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Abstract 
Neuroblastoma (NB) is the most common childhood cancer arising from the 
nervous system. Many high-risk neuroblastoma (HRNB) patients develop re-
lapse after initial response to induction treatment and overall long term sur-
vival remains poor (less than 60%), emphasizing the need for new therapeutic 
approaches and more effective treatments. Combination therapies present a 
favorable approach to improve efficacy, decrease toxicity, and reduce devel-
opment of drug resistance. Difluoromethylornithine (DFMO) has shown 
promise in recent clinical trials as a therapeutic agent in treating HRNB. Pro-
teasomes are known to play an important role in tumor cell growth. Bortezo-
mib was the first proteasome inhibitor shown to have anticancer activity clin-
ically. In this study we explore the mechanistic and therapeutic effects of the 
novel drug combination of DFMO and bortezomib in NB. Cell proliferation 
studies demonstrated synergistic inhibition of NB cell growth. Bortezomib 
induced cleaved caspase-3 apoptotic pathway whereas DFMO induced a cy-
tostatic effect on NB cells. Western blot analyses demonstrated down regula-
tion of MYCN, LIN28 and NF-kB in response to DFMO and bortezomib, 
pathways that are important in cancer stem cells. A decrease in ATP-per-cell 
when treated with combination therapy suggests inhibition of glycolytic me-
tabolism in NB cells. DFMO as a single agent or in combination with borte-
zomib significantly reduced tumor growth in xenograft mice. Given the lack 
of effective treatments, DFMO coupled with bortezomib offers a potential new 
therapeutic treatment for children with NB. 
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1. Introduction 

The most common extracranial solid pediatric tumor, neuroblastoma (NB), is a 
heterogeneous malignancy that develops throughout the sympathetic nervous 
system from neural crest stem cells, often in the adrenal glands [1]. Characteris-
tically, NB is responsible for 8% - 10% of all cancer in children and 15% of pe-
diatric cancer deaths, occurring most commonly in children between 0 and 4 
years old [2]. More than 600 new cases of NB are diagnosed in children in the 
United States per year, of which, approximately 70% have metastatic disease [3]. 
Due to a high rate of tumor relapse, less than 60% of patients with high-risk dis-
ease reach long-term survival [4] [5].  

High incidence of metastatic disease and relapse in high-risk NB is hypothe-
sized to be due to the presence of cancer stem cells (CSCs) that have capacity to 
self-renew and initiate new tumor formation [6] [7] [8]. The existence of CSCs 
has been widely identified and described in leukemia and several solid tumors 
including breast, brain, pancreatic, liver, skin, and colon [9] [10] [11]. In regards 
to NB, researchers have isolated CSCs from NB tumors [12], providing further 
support for new therapeutic targets of CSCs in NB in order to improve progno-
sis and reduce the rate of tumor relapse. New studies have shown that LIN28 has 
profound effects on normal and malignant stem cells through the posttranscrip-
tional downregulation of the microRNA Let-7 via a double negative feedback 
loop [13] [14]. LIN28 protein promotes stem cell self-renewal and is highly ex-
pressed during embryogenesis, while expression of the protein gradually dimi-
nishes and disappears by adulthood [15]. High levels of LIN28 were found in a 
sub-population of cells with CSC properties in many cancer types [16]. The role 
of LIN28 in stemness of CSC is further supported by the findings that forced ex-
pression of LIN28 promotes the expression of CSC markers as well as the self- 
renewal capability of CSCs, while knock-down has the opposite effect [17] [18]. 
Enhanced expression of LIN28 was also shown to induce resistance to chemo-
therapy-induced apoptosis [19] [20]. Neural crest stem cells, the cells in which 
NB originally develops, express high levels of LIN28B during embryonic devel-
opment [1]. LIN28 overexpression in neural crest cells leads to NB formation in 
mice [21]. Overexpression of LIN28 and its homolog LIN28B are common in 
NB and correlate with poor outcomes [14] [21]. The LIN28/Let-7 axis further 
regulates glycolytic metabolism through the regulation of the NF-kB inflamma-
tory loop. NF-kB inflammatory loop interacts with LIN28 protein via a positive 
feedback loop, where overexpression of NF-kB factors p50 and p65 increase 
LIN28 protein. Due to the important role of the LIN28/Let-7 axis in glycolytic 
metabolism as well as the importance of glycolytic metabolic activity for the as-
sembly of ATP in CSCs, manipulating the LIN28 and Let-7 pathway in cancer 
cells may provide novel therapeutic opportunities in cancer.  

Polyamines, aliphatic cations that control DNA-protein and protein-protein 
interactions, have been found to play an important role upstream of the 
LIN28/Let-7 pathway [22]. Polyamine biosynthesis is directly regulated by orni-
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thine decarboxylase (ODC): a rate-limiting enzyme overexpressed in several NB 
patients and associated with poor prognosis [23]. The drug DFMO is a known 
inhibitor of ODC. Furthermore, three different NB patients enrolled in a DFMO 
clinical trial had reduced tumor metabolic activity as measured by Positron 
Emission Tomography (PET) scans after starting DFMO treatment with pro-
longed stabilization of disease [24]. Recent preclinical studies have shown that 
DFMO treatment reduced polyamine levels, reversed the LIN28/Let-7 axis, re-
duced glycolytic metabolism both in vitro and in vivo, and suggested that 
DFMO may be targeting CSCs in NB [22] [25]. Used in combination with other 
agents that also target CSC pathways, DFMO could offer a novel chemothera-
peutic approach to increase long-term survival for patients with NB, as well as 
several other cancers associated with overexpression of LIN28.  

Bortezomib (PS-341, Velcade) is a potent and selective proteasome inhibitor, 
shown to sensitize human colorectal cancer cell lines to camptothecin analogues 
[26]. This drug is approved by the US FDA for treatment of multiple myeloma 
and relapsed/refractory multiple myeloma [27]. Proteosome activity is associated 
with the activation of NF-kB signaling pathway due to the degradation of IkB 
protein by proteasomes [28]. Since increased LIN28 expression correlated with 
increased NF-kB transcription factor [29], bortezomib may further inhibit 
LIN28 mediated pathways in NB including glycolytic metabolic activity. Several 
studies have identified cell death with bortezomib in NB [30] [31] [32]. In order 
to overcome drug resistance in several tumors, numerous studies have evaluated 
the antitumor effects of bortezomib in combination with other therapeutic drugs 
[33]. 

The present study aimed to investigate both the therapeutic impact and me-
chanism of DFMO and bortezomib drug combination on NB cells. We hypothe-
sized that the combination treatment would synergistically inhibit cellular proli-
feration, impact protein expression in the LIN28/Let-7 pathway, reduce glyco-
lytic metabolic activity in NB cancer cells, and reduce tumor growth in xenograft 
mice. The proposed DFMO and bortezomib target pathways are summarized in 
Figure 1. Results of this study revealed that synergistic effect of DFMO and bor-
tezomib was observed in cells overexpressing LIN28 and MYCN but not in cells 
with low LIN28 expression. These findings suggest that combined drug therapy 
of DFMO and bortezomib may be beneficial to HRNB patients with MYCN am-
plification and with high LIN28 expression. 

2. Materials and Methods 
2.1. Compounds and Reagents 

The ODC inhibitor Difluoromethylornithine or DFMO (kindly provided by Dr. 
Patrick Woster, Medical University of South Carolina) was dissolved at 1 M in 
H2O. Proteosome inhibitor Bortezomib (purchased from LC Laboratory, Wo-
burn, MA) was dissolved at 10 mM in dimethyl sulfoxide (DMSO). Both drug 
solutions were stored in small aliquots at −20˚C and diluted with culture media 
within two hours of introducing drugs to neuroblastoma cell lines in vitro. 
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Figure 1. Proposed pathway of DFMO and Bortezomib action on LIN28/Let-7 axis, 
NF-kB, and glycolytic metabolism in NB. DFMO irreversibly inhibits ODC, leading to 
reduced hypusination of eIF5A and downregulation of LIN28 and MYCN. While borte- 
zomib inhibits proteasomal-mediated degradation of IkB, thereby preventing NF-kB 
activation. This inhibits NF-kB mediated LIN28 transcription and its effect on tumor 
growth. 

2.2. Cell Lines and Culture 

Single and combination drug tests were conducted on two human NB cell lines: 
BE(2)-C (ATCC, Manassas, VA) and SMS-KCNR (graciously donated by Dr. 
John Maris in 2004, The Children’s Hospital of Philadelphia, PA). Both cell lines 
tested were MYCN amplified. Cell lines were certified by Cell-Check analysis 
(IDEXX BioResearch, Columbia, MO). Cells were cultured in RPMI-1640 with 
10% (vol/vol) certified fetal bovine serum (FBS), 100 U/mL penicillin, and 100 
mg/mL streptomycin. Incubation was at 37˚C with 5% CO2. All cell culture rea-
gents were purchased from Life Technologies (Grand Island, NY).  

Cells were grown in 6-well or 96-well plates. For all experiments using 96-well 
plates with 72 hr time points, BE(2)-C cells were plated at 2500 cells/well and 
SMS-KCNR cells were plated at 4500 cells/well. For 48hr time points with 
96-well plates, BE(2)-C cells were plated at 3000 cells/well and SMS-KCNR cells 
were plated at 5000 cells/well. In 6-well plates, BE(2)-C cells were plated at 
100,000 cells/well. All plated cells were allowed to adhere overnight and grown 
to 60% - 70% confluence within the well prior to drug treatment. 

2.3. Cell Viability 

Calcein AM fluorescent assay (Life Technologies, Grand Island, NY) was used to 
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determine cell viability in 96-well plates. Cells were treated with increasing con-
centrations of DFMO (0.15 - 40 mM) or bortezomib (0.31 - 40 nM) in RPMI- 
1640 with 10% FBS for 72 hrs. After 48 hrs, drug solutions were refreshed. Once 
cells underwent incubation with drug for 72 hr, the medium was aspirated and 
replaced with phenol-red free RPMI medium containing 2 µg/mL Calcein AM. 
After 30 minutes incubation at 37˚C, fluorescence was measured at 480ex/520em 
with a BioTek plate reader (BioTek Instruments Inc., Winooski, VT).  

2.4. Ray Design Analysis 

Calcein AM fluorescent assay (Life Technologies) was additionally employed for 
ray design cell viability analyses with DFMO in combination with bortezomib. 
BE(2)-C and SMS-KCNR cells were plated in a 96-well plates. Drug treatment 
concentrations were determined for 6 rays of 9 dilutions. After 48 hr, drug com-
binations were refreshed in each well. At 72 hr post-initial addition of drug, the 
Calcein AM assay was performed as previously described. Isobolograms of drug 
effects (cell proliferation) were plotted with concentrations of DFMO and bor-
tozomib on x-axis and y-axis, respectively. The points represented each Ray. 
Lower cell proliferation indicates higher synergistic effect of the drug combina-
tion. Points below the line of additivity (red line) are considered synergistic 
(when points are well below the line) or additive effect (when the points are 
close to the line). 

2.5. Cell Lysis and Protein Assay 

BE(2)-C cells in 6-well plates were treated with 2.5 mM DFMO, 5 nM bortezo-
mib, or combination of both 2.5 mM DFMO coupled with 5 nM bortezomib. 
SMS-KCNR cells in 6-well plates were treated with 2.5 mM DFMO, 1 nM borte-
zomib, or combination of both 2.5 mM DFMO coupled with 1 nM bortezomib. 
Drug solutions were prepared in RPMI-1640 with 10% FBS. Drug supplemented 
medium was refreshed after 48 hrs for 72 hr time points. DMSO was used as ve-
hicle control. Cells were lysed with RIPA lysis buffer (Cell Signaling, Danvers, 
MA), supplemented with a complete protease inhibitor (Roche, Madison, WI), 
and cell lysates were collected after 48 hr and 72 hr of drug treatment. Cell ly-
sates were collected and frozen at −80˚C for a minimum of 24 hr to ensure com-
plete cell lysis. Samples were thawed and centrifuged at 13,500 rpm for 15 mi-
nutes and supernatant was collected into new eppendorf tubes. Total protein 
concentrations present within cell lysates were determined by Bradford protein 
assay (Bio-Rad, Hercules, CA). 

2.6. Western Blot Analysis 

Samples were diluted in RIPA lysis buffer to yield equal protein concentrations 
within each sample. Fifty micrograms of total protein for BE(2)-C cells and 
SMS-KCNR was loaded per lane. Gels were semi-dry transferred to nitrocellu-
lose membranes using the Turbo Transfer system with Turbo Transfer buffer 
(Bio-Rad). Primary antibodies used were: rabbit polyclonal LIN28B, rabbit po-
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lyclonal MYCN, rabbit polyclonal NF-kB, rabbit polyclonal Cleaved Caspase-3 
and Caspase-3 (Cell Signaling), and goat polyclonal β-actin (Santa Cruz Bio-
technology). Goat anti-rabbit and Donkey anti-goat HRP-IgG secondary antibo-
dies were used (Santa Cruz Biotechnology). Protein bands were detected with 
western ECL substrate (Bio-Rad) by chemiluminescence on ChemiDocTM MP 
System (Bio-Rad). Optic density of each band compared to the normalized actin 
bands was determined using Image Lab Software (Bio-Rad). A fold-change of ≥2 
was used as a statistical parameter for this. 

2.7. ATP per Cell Assay 

The Cell Titer GLO luminescent assay (Promega, Madison, WI), which meas-
ures total ATP levels, was combined with the CyQuant fluorescent DNA assay 
(Invitrogen, Grand Island, NY), an indicator of total cellular DNA present, to 
measure ATP level per cell. BE(2)-C and SMS-KCNR cells were plated in 96-well 
black-walled plates. Cells were treated for 48hrs with DFMO (5 mM) coupled 
with bortezomib (5 nM and 4 nM for BE(2)-C and SMS-KCNR cells, respective-
ly) in RPMI-1640 with 10% FBS. 1% PBS in RPMI-1640 was used as control. Af-
ter 48 hrs, medium was aspirated and replaced with Cell Titer GLO reagent (lysis 
buffer mixed with Cell Titer GLO substrate, diluted with PBS 1:1) supplemented 
with CyQuant stock solution (50 µL dye per 10 mL Cell Titer GLO reagent). 
Plates were rocked on an orbital shaker for 3 minutes at 20˚C to induce cell lysis, 
and then were incubated an additional 10 minutes at 20˚C to allow luminescent 
signal stabilization. Luminescence and fluorescence data were recorded using a 
Wallac plate reader and Envision software (GMI Inc., Ramsey, MN). Cell Titer 
GLO data were divided by CyQuant data and normalized to vehicle wells in or-
der to analyze data. 

2.8. In Vivo Studies 

In vivo drug studies were conducted with six-week-old female nude mice (nu/ 
nu) (Charles River Laboratories, Portage, MI). Mice were housed in pathogen- 
free conditions and cared for in accordance with the Institutional Animal Care 
and Use Committee (IACUC) standards. All mice received 2 × 106 SMS- KCNR 
cells suspended in 100 µL of Matrigel (BD Biosciences, San Jose, CA) via subcu-
taneous injection into their right flank. Mice were then separated into four expe-
rimental treatment groups (n = 9) when their tumors reached between 100 and 
200 mm3: vehicle control, DFMO-treated, bortezomib-treated, and combina-
tion-treated. At time of grouping, each experimental group had the same average 
tumor volume. Vehicle control mice received 10 µL PBS via intraperitoneal in-
jection (IP) twice per week. 2% DFMO was administered in drinking water (4 g 
DFMO into 200 mL H2O) for DFMO-treated and combination-treated mice. 
Bortezomib was injected 0.5 mg/kg IP injection twice weekly for bortezomib- 
treated and combination-treated mice. Drinking water was changed twice week-
ly. Caliper tumor measurements were completed twice weekly at time of drug 
treatment. Once tumors reached 2.0 cm3, tumor measurements were recorded 
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daily. Tumor volume was determined by the equation length x width x depth x 
0.52. Throughout the study, each individual mouse was weighed to confirm that 
the mice maintained a stable and healthy weight at approximately 20 g (± 15%).  

2.9. Statistical Analysis 

Cell viability experiments were replicated (n =2) for statistical significance. 
Dose-response curves are not described well by logistic models so IC50 values 
were estimated by monotone regression using the isoreg procedure of the R [R 
Core Team (2016). R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. URL  
https://www.R-project.org/] ATP-per-cell analysis data was analyzed for nor-
mality via the Shapiro-Wilks Test, log-transformed, and then analyzed using a 
two-way analysis of variance (ANOVA). In vivo data was analyzed by two way 
anova to calculate significance among groups using R software. 

3. Results 
3.1. DFMO and Bortezomib Inhibit NB Cell Viability 

The effect of DFMO or bortezomib on NB cell viability as independent thera-
peutic treatments was determined and quantified in two NB cell lines, BE(2)-C 
and SMS-KCNR NB cells, using the Calcein AM fluorescent assay. Both drugs 
reduced cell proportions (% of viable cells relative to control) (Figure 2(A) Fig-
ure 2(B)). Both cell lines exhibited DFMO dose-response curves was estimated 
using monotone regression. The BE(2)-C and SMS-KCNR cell lines exhibited 
comparable sensitivity to DFMO based on IC50 values of 29 mM and 28 mM, 
respectively (Figure 2(A)). There was a reduction in the cell viability at the low-
est DFMO concentrations tested [~30% for BE(2)-C and ~10% for SMS- 
KCNR], showing regions of moderate and then steep slope in the dose-response 
curve. The changes in slope reflect impacts of DFMO on both cell division and 
cell death; the observed behavior is suggestive of cytostatic activity at low doses 
and cytotoxic activity at higher doses. 

Bortezomib was cytotoxic to both experimental NB cell lines at a lower con-
centration of drug than that required for cytotoxic response with DFMO. Cell 
viability analysis indicated an IC50 value of 7.5 nM bortezomib for BE(2)-C cells 
and 3.1 nM bortezomib for SMS-KCNR cells, indicative of sensitivity to borte-
zomib in both BE(2)-C and SMS-KCNR NB cell line (Figure 2(A) Figure 2 (B)). 
These results are consistent with previously published IC50 values for additional 
NB cell lines [32] [34] [35]. 

3.2. DFMO in Combination with Bortezomib Inhibits NB Cell  
Viability in a Synergistic/Additive Manner 

Calcein AM fluorescent assays were performed to analyze the effect of DFMO 
coupled with bortezomib on BE(2)-C and SMS-KCNR cell proliferation. Cell 
lines were treated with DFMO in combination with bortezomib at varying con-
centrations of each drug (0.095 - 190 mM DFMO; 0.055 - 55 nM bortezomib) in  

https://www.r-project.org/
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Figure 2. DFMO and Bortezomib inhibit NB cell proliferation. (A) IC50 values of DFMO and bortezomib in BE(2)-C and 
SMS-KCNR cells were calculated 72 hr post-introduction of drug treatment using Calcein AM fluorescent assays. Treatments of 
DFMO (ranging from 0.095 - 190 mM) or bortezomib (ranging from 0.055 - 55 nM) were refreshed after 48 hr. (B) Six Rays were 
performed for each cell line and isobolograms of drug effects were plotted. Each point represents a ray. For Be(2)-C cells, points 
are well below the line of additivity suggesting a synergistic effect whereas points are closer to the line for SMS-KCNR cells 
suggesting an additive effect. 

 
six dilution series (rays) at constant drug concentration ratio. Pairs of drug con-
centrations associated with 50% proportion (points in (Figure 2(B)) fall almost 
exclusively below the line of additivity (the null hypothesis of Lowe additivity), a 
result that was pronounced for BE(2)-C cells. This provides evidence for synerg-
ism based on comparison with Loewe additivity. 

3.3. Effect of DFMO and Bortezomib on the Expression of LIN28B, 
MYCN and NF-kB Proteins in NB Cells 

BE(2)-C and SMS-KCNR cells were treated with DFMO (2.5 mM) or bortezo-
mib (5 nM, BE(2)-C or 2 nM, SMS-KCNR) or a combination of both for 48 hr or 
72 hr. Expression of LIN28B, MYCN and NF-kB were examined by Western 
Blot analyses and quantification was performed as described in material and 
methods. In BE(2)-C cells, expression of LIN28B, MYCN and NF-kB were inhi-
bited by treatment with DFMO alone or bortezomib alone, which was further 
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inhibited by combination treatment at both time points (Figure 3(A)). Treat-
ment of SMS-KCNR cells shows a similar but less pronounced pattern to 
BE(2)-C. 

3.4. Effect of DFMO and Bortezomib on the Apoptosis Marker 
Cleaved Caspase-3 in NB Cells 

To examine whether DFMO or bortezomib induced apoptotic pathways in NB 
cells, BE(2)-C and SMS-KCNR cells were treated as above and expression of 
cleaved caspase-3 and total caspase-3 were examined by western blot analyses. 
For BE(2)-C cells, there was an increase in cleaved caspase-3 expression in bor-
tezomib and combination treated groups but not in the DFMO treated group at 
 

 
Figure 3. Combination treatment of DFMO and bortezomib inhibits LIN28 pathway. (A) BE(2)-C and SMS-KCNR cells were 
treated with D FMO (2.5 mM), bortezomib (5 nM for BE(2)-C, and 2 nM for SMS-KCNR cells), or a combination of both drugs 
for 48 hr and 72 hr. The expression of LIN28, MYCN, and NF-kB were analyzed by Western blot. Actin was used as loading 
control. (B) Western blot analysis was performed to examine cleaved caspase-3 and total caspase-3 in BE(2)-C and SMS-KCNR 
cells treated DFMO (2.5 mM), bortezomib (5 nM for BE(2)-C, and 1 nM for SMS-KCNR cells), or a combination of both drugs for 
48 hr and 72 hr. Relative intensities of the bands were normalized to vehicle controls. Western blots were repeated at least three 
times. 
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both 48hr and 72hr (Figure 3(B)). Expression of total caspase-3 remains un-
changed. There was minimal change in cleaved caspase-3 or total caspase-3 pro-
tein levels in SMS-KCNR cells with a slight increase in the treatment groups as 
compared to vehicle at 48 hours (Figure 3(B)). 

3.5. DFMO and Bortezomib Inhibit Glycolytic Metabolism in NB 
Cells 

In order to quantify the combination effect of DFMO and bortezomib on glyco-
lytic metabolic activity in NB cell lines, ATP levels in treated-NB cells were 
measured by Cell Titer GLO luminescent assay coupled with CyQuant fluores-
cent DNA assays, which measure total DNA. Combination of these results 
measures ATP/Cell. BE(2)-C and SMS-KCNR cells were treated with DFMO (5 
mM) and bortezomib (5 nM or 4 nM respectively) for 48 hours and ATP-per- 
cell analyses were performed (n = 3). Both NB cell lines exhibited significant de-
creased in ATP-per-cell activity with combination treatment as compared to 
DFMO or bortezomib as single agents, P < 0.001 in all groups (Figure 4). 

3.6. DFMO and Bortezomib Exhibit Antitumor Activity in  
Tumor-Bearing Mice 

SMS-KCNR cells were injected subcutaneously in nude mice as described in 
material and methods. When tumors were palpable at 7 - 10 days, mice were  
 

 
Figure 4. Combination treatment of DFMO and Bortezomib reduced cellular glycolytic 
metabolic activity in NB cell lines. BE(2)-C and SMS-KCNR NB cells were treated with 
DFMO (2.5 mM), bortezomib (5 nM for BE(2)-C, and 4 nM for SMS-KCNR cells), or a 
combination of both drugs for 48 hr. ATP present were measured by Cell Titer GLO 
luminescent assay. All data are presented as percent of vehicle control. *p = 5.79561E-12 
and 2.31565E-06 in combination treatment compared to DFMO or bortezomib single 
agent therapies respectively in BE(2)-C cells; **p = 2.854E-08 and 6.91171E-06 in 
combination treatment compared to DFMO or bortezomib single agent therapies res- 
pectively in SMS-KCNR cells. 
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treated with either vehicle (10 µL PBS, IP, twice per week), DFMO (2% in drink- 
ing water), bortezomib (0.5 mg/kg, IP, twice weekly), or combination of DFMO 
and bortezomib (9 mice per group). We found that DFMO as a single agent 
therapy or in combination with bortezomib can notably decrease tumor volume 
compared to vehicle control (Figure 5(A)). Bortezomib, as single agent, had no 
significant effect on tumor growth as compared to vehicle (Figure 5(A)). These 
results were further confirmed by growth curve analysis which revealed that 
DFMO alone or in combination with bortezomib significantly suppressed tumor 
growth (p < 0.05) on day 22, but not by bortezomib as single agent (Figure 
5(B)). Mice treated with combination of DFMO and bortezomib had signifi-
cantly higher time-to-threshold tumor volume of 2500 mm3 as compared to ve-
hicle treated group with a p value of 0.01 (Figure 5(B)).  

4. Discussion 

Combination drug therapies offered several advantages such as better efficacy, 
decreased toxicity, and reduced development of drug resistance. These potential 
benefits result in an increased interest in combination therapies for the treat-
ment of high risk tumors including neuroblastoma. For the first time, this study 
investigates the combined mechanistic and therapeutic effects of DFMO and 
bortezomib drug combination on NB cell lines, BE(2)-C and SMS-KCNR. Our 
results demonstrated that both drugs as single agents inhibited NB cell growth. 
Combination of DFMO and bortezomib produced a synergistic effect in BE(2)-C 
cells and a moderate additive effect in SMS-KCNR cells. While the BE(2)-C iso-
bologram suggests synergism by comparison with the line of Loewe additivity, 
this may be at least in part a consequence of independent reductions in cell pro-
portion (Bliss independence). We showed that treatment with a combination of 
 

 
Figure 5. DFMO and bortezomib reduced tumor volumes in NB xenograft mice. Mice were injected with SMS-KCNR NB cells 
and treated with 2% DFMO and/or 0.5 mg/kg bortezomib twice a week. (A) Average tumor size was quantified using caliper 
measurements. Group 1, Vehicle; Group 2, 2% DFMO in drinking water; Group 3, Bortezomib 0.5 mg/kg IP injection twice 
weekly; Group 4, 2% DFMO in drinking water and Bortezomib 0.5 mg/kg IP injection twice weekly; (B) Growth curves of 
individual mouse in all four groups. 
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DFMO and bortezomib inhibited LIN28, its downstream molecules, as well as 
glycolytic metabolism in both cell lines. Our mechanistic studies further demon-
strated that bortezomib inhibited cell proliferation through activation of apop-
totic pathways whereas DFMO mediated its effect through other pathways inde-
pendent of apoptosis. In vivo studies using xenograft mice of SMS-KCNR cells 
revealed that DFMO as single agent or in combination with bortezomib signifi-
cantly inhibited tumor growth suggesting a clinical relevance of this drug com-
bination.  

Bortezomib as a single agent treatment yielded a decrease in cellular viability 
compared to vehicle control while DFMO exhibits a linear response to increas-
ing drug concentration until reaching a sudden drop in cellular proliferation at a 
high-dose of DFMO drug. These results suggest bortezomib may induce conti-
nuous inhibition of cell growth via cell death while DFMO is likely to be charac-
terized as bimodal with both cytostatic and cytotoxic effects. This notion was 
further supported by our finding that bortezomib induced cleaved caspase-3 
protein levels, an apoptotic marker, while DFMO did not significantly. Of sig-
nificant interest, treatment with DFMO and bortezomib inhibited expression of 
MYCN and LIN28B proteins in both NB cell lines. Amplification of MYCN is 
the most consistent and reliable indicator for aggressiveness and relapse in 
HRNB [36] [37]. LIN28B, through repression of the let-7 miRNAs, results in 
elevated MYCN protein expression in neuroblastoma cells [21] [38]. Recent stu-
dies have suggested that high LIN28B expression was an independent risk factor 
for adverse outcome in neuroblastoma [21] [39]. Therefore, reduction of LIN- 
28B and MYCN expression in response to DFMO and bortezomib treatment 
provides therapeutic implications targeting these tumor drivers and support for 
the use of DFMO in combination with bortezomib in the treatment of high-risk 
neuroblastoma.  

Interestingly, sensitivities of NB cells to DFMO and bortezomib were corre-
lated with LIN28B transcript levels. Previously, we reported that BE(2)-C cells 
expressed high levels of LIN28B and MYCN whereas SMS-KCNR cells expressed 
high MYCN but low LIN28B transcripts [25]. We observed that combination 
therapy of DFMO and bortezomib produced higher synergistic effect in BE(2)-C 
cells as compared to SMS-KCNR cells, which correlated with their LIN28 ex-
pression levels. These results also suggest that although DFMO and bortezomib 
act on different targets, they may mediate their actions, at least partly, through a 
common mechanism involving LIN28. DFMO works by irreversibly binding to 
and inhibiting ODC, the rate limiting enzyme in polyamine biosynthesis and the 
upstream regulator of LIN28 expression [25] [40]. Polyamines are also shown to 
regulate NF-kB pathway [41]. Bortezomib, on the other hand, is a proteasome 
inhibitor that prevents degradation of IkB, the inhibitor of NF-kB [28]. NF-kB is 
a transcription factor known to regulate expression of variety of genes in cell 
proliferation and differentiation pathways including antiapoptotic genes and 
proinflammatory cytokines [42]. Studies have linked a role of NF-kB in chemo-
resistance, metastasis and recurrence in high-risk neuroblastoma [43] [44]. NF- 
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kB is known to activate LIN28 transcription directly [29]. These suggest that po-
lyamine depletion through DFMO or proteasome inhibition through bortezomib 
should inhibit LIN28 pathway. Indeed, we found inhibition of NF-kB expression 
by DFMO and bertezomib in NB cells associated with LIN28 downregulation. 
Although, both drugs inhibit NF-kB, only bortezomib caused activation of 
apoptotic pathway in these cells. A similar effect was seen in combination treat-
ment suggest that DFMO did not interfere in bortezomib induced apoptosis.  

ATP-per-cell assays provided an experimental application for analyzing 
changes in bioenergetics of NB cell lines treated with DFMO and bortezomib. 
Studies have shown that LIN28/Let-7 pathway plays as an upstream regulator of 
glycolytic metabolic activity in cells [45]. Interestingly, recent studies have 
shown that CSCs thrive in anaerobic conditions due to their dependence on 
glycolytic metabolism for ATP production [46]. Glycolytic metabolism is often 
high in cancers due to a phenomenon called the “Warburg effect” when cancer 
cells are reprogramed to produce ATP primarily via glycolytic metabolism as 
opposed to oxidative phosphorylation metabolism [47] [48] [49]. Our data 
showed significant decreased ATP-per-cell activity in both BE(2)-C and SMS- 
KCNR cells after combination treatment as compared to vehicle or single agent 
treatment which indicates that the drug combination may be an effective treat-
ment to target glycolytic metabolism in cancers and specifically CSCs. To further 
examine this possibility, we investigated the effect of DFMO, bortezomib, or the 
combination treatment in tumor-bearing NB xenograft mice.  

Significant decreased in tumor volumes of SMS-KCNR xenograft mice treated 
with a combination of DFMO and bortezomib as compared to control mice 
supported the in vitro findings that DFMO and bortezomib inhibits NB tumor 
cell growth, induced apoptosis and decreased glycolytic metabolism. While 
DFMO alone produced similar reduction in tumor size in SMS-KCNR xenograft 
mice although it only had moderate inhibition of LIN28 pathway molecules and 
ATP production in vitro, which suggests that DFMO may be more effective in 
vivo. This is in consistent with a recent clinical trial report, which demonstrated 
that HRNB patients treated with low dose DFMO as single agent therapy had 
positive response rate [24]. Our results further emphasized that DFMO may tar-
get specific population of cells within the tumor environment, namely CSC cells. 
Since, DFMO does not cause cell death, most likely it induced differentiation of 
CSC cells. In contrary, bortezomib, at the dose examined, had little effect on 
tumor growth in these mice. Propitiously, bortezomib did not produce any an-
tagonistic effect on DFMO mediated reduction of tumor growth with slight fur-
ther reduction in size with the combination. 

5. Conclusion 

This study is the first to support DFMO in combination with bortezomib as a 
possible treatment for NB targeting the MYCN, LIN28 and NFkB pathways. This 
is important since MYCN and LIN28 overexpression have been shown to be in-
dependent risk factors for adverse outcome in neuroblastoma. Future laboratory 
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analysis and clinical studies will provide insight to the role of DFMO and borte-
zomib specifically in CSCs which utilize the LIN28/Let-7 pathway. Due to the 
high rates of relapse and metastatic disease for children with NB, combination 
treatments targeting several pathways, specifically in cancer initiating cells, are 
essential to provide greater opportunities for remission and long-term survival 
to patients.  
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