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Abstract

Neuroblastoma (NB) is the second leading extracranial solid tumor of early childhood with about 

two-thirds of cases presenting before the age of 5, and accounts for roughly 15 percent of all 

pediatric cancer fatalities in the United States. Treatments against NB are lacking, resulting in 

a low survival rate in high-risk patients. A repurposing approach using already approved or 

clinical stage compounds can be used for diseases for which the patient population is small, and 

the commercial market limited. We have used Bayesian machine learning, in vitro cell assays, 

and combination analysis to identify molecules with potential use for NB. We demonstrated 

pyronaridine (SH-SY5Y IC50 1.70 μM, SK-N-AS IC50 3.45 μM), BAY 11-7082 (SH-SY5Y IC50 

0.85 μM, SK-N-AS IC50 1.23 μM), niclosamide (SH-SY5Y IC50 0.87 μM, SK-N-AS IC50 2.33 

μM) and fingolimod (SH-SY5Y IC50 4.71 μM, SK-N-AS IC50 6.11 μM) showed cytotoxicity 

against NB. As several of the molecules are approved drugs in the US or elsewhere, they may 

be repurposed more readily for NB treatment. Pyronaridine was also tested in combinations in SH-

SY5Y cells and demonstrated an antagonistic effect with either etoposide or crizotinib. Whereas 

when crizotinib and etoposide were combined with each other they had a synergistic effect in 

these cells. We have also described several analogs of pyronaridine to explore the structure-activity 

relationship against cell lines. We describe multiple molecules demonstrating cytotoxicity against 

NB and the further evaluation of these molecules and combinations using other NB cells lines and 

in vivo models will be important in the future to assess translational potential.
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BACKGROUND

Neuroblastoma (NB) is a rare cancer of nerve tissue that can arise anywhere in the 

sympathetic nervous system derived from the embryonic neural crest. NB accounts for 

12%–15% of all childhood cancer-related deaths and is the most common and deadly 

extracranial tumor [1, 2] with a median age at diagnosis of 18 months [1, 3]. Two-thirds 

of the NB cases present before the age of 5 and 40 percent of patients are diagnosed 

before one year of age while the number steadily decreases with increasing age [3]. NB 

develops from immature nerve cells, referred to as neuroblasts. When the neuroblast itself 

does not mature, a cancer-causing malformation occurs as early as in utero [4]. NB is most 

common in the adrenal glands however, this cancer can be found in other areas of the 

body (linked to embryonic development from the neuroblast), including the chest, spinal 

cord, and abdomen. NB therefore remains a therapeutic challenge and approximately 800 

patients are diagnosed each year in the United States [5]. NB is also characterized by a 

condition known as opsoclonus-myoclonus ataxia syndrome [6]. This syndrome consists 

of three main symptoms: opsoclonus (conjugate, multidirectional, chaotic eye movements), 

myoclonus (limb jerking that can also involve the head and face) and truncal ataxia, which 

can cause gait imbalance, sleep disturbance, cognitive dysfunction, and behavioral changes 

[3]. Unfortunately, NB mimics the symptoms of several other diseases, and diagnosis often 

occurs after the cancer has already disseminated throughout the body. Additionally, the 

prognosis worsens with increased age and advanced stage cancer [7].

Suggested cellular targets to treat NB include the Cannabinoid Receptor 2 (CNR2), 

Mitogen-Activated Protein Kinase 8 (MAPK8) [8] and Tyrosine kinase ALK/TRK. Multiple 

inhibitors of ALK/TRK have subsequently been identified for treatment, such as crizotinib, 

ceritinib, alectinib, lorlatinib and entrectinib [9]. An approach to identify new drugs for 

diseases that is attracting increasing attention is to use those that are already approved or 

at the clinical stage and repurpose them. This can be achieved using computational models 

for the disease or target to virtually screen clinically approved compounds and then test 

predicted compounds in vitro [10]. An alternative approach is to take a commercial library 

of FDA-approved drugs or clinical-stage drugs and test them all in vitro [11]. There have 

been several in vitro drug repurposing studies that have identified FDA-approved drugs that 

inhibit NB. For example, using a high-content imaging approach, over 300 drugs were tested 

on 3D spheroids of NB cells in vitro [12]. Two multiple tyrosine kinase inhibitors, ponatinib 

and axitinib, were proposed as promising candidates from this study as both drugs showed 

induction of cell-cycle block, apoptosis, and inhibition of colony formation [12]. Ponatinib 

consistently affected migration and inhibited invasion of NB cells as well as inhibited tumor 

growth in orthotopic NB mice [12]. The MYC family of transcription factors is a major 

driver of human cancer and is a potential therapeutic target for NB as MYCN is frequently 

activated in NB cells [3]. An important pathway regulated by MYC is the CKS1/SKP2/
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p27Kip1 axis, and the antidepressant drug fluoxetine disrupts CKS1/SKP2/p27Kip1 signaling 

[13].

Overall, few computational repurposing approaches have been applied to NB. For 

example, a pathway approach called iPANDA was used to identify the non-FDA approved 

antimicrobial taurolidine. Taurolidine affects MAPK and IL-10 signaling pathways which 

are cytotoxic to NB in vitro while in vivo xenograft models showed decreased tumor growth 

and increased survival [14]. Combining computational, 2D and 3D cell-based approaches 

[15] as well as patient-derived xenografts [16] may also represent another pathway to 

identifying new drugs for NB. Recently, analysis of whole-genome, whole-exome and/or 

transcriptome data from 702 neuroblastoma samples illustrated that forty percent of samples 

harbor at least one recurrent driver gene alteration, and most aberrations, including MYCN, 

ATRX, and TERT alterations, differ in frequency by age [17]. COSMIC mutational 

signature 18, is the most common cause of driver point mutations in NB, including 

most Anaplastic Lymphoma Kinase (ALK) and Ras-activating variants [17]. Currently, the 

frontline chemotherapeutic drugs (e.g., etoposide, doxorubicin, and cisplatin) for treating 

NB are all DNA damaging agents [18]. Several clinical trials for NB have involved ALK 

inhibitors, but patients with mutations in this protein will likely not respond to treatment and 

new therapies are therefore still needed. ALK is a receptor tyrosine kinase that falls within 

the insulin receptor superfamily. ALK expression is often restricted to developing nervous 

system tissues and expression levels are much lower in mature, adult brains [19]. Mutation 

and amplification of the ALK gene is associated with both familial (~1/2 familial cases) and 

somatic (9% primary NB tumors and 14% high risk) NB cases [19]. Single base mutations 

in regulatory regions of the kinase domain of ALK promote ligand independent signaling of 

ALK [19]. The three most common single base pair mutations (R1275, F1174, and F1245) 

represent ~85% of NB ALK mutations [19]. ALK is therefore an ideal target for anti-cancer 

therapeutics and several tyrosine kinase inhibitors (TKIs) (entrectinib and crizotinib) have 

shown promise in preclinical studies against NB [20]. However, clinical studies have also 

shown that TKIs have differential effects on NB cell lines with different ALK mutations 

[20].

In the absence of other options for potential treatments besides chemotherapy, it is important 

that additional small molecules are identified for NB. We, therefore, used a combination 

of machine learning techniques and in vitro cell-based assays with the NB cell lines SH-

SY5Y[21], SK-N-AS[22], and fibrosarcoma HT-1080 cell lines for comparison for drug 

discovery of molecules for NB. We have now identified multiple clinical-stage, approved 

drugs, and novel molecules with promising in vitro activity against NB that may represent 

useful starting points for future lead optimization and in vivo testing.

RESULTS

Machine learning model and in vitro testing

We built a Bayesian machine learning model using SH-SY5Y inhibition data that is publicly 

available on CHEMBL which resulted in a five-fold receiver operator characteristic (ROC) 

value of 0.94 at a threshold of 1.68 μM (Figure 1). All model statistics were >0.73 

suggesting it would be a useful model for external validation. We, therefore, used this model 
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to score an in-house library of 260 compounds and prioritize compounds for testing (Table 

S1). From these, we identified fingolimod that was active (IC50 of 4.71 μM, Figure 2, Table 

1). This compound was also tested in SK-N-AS cells and showed an IC50 6.11 μM (Figure 2, 

Table 1).

Cell assays

We also performed cell-based screening of compounds (nilotinib, chlorpropamide, 

GW2961115, lumefantrine, mirtazapine, arbidol, dipyridamole, mefexamide hydrochloride, 

nimorazole, quinacrine, pyronaridine, BAY 11-7082, niclosamide and pyronaridine) and 

identified BAY 11-7082 (IC50 0.85 μM), niclosamide (IC50 0.87 μM) and pyronaridine (IC50 

1.70 μM) as active against the SH-SY5Y cell line (Figure 2, Table 1). These molecules 

were also scored with our SH-SY5Y inhibition machine learning model for comparison 

(Table S1). These compounds were further tested in SK-N-AS cells and had similar levels 

of inhibition: pyronaridine IC50 3.45 μM, BAY 11-7082 IC50 1.23 μM and niclosamide IC50 

2.33 μM (Figure 2, Table 1).

We explored the structure-activity relationship and synthesized analogs of pyronaridine, 

which were then evaluated in the SH-SY5Y and SK-N-AS NB cell lines as well as in 

HT1080 fibrosarcoma cell lines. The pyronaridine analogs 12126038 and 12126040 showed 

potency comparable to pyronaridine, with IC50’s of 3.41 μM and 1.20 μM, respectively 

in SH-SY5Y (Figure 2B), and in SK-N-AS with IC50’s of 5.40 μM and 3.89 μM (Figure 

2D). 12126038 and 12126040 also showed IC50’s of 6.09 μM and 3.6 μM respectively 

for fibrosarcoma HT1080 cells (Figure 2E). The structures of these and other pyronaridine 

analogs and IC50 values in different cell lines are described in Table 1.

Combination Analysis

BRAID analysis [23] (Figure S1) of pyronaridine with crizotinib as well as pyronaridine 

with etoposide in vitro inhibition data from the checkerboard assay indicates an antagonistic 

effect of these molecules in SH-SY5Y neuroblastoma cells as both have negative κ values. 

Interestingly, a synergistic affect was identified using BRAID analysis with the combination 

of crizotinib and etoposide with a κ of 3.46 (Table 2).

Cathepsin D

We evaluated if pyronaridine could inhibit Cathepsin D using a fluorescent enzymatic assay 

and found pyronaridine inhibited Cathepsin > 50% at the highest concentration tested (200 

μM, Figure S2). This might however be physiologically relevant because pyronaridine is a 

lysosomotropic compound accumulating in the lysosome [24].

DISCUSSION

The efficacy of ALK inhibitors in patients with ALK-mutant neuroblastoma is limited, and 

there is therefore a need to improve their effectiveness in these patients. ALK F1174L 

and F1174C mutations were previously identified as acquired resistance mutations in 

oncogenic ALK fusion proteins during crizotinib and ceritinib treatments, respectively 

[25, 26]. In the clinical studies of crizotinib and ceritinib in pediatric patients with ALK-
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driven neuroblastoma, most tumors harboring R1275Q-mutated ALK did not respond to 

the treatments even though cells with the R1275Q mutation are sensitive to both drugs 

[27]. This suggests there is still a need for discovery of new molecules for NB. We 

used SH-SY5Y and SK-N-AS NB cell lines for our drug discovery studies. SH-SY5Y 

has non-amplified MYCN, it has the ALK F1174 L mutation, and it is TP53 WT [28], 

while SK-N-AS has a single copy of the MYCN gene (thus showing no overexpression 

of this gene [29]), the cells express WT ALK at low levels [30] and a truncated p53 (β 
isoform) [31]. Therefore, in SK-N-AS, the p53β isoform is unable to induce endogenous 

p21 expression [31]. A previous study has shown that in NB SH-SY5Y cells bearing the 

wild-type p53, the p53 accumulated in response to cisplatin and can promote apoptosis, 

whereas SK-N-AS cells, which have a truncated form of p53 did not undergo apoptosis [32].

Our SH-SY5Y inhibition Bayesian model generated with publicly available data had 

excellent 5-fold cross validation statistics (Figure 1) and fingolimod (Figure 2) was 

identified using this. We have also described a cell-based screening for NB which 

resulted in the identification of several new hits with promising activity in vitro. In 

our study, fingolimod showed an IC50 4.71 μM in SH-SY5Y and an IC50 6.11 μM 

in SK-N-AS (Figure 2, Table 1) and represents an off-patent FDA approved drug that 

targets sphingosine-1-phosphate as a receptor modulator for lymphocyte circulation and 

in turn, acts as an immunomodulator. Fingolimod is currently used to treat multiple 

sclerosis [33]. Interestingly, this molecule has previously been identified as active against 

NB [34] and the sphingosine-1-phosphate receptor is considered an important target for 

chemoresistance [35]. We also identified BAY-7082, an NF-κB inhibitor, that is also known 

to induce apoptosis and S-phase arrest in gastric cancer cells [36]. BAY 11-7082 is an 

anti-inflammatory agent due to its ability to prevent NF-KB activation [37, 38] by inhibiting 

protein tyrosine phosphorylation and thereby blocking the function of IKK, effectively 

maintaining NFKB in an in-active form [37]. Inflammation is associated with cancer 

phenotypes as it promotes DNA damage, angiogenesis, and cell proliferation (activated 

NF-KB prevents apoptosis) [39]. BAY 11-7082 showed an improved IC50 in NB cells over 

crizotinib and entrectinib, demonstrating an IC50 of 0.85 μM in SH-SY5Y and IC50 1.35 

μM in SK-N-AS NB cell lines (Figure 2 A, C). BAY 11-7082 (30 μM) induced complete 

cell death in all 10 multiple myeloma cell lines as well as in the large majority of primary 

multiple myeloma samples [40]. BAY 11-7082 has previously shown anti-tumor effects on 

bladder, breast, esophageal, lung, and gastric cancers [41-44]. However, BAY 11-7082 has 

not previously been in clinical trials against any cancers to our knowledge. The antiparasitic 

niclosamide was also identified in this study (IC50 0.87 μM in SH-SY5Y and IC50 2.33 μM 

in SK-N-AS cells, Figure 2A, C) and is a drug used for treating tapeworm, which is part of 

World Health Organization’s List of Essential Medicines. This drug has been shown to have 

several other uses [45, 46] although it is poorly orally available. Niclosamide was recently 

identified for NB using a gene expression-based approach and demonstrated efficacy in a 

xenograft model [47] SK-N-DZ (MYCN-amplified) and SK-N-AS (MYCN-nonamplified). 

Notably, treatment of these xenografts with niclosamide led to reduced tumor growth and 

improved survival with no apparent toxicity [47].

A compound of interest, based on our previous work [48], is the antimalarial pyronaridine, 

which we have now shown has an IC50 of 1.7 μM in SH-SY5Y (Figure 2A) and IC50 
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of 3.45 μM in the SK-N-AS cell lines. We have previously demonstrated cytotoxicity for 

this molecule against Vero (IC50 1.3 μM [49]) HeLa (IC50 3.1-4.1 μM [50]) and most 

recently tested in A549+ACE2 and other human cell lines (IC50 >10 μM [48]) cells. 

Artesunate-pyronaridine (Pyramax) is a combination therapy for malaria [51], that has 

been approved in Europe since 2017. Pyronaridine is an approved drug for malaria despite 

having a Mannich base group which has been associated with promiscuous compounds. 

Our group has been testing the activity of this compound extensively among many targets, 

and we have found that it does not appear to be promiscuous. For example, screening 

of pyronaridine (tested at 1 μM) against 485 kinases identified only two as having mean 

percent inhibition greater than 30% including CAMK1 (35%) and MELK (31%) [52]. 

Pyronaridine has a well-characterized antiviral activity against select viruses e.g. Ebola 

and COVID-19 in vitro [48, 53] and in vivo [49, 52] but does not appear to target 

many other viruses as described in these publications. Pyronaridine has previously been 

shown to have potent cytotoxicity on human breast and hematological cancer cells through 

induction of apoptosis [54]. Pyronaridine has been screened by the National Cancer Institute 

developmental therapeutics program against various breast, central nervous system, colon, 

leukemia, melanoma, non-small cell lung cancer, ovarian, prostate and renal cancer cell 

lines [55] but not neuroblastoma. A study of pyronaridine as a single oral dose (400 mg) 

given to a healthy volunteer found a Cmax in plasma of 495.8 ng/ml at a Tmax of 0.5 h 

[51, 56], which provides a concentration close to 1 μM, however, pyronaridine preferentially 

associates with blood cells and is highly plasma protein bound [51], which suggests that 

it can potentially reach the concentration necessary to have an effect on NB cells at a 

higher dose. Pyronaridine induced apoptosis via mitochondrial depolarization, Caspase 3 

activation, inhibition of cell cycle progression and by directly intercalating with cellular 

DNA at high concentrations [54]. The pro-apoptotic activity of pyronaridine and its capacity 

to inhibit cancer cell growth have led to the potential use for the treatment of cancer. In 

addition, we have found inhibition of Cathepsin D at high concentrations (Figure S2). This 

target is unlikely to have a role in the cytotoxicity observed in NB, since pyronaridine is 

a lysosomotropic drug [24]. Cathepsin is well known aspartyl protease and is an important 

regulator of apoptotic pathways in cells [57]. A study performed on the human SH-SY5Y 

cell line demonstrated the cathepsin D involvement in the mitophagy process [58]. High 

levels of cathepsin D were also observed in breast, ovarian, colorectal, prostate, bladder 

cancer and melanoma [57]. Cathepsin D was additionally shown to have pro-angiogenesis, 

pro-apoptotic, pro-invasive and pro-metastatic properties [57]. In recent research, it has 

become evident that the lysosome is important in drug resistance phenotypes [59]. As 

pyronaridine is a lysosomotropic compound [24], we evaluated combination therapies of 

pyronaridine with etoposide and pyronaridine with crizotinib, to verify if they had any 

synergistic effect. Because of the weak base characteristics of lysosomotropic compounds, 

they can accumulate in the lysosomal lumen and elevate pH, inducing lysosomal membrane 

permeabilization [60]. One possibility for combination therapies to overcome resistance is 

to explore the use of lysosomotropic adjuvants, that could cause intracellular redistribution 

of chemotherapic drugs from the lysosomal lumen to the cytosol and subsequently to their 

sites of action [59]. Interestingly, pyronaridine did not enhance the effect of etoposide, 

showing a κ −0.746 in the BRAID analysis, showing a mild antagonistic effect if these drugs 

are used in combination (Table 2 and Fig S1B). Etoposide is a widely used chemotherapy 
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medication for the treatment of several types of cancer including testicular cancer, lung 

cancer, lymphoma, leukemia, neuroblastoma, and ovarian cancer. Etoposide forms a ternary 

complex with DNA and the topoisomerase II (Topo II) enzyme. Our combination treatment 

in vitro showed that etoposide and crizotinib work synergistically (Table 2, Fig S1C) as 

determined by BRAID analysis with a κ of 3.46. This was expected, since crizotinib and 

another topoisomerase inhibitor, topotecan, are reported to also act synergistically [61, 

62]. Cancer cells rely on Topo II more than healthy cells since they divide more rapidly. 

Therefore, this causes errors in DNA synthesis and promotes apoptosis of the cancer cell 

[63]. Interestingly, pyronaridine has been suggested to function as an inhibitor of Topo II 

in P. falciparum in vitro, with a concentration of 11 μM required for complete inhibition of 

DNA decatenation by the parasite enzyme [64]. Subsequently, it was found that pyronaridine 

showed little inhibitory activity against P. falciparum Topo II in situ, with the parasite 

maintained under continuous culture in vitro and it was concluded that P. falciparum Topo II 

is not the specific target of pyronaridine in this parasite [64]. To our knowledge, the activity 

of pyronaridine against human Topo II has not been investigated. Pyronaridine and crizotinib 

showed a mild antagonist effect, with a κ −0.640 (Table 2, Figure S1A).

Treatment of NB patients diverges extensively between the different risk groups [1] as 

treatment of high-risk patients involves an intense induction chemotherapy regimen that 

includes cisplatin, vincristine, carboplatin, etoposide and cyclophosphamide [1]. NB is 

therefore one of the deadliest malignancies of childhood and needs refinement of the current 

treatment protocols, including the use of more targeted therapies, (both pharmacologically 

and cellular) which more closely reflects the molecular landscape of individual tumors. 

This will require the continued analysis of the influence of cells within the tumor 

microenvironment in order to search for novel therapy options [1]. We used a combination 

of machine learning techniques and cell-based assays to identify molecules with potential 

use for NB treatment. We identified several molecules, with low μM NB activity for this 

cancer including niclosamide, BAY-7082, pyronaridine and pyronaridine analogs (12126038 

and 12126040) in the SH-SY5Y NB cell line.

The relapse and chemoresistance in cancers, including NB, is often associated with the 

inactivation of the p53 tumor suppressor. p53 mutations are unusual in human NB but, when 

they do occur, are found in post-chemotherapy tumors. We studied the compounds identified 

for SH-SY5Y in SK-N-AS NB cells. SK-N-AS presents C-terminal homozygous deletion in 

p53 [32]. Pyronaridine and analogs 12126038 and 12126040 were also tested in SK-N-AS 

cells, with similar IC50s (Table 1, Fig 2 D) suggesting no impact for p53. Interestingly, 

pyronaridine, pyronaridine analogs, niclosamide and BAY-7082 showed increased potency 

when compared to crizotinib in the SK-N-AS NB cell lines (Table 1). Some of these 

compounds could perhaps be used as a starting point to develop higher affinity inhibitors 

for NB and further understand their mechanism. Besides NB SH-SY5Y and SK-N-AS 

cells, these compounds were also active against fibrosarcoma HT-1080 cells which might 

suggest a use in further cancers (Table 1). Pyronaridine provides a relatively new scaffold 

to be explored for cancer treatments as the major developments in this field over the past 

decades have been focused on developing kinase inhibitors. Since it has been shown that 

pyronaridine is safe to use in humans suffering from malaria from the various clinical trials 

[51], it could also have potential use as a therapeutic against cancer. The combination of 
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artesunate-pyronaridine is on the WHO list of medicines for malaria. A single-oral dose 

(400 mg) of pyronaridine given to a healthy volunteer showed a Cmax in plasma of 495.8 

ng/mL at a Tmax of 0.5 h, which gives a concentration close to 1 μM [51, 56]. In our study, 

pyronaridine showed an IC50 1.70 μM in SH-SY5Y which is very close to a Cmax of 1 

μM. We also describe BAY 11-7082 as having an improved IC50 against NB than crizotinib 

and entrectinib in NB SH-SY5Y and SK-N-AS cells, and this compound might also be 

worthy of further evaluation in other NB cells lines that are refractory to treatment with 

ALK inhibitors.

In conclusion, this work builds on our earlier efforts demonstrating the application of 

Bayesian machine learning models for chordoma and their application to scoring compounds 

prior to in vitro testing [65]. We have demonstrated how both computational and focused in 
vitro screening offer compound selection and repurposing opportunities for testing against 

other cancers in vitro.

METHODS

Compounds

Compounds fingolimod, BAY 11-7082, niclosamide, entrectinib and crizotinib were 

purchased from MedChemExpress (MCE, Monmouth Junction, NJ). Pyronaridine 

tetraphosphate was purchased from BOC Sciences (Shirley, NY). Etoposide was purchased 

from Chemspace (Monmouth Junction, NJ). Quinacrine hydrochloride was purchased from 

Cayman Chemical (Ann Arbor, MI). Compounds were dissolved in DMSO before dilution 

in cell culture media for cell-based assays. Pyronaridine analogs were synthesized as 

previously reported [66].

Machine learning

Public data from ChEMBL [67] was obtained for compounds screened against the SH-SY5Y 

cell line (IC50 data from Target ID 614910) and then used to generate a Bayesian machine 

learning model with Assay Central software [68] and the extended connectivity fingerprint 

(ECFP6) descriptor. Assay Central models include the following metrics for internal 

predictive performance by five-fold cross-validation: Recall, Precision, Specificity, F1-

Score, Receiver Operating Characteristic (ROC) curve, Cohen’s Kappa, and the Matthews 

Correlation Coefficient. Classification models require an activity threshold, and we have 

applied a threshold selection to optimize performance. This model was then used to score 

an in-house library (totaling 260 compounds at the time) before the selection of several 

compounds for testing. Assay Central predictions include a probability-like score (were 

values above 0.5 considered an active prediction) and an applicability score which assesses 

the representation of the predicted molecule within the training set [69].

Cell lines and culture

SH-SY5Y NB cells were generously provided by the Catalyst for Rare Diseases (UNC 

Eshelman School of Pharmacy). SK-N-AS NB and CCD-sk fibroblast cells were purchased 

from the Tissue Culture Facility at the University of North Carolina at Chapel Hill. HT1080 

fibrosarcoma cells were purchased from Sigma Aldrich. All cell lines were cultured with 
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a 1:1 mixture of DMEM and Ham’s F12 Medium with L-glutamine and 15 mM HEPES 

(Gibco, Life Technologies, NY, USA) supplemented with 10% Fetal Bovine Serum (FBS) 

(Invitrogen). All cells were cultured in an atmosphere of 37°C and 5% CO2.

Cell viability assay and IC50 determination

NB (SH-SY5Y and SK-N-AS) and fibrosarcoma (HT1080) cells were seeded into clear, 

flat bottom 96-well plates at a density of 1x104 cells/well in a total volume of 200 μl 

culture media containing drugs dissolved in DMSO starting 50 μM and subsequently diluted 

two-fold for an additional 8 dilutions (final 0.195 μM) or DMSO alone. DMSO was present 

in all wells at a final concentration of 0.5%. Cells containing drug or DMSO alone were 

incubated for 48 h at 37°C, 5% CO2 after which resazurin (Sigma Aldrich) was added to a 

final concentration of 0.0125 mg/ml to measure cell viability. Fluorescence was measured 

after incubating the cells with resazurin for 8 h for NB cells and for 3 h for fibrosarcoma 

cells by Spectramax ID5 (Molecular Devices). Fluorescence intensity was measured using 

an excitation filter of 544 nm and an emission filter of 590 nm. Each experiment contained 

3 replicates of each drug concentration and all experiments were performed at least twice. 

Percent inhibition of each drug was calculated relative to the DMSO-only control. Non-

linear regression analysis was performed using Prism version (Version 8.4.1, GraphPad 

Software, San Diego, CA) was used to determine the 50% inhibitory concentration (IC50) 

from fitted curves (four parameter log agonist versus response variable slope). Error bars of 

dose-response curves represent the SEM of replicates.

Dual compound synergy assays and BRAID analysis

NB SH-SY5Y cells were seeded into 96-well plates at a density of 1x104 cells/well in a 

total volume of 200 μl culture media containing either a single drug dissolved in DMSO, 

two drugs (combination) both of which were dissolved in DMSO, or DMSO alone (0.5%). 

Drug combinations were set up in a 6 x 6 matrix with 1:3 dilutions of drug starting at 25 

μM. Cells were incubated in the presence of a single drug, drugs in combination, or DMSO 

alone for 48 h 37°C, 5% CO2, after which resazurin (Sigma Aldrich) was added to a final 

concentration of 0.0125 mg/ml to measure cell viability. Fluorescence was measured after 

incubating the cells with resazurin for 8 h using an Spectramax ID5 (Molecular Devices) 

and an excitation filter of 544 nm and an emission filter of 590 nm. Each experiment was 

repeated in quadruplicate. Determination of synergy was analyzed for synergistic, additive, 

or antagonistic effects of the drugs in combination using or BRAID software [23] where k 

represents a quantitative synergy value, k < 0 implies antagonism, k = 0 implies additivity, 

and k > 0 implies synergy [23].

Cathepsin D

We tested the activity of pyronaridine against Cathepsin D using the Abcam (Cambridge, 

UK) Cathepsin Inhibitor Screening Kit, which is a fluorescence-based assay that utilizes 

the preferred cathepsin D substrate sequence GKPILFFRLK(Dnp)-D-R-NH2) labeled with 

MCA according to manufacturer’s instructions with a few modifications. The assay was 

performed using 384 well plates in a total volume of 25 μL reaction. Dose-response curves 

were performed at 37 °C for 2 h, and pyronaridine was pre-incubated with Cathepsin D for 

15 min prior to adding the substrate. Cathepsin D cleaves the synthetic substrate to release 
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the quenched fluorescent group MCA, which might then easily be measured employing a 

fluorometer or fluorescence plate reader at Ex/Em = 320/420 nm. The relative efficacy of 

test inhibitors is compared to the positive control inhibitor, Pepstatin A (IC50 < 0.1 nM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Five-fold ROC plot for the Bayesian neuroblastoma activity model. Abbreviations: Kappa = 

Cohen’s Kappa, MCC = Matthews Correlation Coefficient.
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Figure 2. 
Dose-response curves of compounds tested in SH-SY5Y (A, B), SK-N-AS (C, D) and 

HT-1080 (E). Control compounds crizotinib IC50 0.92 μM in SH-SY5Y and IC50 12.12 μM 

in SK-N-AS and entrectinib IC50 1.60 in SH-SY5Y and IC50 4.47 μM in SK-N-AS.
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Table 1.

Compounds tested in NB SH-SY5Y and SK-N-AS, and fibrosarcoma HT-1080. Blank: not tested NA: 

Ambiguous fit.

Structure Compound Average IC50
SH-SY5Y

Average IC50
SK-N-AS

Average IC50
HT-1080

Pyronaridine 1.70 μM 3.45 μM 4.23 μM

12126040 1.20 μM 3.86 μM 3.6 μM

12126036 NA NA NA

12126038 3.41 μM 5.40 μM 6.09 μM

12126039 9.70 μM NA 13.77 μM

12126035 Drug did not inhibit at 5 μM NA NA

12126037 Drug did not inhibit at 5 μM NA NA

12126072 Drug did not inhibit at 5 μM NA NA
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Structure Compound Average IC50
SH-SY5Y

Average IC50
SK-N-AS

Average IC50
HT-1080

10326099 Drug did not inhibit at 5 μM NA NA

Quinacrine 8.57 μM NA 29.1 μM

Crizotinib 0.92 μM 12.12 μM NA

Bioorg Med Chem. Author manuscript; available in PMC 2023 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rank et al. Page 19

Table 2:
Combination therapies and BRAID analysis.

The variable κ represents a quantitative synergy value where κ < 0 implies antagonism, κ = 0 implies 

additivity, and κ > 0 implies synergy. As an additional reference, “strong synergy” corresponds to κ = 2.5, 

“mild synergy” corresponds to κ = 1, “mild antagonism” corresponds to κ = −0.66, and “strong antagonism” 

corresponds to κ = −1.

Compound 1 Compound 2 Κ (average of 4 experiments)

Pyronaridine Crizotinib −0.640

Pyronaridine Etoposide −0.746

Crizotinib Etoposide 3.46
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