Biotechnology), chicken polyclonal anti-NSE (AB9698, Merck

Millipore), and rabbit anti-GAPDH (GTX100118, GeneTex).

15
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2-5 Plasmid construction and luciferase assay

The promoter region of the GAP43 gene was amplified from cDNA derived from
SK-N-SH cells using Phusion High-Fidelity DNA Polymerase (Thermo  Fisher
Scientific). The cDNA template was obtained from Promega (Madison, WI, USA). The
amplified GAP43 promoter was cloned into the pGL4.32[luc2P/RFP/NF-kB-RE/Hygro]
vector (Promega) between the Nhe [ and Bgl 11 restriction sites.

Plasmids were transfected into cells using Lipofectamine® 3000 (Invitrogen,
Carlsbad, CA, USA). Luciferase activity was measured using the ONE-Glo™
Luciferase Assay System (Promega), and normalized to RFP intensity.

Primer sequences used for promoter amplification were as follows:

GAP43pro-forward-Nhe I: 5'-AAG CTA GCA AAT GGT CTT ATC AAT GGA G-3'

GAP43pro-reverse-Bgl 11: 5-AAA GAT CTA AGG TCC ACA GCT ATT G-3'

2-6 Bioinspired Nanodroplet Processing (BioNDP) platform

The BioNDP platform procedure was conducted as described in a previous study
[52]. The chip was sterilized by ultraviolet irradiation for 10 minutes before use.
Compound solutions at various concentrations were dispensed into designated wells
using a custom liquid handling system (Versa 10 spotter, Aurora Instruments Ltd.,

Vancouver, Canada). Each droplet had a volume of 200 nL. After dispensing, chips were
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incubated at room temperature for 10 minutes to allow solvent evaporation and
compound deposition. Subsequently, a 200 nL droplet containing 200 cells was
dispensed into each well, and the chip was sealed with a polydimethylsiloxane (PDMS)-
glass gasket. After 24 hours of incubation, cell viability was measured using the
CellTiter-Glo® Luminescent Cell Viability Assay (Promega), following the
manufacturer’s instructions. Luminescence was captured using the UVP ChemStudio
Plus system (Analytik Jena, Jena, Germany) and analyzed with VisionWorks software

(Analytik Jena).

2-7 Primary tumor cells isolation

Primary tumor cells were isolated as previously described [53]. Fresh
neuroblastoma tumors were harvested from TH-MYCN transgenic mice, washed with
PBS containing 25 pg/mL primocin, and sliced into 1-3 mm fragments. Tissues were
enzymatically dissociated using a tumor dissociation kit (Miltenyi Biotec) and
processed with a gentleMACS™ Dissociator (RWD Life Science) following the
manufacturer’s protocol. The resulting suspension was filtered through a 70 um cell
strainer, and red blood cells were lysed with RBC lysis buffer (Gibco).

A two-step cell purification process was employed. First, a non-tumor cell
depletion kit (Miltenyi Biotec) was used to remove tumor-associated stromal cells,
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including lymphocytes, fibroblasts, and endothelial cells. Second, GD2-positive

neuroblastoma cells were isolated by incubating the suspension with a Biotin-GD2

antibody (BioLegend), followed by magnetic separation using a biotin targeting kit

(Miltenyi Biotec), according to the manufacturer’s instructions (Fig. D).

Collagenase
Digestion

l 5-7 days

Cell ready for

CI1 g CIII > ‘/1)‘ experiments
[ B

2-3 days

Non-tumor cells GD2
depletion selection

Figure D. General overview for primary neuroblastoma cell isolation.

2-8 Animal maintenance

The TH-MYCN transgenic mouse strain was maintained at the Transgenic Mouse
Core Facility, College of Medicine, National Taiwan University. Following weaning,
tumor development in hemizygous TH-MYCN mice was monitored weekly via

ultrasound imaging in both axial and sagittal abdominal views. Mice were selected for
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treatment when tumor diameters exceeded 0.5 cm. Eligible mice were randomly
assigned to treatment groups and received intraperitoneal injections of either vehicle
(10% hydroxypropyl-B-cyclodextrin, Sigma-Aldrich) or 5 mg/kg of Compound Y. For
the survival study, mice were euthanized via CO: inhalation when tumor diameter
reached 1.5 cm.

Ultrasound imaging was performed using the PROSPECT ultrasound imaging
system (Scintica, Canada). Mice were anesthetized with 1.5% isoflurane, and hair was
removed from the abdominal and thoracic regions using a depilatory cream (Nair).
During imaging, mice were positioned in a supine orientation on a stage coated with
ultrasound transmission gel. The transducer was stereotactically lowered to contact the
animal’s skin surface. Tumors were identified as irregular or heterogeneous regions
distinguishable from surrounding normal tissue landmarks. Tumor volume was
calculated based on sonographic measurements of width, depth, and height, using a

previously established formula [54].

2-9 Statistical analysis

All results are presented as the mean =+ standard deviation (SD) from at least three
independent experiments. Statistical comparisons among multiple groups were
performed using one-way analysis of variance (ANOVA) in GraphPad Prism software
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(GraphPad Software, San Diego, CA, USA). Differences were considered statistically

significant at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***),
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3. Results

3-1 Compound Y and THB inhibit neuroblastoma cell proliferation

Previous studies have suggested that the activation of AHR can promote the neural
differentiation of neuroblastoma cells [15]. To assess the effects of Compound Y and
THB on cell proliferation, a CCK-8 assay was performed on SK-N-SH cells. Results
showed that Compound Y significantly inhibited SK-N-SH cell proliferation in a dose-
dependent manner after 24 hours of treatment (Fig. 1A). In contrast, THB showed a
significant inhibitory effect only after five days of treatment (Fig. 1B). In SK-N-BE
cells, both Compound Y and THB significantly reduced cell proliferation in a dose-
dependent manner (Fig. 1C-D). These findings suggest that both Compound Y and

THB possess antiproliferative activity in neuroblastoma cells.

3-2 Compound Y and THB induce neuronal differentiation in neuroblastoma cells

To evaluate the differentiation-inducing effects of Compound Y and THB,
neuroblastoma cells were treated with various concentrations of the compounds, and
the expression levels of neuronal differentiation markers were assessed by Western blot
analysis. Growth-associated protein 43 (GAP43) is known to play a critical role in
axonal growth during neural development and regeneration [55], while neuron-specific
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enolase (NSE) is a marker of mature neurons that increases with differentiation [56]. In

SK-N-SH cells, both Compound Y and THB elevated the expression of GAP43 (Fig.

2A), and high concentrations of Compound Y additionally increased NSE levels (Fig.

2B). Similarly, in SK-N-BE cells, both compounds enhanced GAP43 protein

expression (Fig. 2C). These results indicate that Compound Y may promote neuronal

differentiation in neuroblastoma cells, while THB showed a more modest effect.

3-3 Compound Y and THB enhance GAP43 promoter activity in SK-N-SH cells

To facilitate the identification of differentiation-inducing agents for the treatment

of neuroblastoma, a luciferase reporter system driven by the GAP43 promoter was

established (Fig. 3A). To validate the functionality of this system, SK-N-SH cells were

transfected with the constructed luciferase plasmid and subsequently treated with

retinoic acid (RA), a well-established differentiation-inducing agent. The results

demonstrated that luciferase activity was significantly elevated in cells transfected with

the GA P43 promoter construct, and RA treatment further enhanced this signal (Fig. 3B).

Drug screening revealed that both Compound Y and THB significantly increased

GAPA43 promoter activity (Fig. 3C), consistent with previous findings on their ability to

upregulate differentiation markers (Fig. 2). These findings confirm the differentiation-

inducing capacity of Compound Y and THB and demonstrate the utility of the luciferase
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system for high-throughput screening of differentiation-inducing compounds in

neuroblastoma.

3-4 Compound Y inhibits proliferation of primary neuroblastoma cells

Before conducting in vivo experiments, an ex vivo model using primary tumor cells

isolated from TH-MYCN transgenic mice was employed to assess the antiproliferative

effects of Compound Y and THB. The TH-MYCN mouse is a widely used model for

studying neuroblastoma due to MYCN overexpression under the tyrosine hydroxylase

(TH) promoter, which targets neural crest cells [57].

Given the limited number of primary cells, a Bioinspired Nanodroplet Processing

(BioNDP) platform was utilized to enable high-throughput testing using minimal cell

input across 81-well chips (Fig. 4A). Compound Y significantly inhibited primary

neuroblastoma cell viability in a dose-dependent manner, whereas THB had no

significant effect (Fig. 4B). Importantly, treatment with either Compound Y or THB did

not significantly affect the viability of HEK-293 cells, indicating a degree of selectivity

(Fig. 4C). These data suggest that Compound Y effectively suppresses the growth of

primary neuroblastoma cells with minimal cytotoxicity to non-neuronal cells.

23

doi:10.6342/NTU202501007



3-5 Compound Y attenuates neuroblastoma tumor growth in vivo

To investigate the in vivo therapeutic potential of Compound Y, TH-MYCN

transgenic mice were used. Tumor development was monitored via ultrasound imaging,

and treatment was initiated when tumor diameter exceeded 0.5 cm. The endpoint for

the study was defined as a tumor diameter reaching 1.5 cm (Fig. 5A).

Tumors in vehicle-treated mice exhibited over fivefold growth within one week,

while tumors in Compound Y-treated mice grew only threefold during the same period

(Fig. 5B). Tumor volumes were recorded for each group (n = 5), and growth curves

were analyzed via linear regression (Fig. 6A). Analysis of the regression slope revealed

that Compound Y significantly reduced tumor growth rate in TH-MYCN mice (Fig.

6B). These findings suggest that Compound Y effectively suppresses tumor progression

in vivo.

3-6 Compound Y prolongs survival in TH-MYCN mice

To further assess the therapeutic efficacy of Compound Y, a survival study was

conducted in TH-MYCN mice. Mice treated with Compound Y demonstrated

significantly prolonged survival compared to vehicle-treated controls (Fig. 7A).

Additionally, there was no significant difference in body weight among the treatment

groups, indicating minimal systemic toxicity (Fig. 7B). Collectively, these findings
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highlight Compound Y as a promising therapeutic candidate for neuroblastoma, with

favorable efficacy and minimal toxicity.
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4. Discussion

AHR is a critical ligand-activated transcription factor involved in the regulation of
neuroblastoma cell differentiation [15]. Through a cell-free dioxin response assay, THB
and Compound Y were identified as endogenous and exogenous AHR ligands,
respectively [51]. Prior research has also shown that THB activates AHR signaling and
regulates neural differentiation in zebrafish models [51]. In the present study, cell-based
assays demonstrated that both Compound Y and THB promote neural differentiation in
SK-N-SH and SK-N-BE neuroblastoma cells. However, proliferation assays revealed
that Compound Y showed a stronger inhibitory effect than THB in both established and
primary neuroblastoma cells, suggesting that Compound Y may serve as a more
promising therapeutic candidate. This was a key consideration for its selection in
subsequent in vivo experiments.

To facilitate the screening of neuroblastoma differentiation-inducing agents, a
luciferase-based reporter system driven by the GAP43 promoter was developed. While
the system effectively identified compounds such as Compound Y and THB, further
enhancements are necessary. Enhancing its sensitivity could improve screening
efficiency. Future applications could be enhanced by the generation of stable reporter
cell lines through electroporation or viral transduction of plasmids, ensuring consistent
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gene expression, stronger signal output, and reduced experimental variability. Such

improvements would facilitate the identification of promising differentiation agents and

potentially advance therapeutic strategies for neuroblastoma.

The BioNDP platform was employed using primary neuroblastoma cells prior to

the initiation of animal studies. This approach confers two distinct advantages. First,

the use of primary cells enables precise assessment of drug efficacy and optimal dosing,

thereby reducing the dependency on animal models. Second, the minimal culture

volume (200 nL) required by the BioNDP platform efficiently addresses the challenge

of limited tumor cell availability. Previous studies utilizing this platform have

demonstrated its capability to identify effective drug combinations that eradicated

tumors and significantly improved the survival of TH-MYCN mice [53]. Thus, the

BioNDP platform offers a cost-eftective, customizable, and high-throughput preclinical

drug screening method.

In vivo analysis demonstrated that Compound Y significantly prolonged the

survival of TH-MYCN transgenic mice (Fig. 7). However, complete tumor suppression

was not observed. This outcome may be caused by the distinct mechanism of action of

Compound Y. Unlike conventional chemotherapeutic agents that induce direct

cytotoxic effects, Compound Y primarily functions by activating AHR signaling,

thereby promoting cellular differentiation. Consequently, residual proliferative
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activity—particularly from cancer stem cells—may limit the overall therapeutic

efficacy of differentiation-based approaches. This limitation emphasizes the growing

importance of combination therapies in neuroblastoma treatment. With favorable

efficacy and minimal toxicity, Compound Y may serve as an ideal candidate for

combination with existing clinical agents to achieve enhanced therapeutic outcomes

with minimal adverse effects.

In conclusion, the current study thoroughly evaluates the therapeutic potential of

Compound Y and THB in neuroblastoma. Data obtained from in vitro, ex vivo, and in

vivo models demonstrate that Compound Y significantly inhibits tumor progression by

suppressing cell proliferation and promoting neural differentiation. These findings

highlight the promise of AHR-targeting compounds as novel therapeutic agents and

provide a strategic foundation for future neuroblastoma treatment development.
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Figure 1. Compound Y and THB inhibit cell proliferation in neuroblastoma cells.

(A) SK-N-SH cells were treated with the indicated concentration of Compound Y for

24,72, and 120 hours. (B) SK-N-SH cells were treated with the indicated concentration

of THB for 24, 72, and 120 hours. (C) SK-N-BE cells were treated with the indicated

concentration of Compound Y for 24, 72, and 120 hours. (D) SK-N-BE cells were

treated with the indicated concentration of THB for 24, 72, and 120 hours. Cell

proliferation was assessed using CCK-8 proliferation assay. The proliferation of drug-

treated cells was compared to that of vehicle-treated cells. Data are presented as the

mean = SD from at least three independent experiments and analyzed by one-way

ANOVA; *p <0.05, **p <0.01, ***p <0.001.
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Figure 2
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Figure 2. Compound Y and THB induce neuronal differentiation in neuroblastoma
cells. (A) SK-N-SH cells were treated with the indicated concentration of Compound
Y or (B) THB. The protein levels of GAP43 and NSE were assessed using Western blot.
The protein levels of drug-treated cells were compared to those of vehicle-treated cells.
(C) SK-N-BE cells were treated with the indicated concentration of Compound Y or
THB. The protein levels of GAP43 were assessed using Western blot. The protein levels
of drug-treated cells were compared to those of vehicle-treated cells. Data are presented
as the mean + SD from at least three independent experiments and analyzed by one-

way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3
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Figure 3. Compound Y and THB enhance GAP43 promoter activity in SK-N-SH

cells. (A) A DNA construct containing the GAP43 promoter and an RFP reporter

sequence was used, with RFP serving as a control for transfection efficiency. (B)

Luciferase activity in SK-N-SH cells transfected with plasmids either with or without
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GAP43 promoter. Retinoic acid was used as a positive control. (C) Luciferase activity
in SK-N-SH cells transfected with plasmid and subsequently treated with the indicated
concentrations of Compound Y or THB. Data are presented as the mean + SD from at
least three independent experiments and analyzed by one-way ANOVA; *p <0.05, **p

<0.01, ***p <0.001.
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Figure 4
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Figure 4. Compound Y inhibits proliferation of primary neuroblastoma cells. (A)
Cells and the specified drugs were treated on 81-well chips through BioNDP platform.
(B) Primary neuroblastoma cells were treated with the indicated concentration of
Compound Y or THB for 24 hours. (C) HEK-293 cells were treated with the indicated
concentration of Compound Y or THB for 24 hours. Luminescence detection was
assessed using CellTiter-Glo luminescent assay. The proliferation of drug-treated cells

was compared to that of vehicle-treated cells. Data are presented as the mean + SD from
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at least three independent experiments and analyzed by one-way ANOVA; *p < 0.05,

w4 < 0.01, **%p < 0.001.
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Figure 5
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Figure 5. Ultrasound imaging of TH-MYCN mice tumors. (A) Mice with abdominal

tumors larger than 0.5 cm in diameter were selected for treatment. These mice were

randomly assigned to receive intraperitoneal injections of either a vehicle control or

Compound Y (5 mg/kg). Tumor growth was monitored via ultrasound once a week until

tumor diameter reached 1.5 cm. (B) The TH-MYCN mice were administered either a

vehicle control or Compound Y. The sonograms captured ventral views of the mice

before treatment and after one week of treatment.
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Figure 6
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Figure 6. Compound Y attenuates neuroblastoma tumor growth. (A) The TH-

MY CN mice were administered either a vehicle control or Compound Y. Tumor growth

curves for the TH-MYCN mice receiving these treatments were generated. The formula

for the regression line of the growth rate was calculated and is recorded below. The
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slope of the regression line represents the rate of tumor growth in each mouse. Tumor

volume was calculated using dimensions (width, depth, and height) obtained from

sonograms, based on a previously established formula [54]. (B) The tumor growth rate

of drug-treated cells was compared to that of vehicle-treated cells. Student's t-test;

*p<0.05.
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Figure 7
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Figure 7. Compound Y prolongs survival of TH-MYCN mice. (A) Survival curves
for the TH-MYCN mice subjected to the indicated treatments were generated using
Kaplan-Meier survival analysis. These curves illustrate the survival rates of each TH-
MYCN mouse, with statistical analysis conducted using the log-rank test (Mantel-Cox
method) via GraphPad Prism 9.0.0 software (***P < 0.001, n =5 for each group). (B)

The body weight of each mouse was monitored once per week (n =5 for each group).
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