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Abstract

High-risk neuroblastoma (NB) is lethal childhood cancer. Published data including ours

have reported the anti-proliferative effect of Xanthohumol (XN), a prenylated chalcone, in

various cancer types suggesting that XN could be a useful small molecule compound

against cancer. The TNF-Related Apoptosis-Inducing Ligand (TRAIL) is an endogenous

ligand that is expressed in various immune cells. TRAIL mediates apoptosis through binding

of transmembrane receptors, death receptor 4 (DR4) and/or death receptor 5 (DR5). Cancer

cells are frequently resistant to TRAIL-mediated apoptosis, and the cause of this may be

decreased expression of death receptors. This study aimed to identify combination thera-

pies that exploit XN for NB. First, the effect of XN on cellular proliferation in human NB cell

lines NGP, SH-SY-5Y, and SK-N-AS were determined via MTT assay, colony forming

assay, and real-time live cell imaging confluency. XN treatment causes a statistically signifi-

cant decrease in the viability of NB cells with IC50 values of approximately 12 μM for all

three cell lines. Inhibition of cell proliferation via apoptosis was evidenced by an increase in

pro-apoptotic markers (cleaved PARP, cleaved caspase-3/-7, and Bax) and a decrease in

an anti-apoptotic marker, Bcl-2. Importantly, XN treatment inhibited PI3K/Akt pathway and

associated with increased expression of DR5 by both mRNA and protein levels. Further-

more, a statistically significant synergistic reduction was observed following combination

treatment (50%) compared to either TRAIL (5%) or XN (15%) alone in SK-N-AS cells.

Therefore, this study shows XN treatment reduces NB cell growth via apoptosis in a dose-

dependent manner, and enhanced growth reduction was observed in combination with

TRAIL. This is the first study to demonstrate that XN alters the expression of DR5 as well as

the synergistic effect of XN on TRAIL in NB and provides a strong rationale for further pre-

clinical analysis.
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Introduction

Neuroblastoma (NB) is a devastating cancer of the sympathetic nervous system that predomi-

nantly strikes children [1, 2]. Young children have a better outcome due to a higher rate of

spontaneous regression and are more amenable to current therapies. However, nearly all

patients over 18 months of age relapse, especially those with high-risk features, such as

advanced stage, chemoresistance, relapsed disease, and amplification of MYCN [1–6]. MYCN

is an oncogene that produces the N-myc protein and is associated with high-risk NB [7].

Relapsed NB is extremely difficult to cure, as it is notoriously resistant to traditional modali-

ties, so new therapeutic strategies and adjunctive compounds are integral [8].

Utilizing natural products as lead compounds is a useful and practical method in drug

development. One such compound, Xanthohumol (XN) (Fig 1), a prenylated chalcone found

in hops, inhibits tumor cell proliferation and angiogenesis, and induces apoptosis in a variety

of cancer cells [9–13]; however, the mechanism by which XN functions is not well understood

[12, 14–19]. Our recent publications demonstrate XN activity against pancreatic, hepatocellu-

lar, and cholangiocarcinoma in vitro [10, 11, 13]. Currently, a phase I clinical trial is ongoing

to test XN activity in humans (NCT 02432651). A single dose pharmacokinetic study in

humans identified XN in plasma with a mean half-life of 18 and 20 hours for the 60 and 180

mg doses, respectively [20], by liquid-chromatography tandem mass spectrometry [21, 22].

Furthermore, oral administration of XN (50 μg/mouse, approximately 2.5 mg/kg) delayed

tumor progression and reduced the cell growth of poorly differentiated prostate carcinoma in

transgenic mice containing adenocarcinoma of the mouse prostate (TRAMP) [12]. The con-

centration of XN used for in vitro studies on prostate cancer cells was between 20–40 μM [12,

15, 23]. Recently, we reported that there was a delay in tumor progression in cholangiocarci-

noma xenograft after XN treatment [13]. Another agent of interest is the TNF-related apopto-

sis-inducing ligand (TRAIL) cytokine which is expressed in various immune cells including

CD4+ T cells, NK cells, macrophages, and dendritic cells and binds to death receptor 5 (DR5)

to induce apoptosis [24]. This receptor is considered part of the extrinsic as well as the intrinsic

pathway of apoptosis [25–27]. Several reports have suggested that highly malignant N-type NB

cell lines are resistant to TRAIL-mediated cell death, whereas more differentiated and nonin-

vasive S-type NB cell lines remain susceptible to TRAIL [28–30]. Up-regulation of DR5 is

important for sensitivity to TRAIL-induced apoptosis and is a transcriptional target of p53

[31]. Deletion of DR5 causes resistance to TRAIL-mediated apoptosis as well as an abrogated

response to DNA damaging stimuli, while induction of DR5 promotes cancer cell death. It was

suggested that the activation of AKT may also contribute to the development of TRAIL resis-

tance in prostate cancer cells [32, 33]. Both XN and TRAIL have therapeutic potential, and this

study looks at the effect of these compounds in NB cell lines.

We have previously shown the effect of XN on a series of organ-specific tumors in vitro;

however, the effect of XN on TRAIL-induced apoptosis is not fully understood. Here, we

sought to investigate the role of XN on a panel of NB cell lines and demonstrate that XN sensi-

tizes NB cells to TRAIL-induced apoptosis through DR5 expression. Therefore, we believe XN

and TRAIL have a synergistic effect on NB cell lines.

Materials and methods

Cell culture and reagents

Three human neuroblastoma (NB) cell lines (SK-N-AS, NGP, and SH-SY-5Y) were used in

this study, and SK-N-AS and SH-SY-5Y were purchased from ATCC. The NGP was a kind gift

from Dr. Thiele. The cells were grown in Roswell Park Memorial Institute Media (RPMI; Life
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Technologies, Carlsbad, CA), supplemented with 10% fetal bovine serum (Sigma-Aldrich,

St. Louis, MO), 100 IU/mL penicillin, and 100 μg/mL streptomycin (Life Technologies) in a

humidified atmosphere of 5% CO2 in air at 37˚C. Xanthohumol (Tocris, Minneapolis, MN or

Selleckchem, Houston, TX) was dissolved in dimethyl sulfoxide (DMSO: Sigma-Aldrich) to

prepare stock solutions of 50 mM. An equivalent volume of DMSO alone served as a negative

control. TRAIL/Apo-2L was purchased from PeproTech (Rocky Hill, New Jersey, USA) and

stored in aliquots at -80˚C.

Cellular proliferation assays

NB cell proliferation was measured using a 3-(4, 5-dimethylthiazole-2-yl)-2, 5-diphenyl tetra-

zolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO) assay per manufacturer instructions

and our earlier reports [10, 11, 13]. Cells were seeded in 96-well plates and treated with differ-

ent concentrations of XN for up to 96 hours. For combination study of XN and TRAIL cells

were incubated for 48 hours. The results represent the average of three experiments, each con-

ducted in quadruplicate. Values were calculated to percent growth relative to vehicle control

(0.1% DMSO). Statistical analysis was performed using the online software IBM SPSS (IBM,

North Castle, NY). Unpaired t-tests were performed on each data set and P-values <0.05 were

considered significant.

Colony formation assay

To further assess the ability of XN to reduce cellular proliferation, the colony-forming ability

was determined by the measurement of the colonogenic cell survival. Cells were plated onto

6-well plates and treated with various concentrations of XN for 3 days. Then, media was

removed and replaced with XN-free media. Following one week, media was again removed,

and the cells were fixed with crystal violet staining and photographs were taken using Molecu-

lar Imager ChemiDoc XRS+ imager with image lab software (Bio-Rad, Hercules, CA). Colo-

nies were then counted and compared to control.

Fig 1. Chemical structure of Xanthohumol.

https://doi.org/10.1371/journal.pone.0213776.g001
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Noninvasive cellular proliferation assay in real-time

Using IncuCyte Live-Cell Imaging systems (Essen Bioscience, Ann Arbor, MI), cellular prolif-

eration of NB cancer cell lines was measured as previously described [34]. Briefly, SK-N-AS

(2000 cells/well), NGP (2000 cells/well), and SH-SY-5Y (5000 cells/well) were plated onto a

96-well plate and incubated at 37˚C for 12 hours. The cells were then treated with varying con-

centrations of XN (0–30 μM) for up to 96 hours. The cells were imaged every 2 hours using a

10× objective for the duration of the incubation. Cell confluence was calculated using IncuCyte

2011A (Essen Bioscience Inc, Ann Arbor, MI) software. The cell proliferation was expressed

and graphed as an increase in confluence percentage as described [10, 11, 13].

Cell player YOYO-1 cytotoxicity assay

This assay is based on the membrane integrity of the cells and the use of YOYO-1 iodide (491/

509) (Life Technologies), 491/509, a fluorescent dye and CellPlayer Kinetic Caspase3/7 Apo-

ptosis reagent (Life Technologies). Cells were plated in 96-well plates and incubated overnight.

Then the cells were treated with various concentrations of xanthohumol, YOYO-1 (1:10000),

and CellPlayer (1:10000), and continued to incubate in an Incucyte for 96 hours. Images of

both phase-contrast and fluorescence were collected every 2–4 hours and analyzed using Incu-

Cyte 2011A (Essen Bioscience Inc, Ann Arbor, MI) software.

Analysis of apoptosis by flow cytometry

Apoptosis assay was carried out using Annexin V-FITC Apoptosis Detection Kit (Sigma) as

described by the manufacturer. Briefly, XN treated cells were collected and washed with PBS.

Then the pellet was suspended in binding buffer, 3 μl Annexin V-FITC and 5 μl of PI from the

kit for 15 min in dark. Finally, the cells were analyzed using Galios, Beckman-Coulter flow

cytometry. The data were analyzed using Kaluza flow cytometry analysis V1.2 software. Each

experiment was performed in triplicates and repeated once.

Western analysis

NB cell lysates were isolated following 3 days of XN-treatment (0–15μM) using the radioim-

munoprecipitation assay buffer (RIPA; Thermo Fischer Scientific). Denatured cellular extracts

(20 μg) were boiled with equal volumes (1:1) of loading dye (2% sodium dodecyl sulfate, 20%

glycerol, 0.1mol/L Tris 5, 13-mercaptoethanol, 0.04% bromophenol blue) for 5 min and elec-

trophoresed through 7.5%, 10%, and/or 12% Mini-Protean TGX gels (Bio-Rad Laboratories).

The proteins were then transferred onto nitrocellulose membranes (Bio-Rad Laboratories),

blocked in milk solution (5% dry skim milk and 0.05% Tween-20 in 1X PBS) for 1 h, and incu-

bated in primary antibody overnight at 4˚C.

Antibodies against GAPDH (1:5000), Bax (1:200), cyclinD1 (1:500), and cleaved PARP

(1:1000) were purchased from Santa Cruz Biotechnology and cleaved caspase-3 (1:1000), DR5

(1:1000), Bcl-2 (1:1000), and phosphorylated AKT ser 473 (1:1000) were obtained from Cell

Signaling Technology Inc., respectively. Following overnight incubation, membranes were

washed thrice in a wash buffer containing 1x phosphate buffered solution containing 0.05%

Tween-20 buffer. Following the successful wash, the membranes were incubated in either

HRP-conjugated goat anti-rabbit IgG antibody (1:10000 dilution) or goat anti-mouse IgG anti-

body (1:10000 dilution) for 90 minutes. After incubation, the membranes were washed 3 X 5

times with wash buffer. The proteins were then visualized using SuperSignal West Femto

(Pierce), Immun-Star (Bio-Rad), or Dura (Pierce) kits per manufacturer instructions. The
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membranes were then imaged to capture the band intensity using the Molecular Images

Chemi-Doc XRS+ imager (Bio-Rad).

Detection of DR5 mRNA expression

Reverse transcription-PCR was conducted to quantify DR5 gene expression using mRNA

from control or XN-treated cells as previously described [11] using GAPDH (glyceraldehyde

3-phosphate dehydrogenase) as internal control mRNA. DR5, 50-GACCTAGCTCCCCAGCAG
AGAG-30 (sense) and 50-CGGCTGCAACTGTGACTCCTAT-30 (antisense) and GAPDH; for-

ward 50-ACCTGCCAAATATGATGAC-30 and reverse 50-ACCTGGTGCTCAGTGTAG-30)
were used for RT-PCR.

Caspase-3 and -7 activities

Caspase-Glo 3/7 Assay kit (Promega) was used to measure the cleaved caspase-3 and -7 activi-

ties from cell lysates after xanthohumol treatment as described previously [11]. Following drug

treatment and cell lysis, a luminogenic caspase-3/7 substrate containing the tetrapeptide

sequence DEVD was added to the cell lysate. Then the luminescence was measured in triplicate

samples using Infinite M200PRO Microplate reader (TECAN).

Statistical analysis

One-way ANOVA analysis was performed using a statistical analysis software package (IBM

SPSS Statistics version 22). A p value of<0.05 was considered significant. Data was repre-

sented as + SE.

Results

Xanthohumol treatment suppresses neuroblastoma cell growth

Cellular growth of NB cell lines was determined via MTT assay. As shown in Fig 2A, there

was a dose-dependent suppression of cellular growth in all three NB cell lines compared to

vehicle (DMSO) controls after 3 days of treatment. The IC50 value was approximately 12 μM

(P� 0.01) for all cell lines. To confirm the growth suppression by XN, colony forming assay

was performed (Fig 2B). In SK-N-AS and NGP cell lines, there was a significant reduction in

colony formation with increasing concentrations of XN, beginning at concentrations greater

than 10 μM which is depicted as a bar graph (Fig 2C).

Live cell imaging was also used to further demonstrate the role of XN on cellular prolifera-

tion. Live cell image assay can be used as a surrogate marker for cellular proliferation, as this

allows us to calculate the confluency. When compared to control (DMSO), cellular growth

(Fig 2D–2F) is reduced in each NB cell line in a dose-dependent manner.

Xanthohumol induces apoptosis in neuroblastoma cells

We have shown that XN treatment induces apoptosis in other cancer types [10, 11, 13]. There-

fore, to investigate the mechanism by which XN inhibited cellular growth, Western analyses

were performed to check the levels of apoptosis-related markers. As seen in Fig 3A, XN treat-

ment induced the expression of pro-apoptotic markers cleaved caspase-3, cleaved PARP, and

Bax in all three cell lines in a dose-dependent fashion. Additionally, XN treatment decreased

the expression of anti-apoptotic protein Bcl-2 in all three NB cell lines. Cleaved caspase-3 and

-7 activities were increased with XN treatment in all three cell lines confirming the apoptotic

induction (Fig 3B). This was further confirmed by Annexin V-FITC flow cytometry (Fig 3C),

and the measurement of kinetic activation of Caspase3/7 (Fig 3D). These findings suggest that
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XN’s antiproliferative effect on NB is through apoptosis, consistent with previous studies in

other cancer types.
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Fig 2. Effects of XN on NGP, SH-SY-5Y, and SK-N-AS cellular proliferation. MTT assay (A), Colony forming unit (B-C), and IncuCyte Live-Cell imaging

(D-F) demonstrate a dose-dependent reduction in cell growth compared to control. � p<0.05; �� p<0.001; ��� p<0.0001.

https://doi.org/10.1371/journal.pone.0213776.g002
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Fig 3. XN induces apoptosis in NGP, SH-SY-5Y, and SK-N-AS cells. A. Western blot analysis showed an increase in

apoptotic markers, cleaved PARP, cleaved caspase 3 (CC3) and Bax after treatment with XN for 72hrs. This was associated with

a reduction in anti-apoptotic protein, Bcl-2. B. Caspase-3/-7 activities increased in a dose-dependent fashion in XN-treated

NGP, SK-N-AS, and SH-SY-5Y cells. � p<0.05; �� p<0.001; ��� p<0.0001. (C). Annexin-V-FITC flow cytometry analysis

showed an increase in apoptosis. (D). Live cell image of cell player with YOYO-1 assay by Incucyte also showed induction of

apoptosis.

https://doi.org/10.1371/journal.pone.0213776.g003

Combination of Xanthohumol and TRAIL effect in neuroblastoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0213776 March 14, 2019 7 / 15

https://doi.org/10.1371/journal.pone.0213776.g003
https://doi.org/10.1371/journal.pone.0213776


Xanthohumol inhibits PI3K/Akt pathway and increases DR5 expression in

neuroblastoma cells

In our earlier studies, we have shown that growth reduction is in part by the reduction in

Notch1 protein [10, 11, 13]; however, recent work on Notch1 signaling on differentiation and

malignancies in NB are conflicting [35, 36]. Therefore, we determined the expression of

Notch1 in NB cell lines used in this study. As shown in Fig 4A, active Notch1 (Notch intracel-

lular Domain-NICD1) protein is minimally present in all three cell lines used in the study. As

a comparison, we used pancreatic cancer cell line, Panc1 as a positive control. It is interesting

to note that the Notch target gene, human achaete-scute complex-Like1 (ASCL1), is expressed

only in these cell lines where Notch1 is not expressed, indicating that Notch1 signaling is mini-

mally active in these cell lines. Inhibition of the PI3K/Akt pathway is an important target strat-

egy as this pathway is highly expressed in neuroblastoma [37, 38]. It has been shown that the

PI3K/AKT signaling pathway plays an oncogenic role in SH-SY-5Y cells [39, 40]. To deter-

mine if xanthohumol inhibits this pathway, we carried out western blot analysis using lysates

from XN-treated NB cells. Results showed a reduction in the phosphorylation of AKT ser 473

as early as 6 hours after XN treatment in both NGP and SK-N-AS cells (Fig 4B). This was asso-

ciated with a reduction in cyclinD1, a downstream target of AKT pathway.

Since these cell lines are resistant to TRAIL treatment, we were interested to determine if

DR5 plays a role in XN treatment. Further analysis of XN’s effect on NB was carried out

through Western analyses. DR5 expression levels were determined in SK-N-AS cells treated

with XN at different time intervals (6 hours, 12 hours, and 24 hours). Fig 4C shows an increase

in DR5 receptor expression following XN treatment, primarily after 12 hours at a concentra-

tion of 10–15 μM. To determine the increase in protein levels is due to increase in DR5

mRNA, we carried out quantitative real-time PCR after XN treatment and the result shows an

increase in DR5 gene expression, indicating a transcriptional mechanism of regulation (Fig

4D).

Synergism between XN and TRAIL

Since XN induces apoptosis and is associated with an increase in DR5 expression, we wanted

to determine if XN sensitizes cells to TRAIL treatment in combination with TRAIL ligand. For

this, the effect of XN and TRAIL combination treatment of SK-N-AS cells was evaluated via

MTT assay and further by western analysis. In Fig 5A, treatment with 10 ng of TRAIL and

7.5 μM XN alone for 2 days resulted in approximately 5% (P� 0.05) and 15% (P� 0.05)

reductions in growth, respectively. Combination treatment with XN (7.5 μM) and TRAIL (10

ng) demonstrated an approximate growth reduction of 50% (P� 0.01). To determine the syn-

ergistic effect of this combination, we calculated synergy as a percent in the observed response

over the expected response. The calculated combination index was 41% (0.41). Expression of

cleaved PARP and cleaved caspase-3 is significantly increased for combination treatment of

XN (7.5 μM) and TRAIL (10 ng) when compared to XN (7.5 μM) or TRAIL (2.5 ng, 5 ng, and

7.5 ng) alone (Fig 5B). These data demonstrate potential synergism between XN and TRAIL in

treating NB.

Discussion

Neuroblastoma is a common childhood malignancy and is responsible for a significant portion

of pediatric cancer deaths. One of the primary treatments for this is surgical resection, espe-

cially for the low and intermediate risk tumors, which occur in adolescents and adults. For

high-risk, metastatic, and/or recurrent tumors, aggressive treatment with chemotherapy, high-
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dose chemotherapy with hematopoietic stem-cell rescue, surgical resection, and radiation

proves ineffective. Therefore, a novel therapy to treat these patients is much needed.

Xanthohumol (XN), a flavonoid compound isolated from the hop plant, Humulus lupulus,
has been shown to have significant efficacy against breast, prostate, ovarian, thyroid, colon,

pancreas, bile duct, and hepatocellular cancer cells [10–13, 16–18, 23, 41]. The pharmacologic

characteristics of XN include anti-obesity, hypoglycemic, anti-hyperlipidemia, cancer chemo-

preventive, anti-angiogenic, anti-invasion, anti-microbial, anti-parasite, and hepatoprotective

activities, among many more. Additionally, toxicology studies of XN in animals have shown

that XN did not affect major organ functions [42, 43]. XN has also been evaluated in meno-

pausal women and had no acute toxicity was seen [44]. Despite the growing evidence of the

efficacy of XN, it still has not been thoroughly analyzed in NB. We observed a significant

reduction in cellular viability and growth in three genetically diverse NB cell lines treated with

XN. These cell lines have different genetic groups; SH-SY-5Y (Non-amplified MYCN or single
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like1 (ASCL1), a downstream target of Notch signaling. B. Inhibition of Akt pathway by XN treatment was observed by reduction in phosphorylation
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https://doi.org/10.1371/journal.pone.0213776.g004
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copy, TP53 WT, ALK mutation (F1174L)), NGP 1p alteration (t(1p), MYCN amplified, ALK

wild type, TP53 mutated-MDM2 amplified), and SK-N-AS (1p deletion, MYCN single copy,

TP53 mutation (H168R), and ALK WT). Western analysis, caspase-3/-7 luminescent studies,

apoptosis assay flow cytometry, and YOYO-1 fluorescent assays showed that XN induces apo-

ptosis in NB cell lines tested.

We have recently reported that XN treatment reduces growth and it is partly due to the

reduction in Notch1 signaling [10, 11, 13]. However, the role of Notch1 signaling in NB is con-

tradictory and conflicting. It was reported that Notch1 expression showed unfavorable prog-

nosis in NB tumors. In this report, however, they showed positive Notch expression that

includes a weak expression (10–35% cells stained), moderate expression (35–70% cell stained)

and strong expression (more than 70% cells stained) was only about 50% [35]. This result indi-

cated that the remaining 50% of the tumors were negative for Notch1 expression. We observed

that active Notch1 (Notch intracellular Domain-NICD1) is lacking or minimally present in
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synergism between XN and TRAIL on cell viability and increased apoptotic marker expression (cleaved PARP and CC3). � P-value<0.05; ��0.005. C. A

proposed mechanism of synergistic effects of XN and TRAIL on NB cells. XN increases DR5 expression, which increases the probability of TRAIL binding

to DR5, thereby inducing apoptosis.

https://doi.org/10.1371/journal.pone.0213776.g005
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SH-SY5Y, NGP and SK-N-AS cell lines tested, indicating that the mechanism of growth sup-

pression by XN in these cells may be by altering another oncogenic pathway. Therefore, we

looked at another dominant oncogenic pathway, PI3K/AKT, that has been highly activated in

NB. Activation of AKT phosphorylation increases its downstream target proteins that are

involved in cell cycle progression including Cyclin D1, and pro-apoptotic protein including

Bcl2. XN has been shown to inhibit the Akt pathway at a higher concentration in prostate can-

cer both in vitro and in vivo [12]. Here, we show that in NB cell line, XN inhibited the Akt acti-

vation as evidenced by the reduction in phosphorylation of AKT ser 473 and its downstream

target Cyclin D1, TNF-related apoptosis-inducing ligand (TRAIL) is a cytokine that induces

apoptosis via binding to death receptor 5 (DR5) [24]. It has been shown that various cancers

including NB, pancreatic cancer, and melanoma are resistant to TRAIL-mediated apoptosis

[45–47]. We believe that down-regulation of DR5 is a potential mechanism of resistance to

TRAIL treatment as it is frequently associated with silencing by hypermutation, deletions, or

point mutations [48–51]. Western analysis showed an increase in DR5 expression in SK-N-AS

cells treated with XN after 12–24 hours, and RT-PCR analysis showed an increase in DR5 gene

expression in XN treated SK-N-AS cells. To determine whether this increase in DR5 expres-

sion sensitizes NB cells to TRAIL, we looked at a combination of XN and TRAIL. Treatment

with XN followed by TRAIL showed a synergistic reduction in cellular growth in MTT assay.

Western analysis showed a significant increase in apoptotic markers, cleaved PARP, and

cleaved caspase-3.

In vivo, XN has been shown to reduce the growth of poorly differentiated prostate tumors

without adverse side effects [12], which demonstrates that XN may be a novel agent for the

management of solid organ tumor. Recently, XN metabolism and pharmacokinetics parame-

ters were tested (NCT01367431) [20]. We believe that the concentrations of XN used in our

study could be achieved in humans with minimal side effects. However, phase I dose-escala-

tion studies are still needed to determine the maximum tolerable dose and potential adverse

effects in humans.

Conclusions

We believe our research findings are significant for demonstrating a potential therapy to treat

NB, and there is a strong rationale to further study these agents in NB, both in vitro and in
vivo. We have shown evidence of synergism between XN and TRAIL in NB cells, with a pro-

posed mechanism seen in Fig 5C. Our study supports the hypothesis that an increase in DR5

increases the probability of TRAIL binding and inducing apoptosis. Although the precise

molecular mechanism driving the expression of DR5 and the inhibition of the AKT pathway

in response to XN treatment needs further exploration, this is beyond the scope of this study.

These studies, however, do support further exploration of therapeutic strategies based on these

combinations with XN and other chemotherapeutic agents in NB and other cancers. Further-

more, effective combination therapies would induce apoptosis rather than just suppress

growth, and this could possibly be mitigating dose limitation as well as other toxicities. In sum-

mary, this study will provide new opportunities to discover effective combination as well as

additional targets in XN treatment that may be more effective in various tumor types.
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