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Highlights 

 Romidepsin is an FDA-approved small molecule drug and a selective HDAC1/2 

inhibitor

 Romidepsin potently induces caspase-dependent cell death in human neuroblastoma 

cells 

 MYCN-amplified neuroblastoma cells are more sensitive to Romidepsin-induced 

death 

 The cytotoxic dose of Romidepsin can be lowered by combination with other 

cytotoxins 

 Romidepsin may be a promising mono-/combination- chemotherapeutic for 

neuroblastoma

 

Abstract 
Neuroblastoma is the most common extracranial pediatric solid tumor, arising from the 

embryonic sympathoadrenal lineage of the neural crest, and is responsible for 15% of 

childhood cancer deaths. Although survival rates are good for some patients, those children 

diagnosed with high-risk neuroblastoma have survival rates as low as 35%. Thus, 

neuroblastoma remains a significant clinical challenge and the development of novel 



 
 

therapeutic strategies is essential. Given that there is widespread epigenetic dysregulation in 

neuroblastoma, epigenetic pharmacotherapy holds promise as a therapeutic approach. In 

recent years, histone deacetylase (HDAC) inhibitors, which cause selective activation of gene 

expression, have been shown to be potent chemotherapeutics for the treatment of a wide 

range of cancers. Here we examined the ability of the FDA-approved drug Romidepsin, a 

selective HDAC1/2 inhibitor, to act as a cytotoxic agent in neuroblastoma cells. Treatment 

with Romidepsin at concentrations in the low nanomolar range induced neuroblastoma cell 

death through caspase-dependent apoptosis. Romidepsin significantly increased histone 

acetylation, and significantly enhanced the cytotoxic effects of the cytotoxic agent 6-

hydroxydopamine, which has been shown to induce cell death in neuroblastoma cells through 

increasing reactive oxygen species. Romidepsin was also more potent in MYCN-amplified 

neuroblastoma cells, which is an important prognostic marker of poor survival. This study 

has thus demonstrated that the FDA-approved chemotherapeutic drug Romidepsin has a 

potent caspase-dependent cytotoxic effect on neuroblastoma cells, whose effects enhance cell 

death induced by other cytotoxins, and suggests that Romidepsin may be a promising 

chemotherapeutic candidate for the treatment of neuroblastoma. 
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Introduction 
Neuroblastoma is the most common extracranial pediatric solid tumor, and arises from the 

sympathoadrenal lineage of the neural crest. The incidence rate has been reported to be 10.9 

cases per million children [1,2]. Neuroblastoma accounts for 8 to 10% of pediatric cancers 

and is responsible for 15% of childhood deaths from cancer [3]. Although survival rates for 

patients with loco-regional tumours are greater than 90%, the prognosis for those less than 18 



 
 

months of age at diagnosis with metastatic disease remains dismal, and can be as low as 35% 

[2]. Therefore, neuroblastoma remains a significant clinical challenge, especially for those 

children with poorer prognoses, and the development of novel therapeutic strategies is 

essential.  

 Cancer is now understood to be a disease of widespread epigenetic dysregulation, 

which contributes to almost every step of tumour progression and interacts extensively with 

underlying genetic mutations [4-6]. Therefore, epigenetic modulators may offer an effective 

means to therapeutically alter the regulation of proto-oncogenes and tumor suppressor genes 

in cancer cells. One key epigenetic process is histone acetylation which regulates the 

accessibility of genes for transcription factor binding, thereby controlling the levels of gene 

expression [7,8]. Histone acetylation involves a dynamic interplay between histone 

acetyltransferase and histone deacetylase (HDAC) enzymes, which are responsible for 

histone acetylation and deacetylation respectively [9]. In recent years, small molecule HDAC 

inhibitors have been shown to be potent anti-cancer agents, several of which are now FDA-

approved cancer therapies. Indeed, HDAC inhibitors are being developed as drugs for the 

treatment of a wide range of cancers including: glioblastoma; leukemia; lymphoma; 

myeloma; and breast, colorectal, gastrointestinal, lung, ovarian, pancreatic, and prostate 

cancer [4,10-20]. In neuroblastoma, HDAC inhibitors have been shown to induce apoptosis 

in a number of neuroblastoma cell lines, and thus have promise for treating high-risk 

neuroblastoma [21-25]. 

 Romidepsin (FK228; FR901228 or Istodax®) is a depsipeptide small molecule 

(MW=540.7) that belongs to bicyclic peptide selective inhibitors of HDAC1 and HDAC2. It 

was approved by FDA for the treatment of refractory cutaneous T-cell lymphoma based on 

evidence from phase II clinical trials [20,26-28]. Romidepsin is being used/developed as a 

monotherapy or combination therapy for a number of cancers, in particular T-cell lymphoma 

[10,12,13,18,20,26,27,29,30-32]. Romidepsin is well tolerated in pediatric patients with 

refractory solid tumors, as well as patients with advanced cancers [33,34], meaning that it 

may be promising for clinical use in neuroblastoma patients. In the present study, we 

investigated the ability of Romidepsin to induce cytotoxic effects in the human 

neuroblastoma cells. 

 

Materials and Methods 

Cell Culture 



 
 

SH-SY5Y cells were cultured in Dulbecco’s Modified Eagle Medium Nutrient Mixture F-12, 

supplemented with 10% foetal calf serum (FCS), 100 nM L-Glutamine, 100 U/ml 

Penicillin/Streptomycin. IMR-32 cells were cultured in Eagle’s Minimum Essential Medium 

with 2 mM L-Glutamine, 1% Non-Essential Amino Acids (NEAA) with 10% FCS. SK-N-BE 

cells were cultured in Eagle’s Minimum Essential Medium with 2mM L-Glutamine, 1% 

NEAA: Hams F12 (1:1) with 15% FCS (all from Sigma). All cells were cultured in a 

humidified atmosphere containing 5% CO2 at 37˚C. For cell viability assays, cells were 

plated at a density of 1×105 cells/well in a 24-well plate. For western blotting, 2×106 cells 

were plated per well of a 6-well plate. For RNA extraction 1.5×106 cells were plated per well 

in a 12-well plate. Where indicated, cells were treated with 5–5,000 nM of Romidepsin 

(MedChem Express) and/or 1 µg/ml caspase-3 inhibitor (Calbiochem) or with 15 μM 6-

hydroxydopamine (6-OHDA; Sigma) for 24 h or daily for 4 days in vitro (DIV). 

 

Cell Viability and Cell Death Assessment 

Thiazolyl Blue Tetrazolium Bromide (MTT) assays were performed to assess cell viability 

[35]. MTT was added to cells at a concentration of 0.5 mg/ml. Lactate dehydrogenase (LDH) 

activity was measured in 100 μl of the cell culture medium of each treatment group using an 

LDH Activity Assay Kit (Sigma), according to the manufacturer’s instructions. Fresh cell 

culture medium, which had no contact with cultured cells, was used as the negative control. 

 

Immunocytochemistry 

Cultures were immunocytochemically stained for p-acetylated-histone H3 (Ser 11/Lys 15) 

(pAcH3; 1:200; rabbit polyclonal IgG; Santa Cruz) and β-actin (1:200; mouse monoclonal 

IgG; Sigma) [36]. Cells were imaged with an Olympus IX70 inverted microscope fitted with 

an Olympus DP70 camera and AnalysisDTM software. The fluorescence intensity of 

individual cells stained for pAcH3 was measured using Image J and the relative fluorescence 

intensity was calculated as the intensity of each individual cell after subtraction of the 

background noise.  

 

Measurement of Cellular Morphology  

Neurite growth analysis as a proxy measure differentiation of SH-SY5Y cells was performed 

as previously described [36], using the using the formula: neurite length = α x T x (π/2), 

where α is the number of times the neurite intersects the grid lines, and T is the distance 

between the gridlines on the magnified image.  



 
 

 

Western Blotting 

Western blotting was carried out as described [37]. Cells were lysed in RIPA buffer for 1h on 

ice, and insoluble debris was removed by centrifugation. 15 μg of protein was run by SDS-

PAGE and transferred to nitrocellulose membranes using a Mini Trans-Blot Electrophoretic 

Transfer Cell (Bio-Rad, CA, USA). The membranes were incubated with primary antibodies 

against pAcH3 (1:1000; rabbit polyclonal IgG; Santa Cruz) or β-actin (1:1000; mouse 

monoclonal IgG; Sigma) overnight at 4°C, washed, incubated with the appropriate 

horseradish peroxidase-labelled secondary antibodies (1:2000; Promega), washed and 

developed with enhanced chemiluminescence (GE Healthcare). Protein expression was 

normalised to β-actin by densitometry using Image J. 

 

RNA extraction, cDNA synthesis and real-time PCR 

RNA was extracted from the cells using Trizol reagent as per the manufactures instructions 

(Invitrogen). RNA concentration was quantified using a Spectrophotometer (NanoDrop 

1000). Reverse transcription was performed using a high capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) under the following parameters: 25 °C for 10 min; 

37 °C for 120 min; 85 °C for 5 min; 4 °C for 10 min. The reaction mix for real-time PCR 

consisted of 5 µl TaqMan® Gene Expression Master Mix (Applied Biosystems), 4 µl of 

RNase-free H2O (Applied Biosystems), 0.5 µl 20× TaqMan® Gene Expression Assays 

(ACTB, Bax, Bcl2, caspase-8, caspase-3, PPAR-γ; Applied Biosystems) and 0.5 µl of cDNA 

(10 ng/ml). Each sample was run in duplicate under the following cycling parameters: 50 °C 

for 2 min; 95 °C for 10 min; 40 repetitions of 95 °C for 15 s and 60 °C for 1 min. Expression 

levels were calculated using the 2-δCT method (Schmittgen and Livak, 2008).  

 

Statistical Analysis 

Unpaired Student’s t-test or one-way ANOVA with a post hoc Tukey’s or Bonferroni’s test 

was performed, as appropriate, to determine significant differences between groups. For non-

parametric data, Kruskal-Wallis ANOVA with Dunn’s post hoc test was used. Outliers were 

removed prior to analysis if Grubb’s Test p < 0.05. Results were expressed as means with 

SEM and deemed significant when p < 0.05. 

 

Results 



 
 

Romidepsin induces cell death of human SH-SY5Y neuroblastoma cells.  

We first examined the effects of Romidepsin using human SH-SY5Y neuroblastoma cells, 

which were treated with 5 – 500 nM of Romidepsin daily for 4 DIV. These concentrations 

were selected based on IC50 values of Romidepsin being in the nanomolar range (36 and 47 

nM for HDAC1 and HDAC2, respectively), and that Romidepsin has been shown to reduce 

viability at 10 nM in the HL-60 cell line and at 500 nM in the HP100 cell line [38]. An MTT 

assay revealed that Romidepsin had no effect on cell viability at concentrations ≤ 40 nM 

when compared to control (Fig. 1A), but significantly reduced cell viability at concentrations 

≥ 100 nM (Fig. 1A). Phase contrast microscopy confirmed that Romidepsin treatment led to a 

decrease in cell number and an increase in dead, non-adherent cells (Fig. 1B). We further 

examined the effects of the non-cytotoxic doses of Romidepsin on cellular morphology by 

immunostaining for β-actin. Treatment with 40 nM of Romidepsin significantly reduced the 

length of SH-SY5Y cell neurites (Fig. 1C), indicating a neuritotoxic effect. These data 

demonstrate that Romidepsin exerts potent cytotoxic effects in SH-SY5Y neuroblastoma cells 

in the low nano-molar range. 

 

Romidepsin increases histone acetylation in human SH-SY5Y neuroblastoma cells.  

As Romidepsin is a selective HDAC1 and HDAC2 inhibitor, we next assessed the ability of 

Romidepsin to increase histone acetylation. Given that 40 nM Romidepsin had a neuritoxic 

effect, and to eliminate the confounding effects of low cell numbers at the higher doses, cells 

were treated with 20 nM and 40 nM of Romidepsin and the levels of acetylated histones 

(pAcH3) were first measured by western blotting. 20 nM and 40 nM Romidepsin 

significantly increased the levels of pAcH3 relative to control, which was measured by 

densitometric quantification of pAcH3 protein levels relative to β-actin loading control (Fig. 

2A). Immunocytochemistry was used to confirm these findings and Romidepsin treatment 

resulted in a significant increase in the levels of pAcH3 relative to control, as quantified by 

densitometry (Fig. 2B). Taken together, these results suggest that Romidepsin leads to 

increases in histones in acetylation in SH-SY5Y neuroblastoma cells. 

 

The effects of Romidepsin on SH-SY5Y cells are caspase-dependent.  

To determine whether Romidepsin induces apoptosis in SH-SY5Y cells, cultures were co-

treated with a broad-spectrum caspase-3 inhibitor, which inhibits to the pro-apoptotic 

caspase-3 that functions upstream of other pro-apoptotic caspases; caspase-6 and caspase-7 

[39]. An MTT assay revealed that caspase-3 inhibition significantly inhibited Romidepsin-



 
 

induced cell death in the SH-SY5Y neuroblastoma cells at 4 DIV (Fig. 3A). We next aimed 

to investigate whether the cytotoxic dose of Romidepsin could be reduced by combination 

therapy, in which neuroblastoma cells are exposed to another cytotoxic agent. To provide 

proof of principle for this, SH-SY5Y cells were co-treated with 6-OHDA, which is a potent 

cytotoxin that has been shown to induce SH-SY5Y cell death through increasing reactive 

oxygen species [40,41]. SH-SY5Y cells were treated with 15 μM of 6-OHDA [36] with or 

without 20 nM of Romidepsin (a concentration which does not adversely affect cell viability 

or morphology, but induces hyperacetylation) for 24 h at which time LDH assays were 

performed to assess cell death. Interestingly, 20 nM Romidepsin significantly enhanced the 

cytotoxic effects of 6-OHDA (Fig. 3B).  These data suggest that it may be possible for the 

therapeutic dose of Romidepsin to be lowered when used as an add-on pharmacotherapy in 

combination therapy. 

 

Romidempsin exerts cytotoxic effects in MYCN amplified cells. 

As SH-SY5Y cells express wild-type p53 and are not MYCN amplified, we carried out 

additional experiments in IMR-32 (MYCN amplified, p53 wild-type) and SK-N-BE(2) 

(MYCN amplified, p53 mutant) human neuroblastoma cell lines. MYCN amplification is the 

primary and most important prognostic marker of poor survival in neuroblastoma [54]. Based 

on the dose-response experiments carried out in SH-SY5Y cells, these cells were treated with 

40 nM or 100 nM of Romidempsin for 4 DIV. An MTT assay revealed that both MYCN 

amplified neuroblastoma cell lines were more sensitive to the cytotoxic effects of 

Romidempsin than SH-SY5Y cells (Fig. 1A and 4A). Indeed, Romidempsin doses of 40 nM 

and 100 nM significantly reduced IMR-32 and SK-N-BE cell viability (Fig. 4A). Real-time 

PCR revealed that 40 nM Romidempsin treatment significantly increased the expression 

levels of caspase-3 mRNA (Fig. 4B), and increased the ratio of Bax mRNA to Bcl2 mRNA in 

all the neuroblastoma cell lines tested (Fig. 4C). These data show that Romidemspin is a 

potent cytotoxin that leads to pro-apoptotic transcriptional changes in MYCN amplified and 

non-amplified human neuroblastoma cells. 

 

Discussion 
The selective inhibitor of HDAC1 and HDAC2, Romidepsin, is an FDA-approved 

chemotherapeutic drug that is being used/developed as a monotherapy or combination 

therapy for a number of cancers [10,12,13,18,20,26-29,30-32]. To investigate the potential of 



 
 

Romidepsin for the treatment of neuroblastoma, we examined the cytotoxic effects of 

Romidepsin in human neuroblastoma cell lines. In the present study, we first demonstrated 

that Romidepsin induces cell death of SH-SY5Y cells at concentrations in the low nanomolar 

range through caspase-dependent apoptosis. We next found that Romidepsin significantly 

increases histone acetylation in these neuroblastoma cells, most likely through inhibition of 

HDAC1 and HDAC2 activity, and that the cytotoxic dose of Romidepsin can be lowered 

when combined with other cytotoxic agents. Finally, we demonstrated that Romidepsin is a 

potent cytotoxin that leads to pro-apoptotic transcriptional changes in MYCN amplified and 

non-amplified human neuroblastoma cell lines. As a result, we believe that Romidepsin may 

be useful in monotherapy or combination therapy approaches for neuroblastoma. 

 In the present study, following a dose-response experiment, we initially found that 

concentrations >100 nM of Romidepsin induce a significant reduction in cell viability of SH-

SY5Y cells. We observed extensive cell death by phase contrast microscopy, and then 

showed that a non-cytotoxic dose of Romidepsin (40 nM) significantly reduced the length of 

SH-SY5Y cell neurites, while lower doses had no effect on neurite length. These data 

indicate that Romidepsin has a neuritotoxic effect on SH-SY5Y cells. Moreover, Romidepsin 

did not increase the length of SH-SY5Y cell neurites, and thus did not induce their neuronal 

differentiation. Taken together, we concluded that Romidepsin has potent cytotoxic effects on 

SH-SY5Y neuroblastoma cells. In support of our findings, HDAC inhibitors have been 

shown to induce cell death in a number of neuroblastoma cell lines [21-25].  

 We subsequently confirmed the ability of Romidepsin to induce hyperacetylation of 

histone H3 in the SH-SY5Y cells, which was most likely due to selective inhibition of 

HDAC1 and HDAC2. Romidepsin induced significant increases in the levels of acetylated 

histone H3 at 20 nM and 40 nM. In support of this, the IC50 values of Romidepsin are 36 nM 

and 47 nM for HDAC1 and HDAC2, respectively. Furthermore, Romidepsin has been 

consistently demonstrated to inhibit HDAC1 and HDAC2 activity in vitro, in vivo and in 

cancer patients, in which histone acetylation levels were assessed [28,38,42]. This suggests 

that the Romidepsin-induced cytotoxic effects observed in this study may be mediated by 

hyperacetylation, following inhibition of HDAC1 and HDAC2 activity. Indeed, epigenetic 

dysregulation has been reported to contribute to a cancer phenotype [4-6]. 

 To determine the cellular mechanisms through which Romidepsin induced SH-SY5Y 

cell death, we next showed that Romidepsin-induced cell death in SH-SY5Y neuroblastoma 

cells was caspase-dependent. In support of these findings, Romidepsin has previously been 

reported to induce apoptosis in a number of cancer cell lines [24,38,43]. SH-SY5Y cell death 



 
 

induced by treatment with 100 nM of Romidepsin was prevented by co-treatment with a 

caspase-3 inhibitor. Similarly, Romidepsin has been shown to induce apoptosis at 10 nM in 

the HL-60 cell line and at 500 nM in the HP100 cell line [38]. Taken together, these results 

suggest that Romidepsin induces caspase-dependent apoptosis in neuroblastoma cells. 

  We next sought to determine if the cytotoxic dose of Romidepsin in neuroblastoma 

cells could be reduced by combination therapy with another cytotoxic agent. Using a 

concentration of Romidepsin which does not adversely affect cell viability or morphology but 

induces hyperacetylation (20 nM), we showed that Romidepsin significantly increases the 

SH-SY5Y cell death induced by the cytotoxin 6-OHDA, which has been shown to induce 

SH-SY5Y cell death through increasing reactive oxygen species [40,41]. These data suggest 

that it may be possible for the therapeutic dose of Romidepsin to be lowered when used as an 

add-on pharmacotherapy in combination therapies for neuroblastoma.  

 Finally, we examined the effects of Romidepsin in MYCN amplified human 

neuroblastoma cell lines, IMR-32 and SK-N-BE, as MYCN amplification is the primary and 

most important prognostic marker of poor survival in neuroblastoma [54]. MYCN amplified 

neuroblastoma cell lines were significantly more sensitive to the cytotoxic effects of 

Romidempsin than the non-MYCN amplified SH-SY5Y cells. This suggests that Romidepsin 

may be particularly effective in neuroblastoma cases with MYCN amplification, which 

accounts for ∼25% of cases and correlates with high-risk disease and poor prognosis [54]. 

Lastly, Romidempsin was shown to cause significant pro-apoptotic transcriptional changes in 

both MYCN amplified and non-amplified human neuroblastoma cells. 

 Collectively these in vitro data demonstrate the potential of Romidepsin to be used as 

chemotherapy for neuroblastoma patients. Indeed, the FDA-approved Romidepsin is being 

used/developed as a monotherapy or combination therapy for various other cancer subtypes 

[10,12,13,18,20,26,27,29,30-32]. Furthermore, Romidepsin has been demonstrated to be well 

tolerated in pediatric patients with refractory solid tumors, as well as patients with advanced 

cancers [33,34], which gives it promise for clinical use in neuroblastoma patients. Before 

Romidepsin is considered for clinical use, it should be examined in animal models of 

neuroblastoma (for examples see [47]) as the next stage in rationalizing its use as a potential 

therapy for this cancer. Despite the use, effectiveness and promise of Romidepsin as a 

chemotherapy, Romidepsin has been ineffective in its treatment of some cancers in clinical 

trials, including glioblastomas and colorectal cancer, with some patients experiencing adverse 

effects [42,48-52]. Thus, preclinical efficacy with Romidepsin does not necessarily predict 

effectiveness in clinical trials. In the event of Romidepsin-related clinical complications, 



 
 

Romidepsin has been shown to be metabolized by cytochrome P450 enzymes [53], which 

provides a potential avenue to counteract any adverse effects of Romidepsin. However, 

clinical trials aimed at harnessing these enzymes to metabolise Romidepsin were 

unsuccessful [52]. Given the dismal survival rates in children with high-risk neuroblastoma 

[2], it is important that novel therapeutic approaches are developed for these patients. 

Romidepsin has demonstrated promise in this regard, and warrants further investigation in 

this context. 

  

Acknowledgements 

Studies in the authors’ laboratories are supported by grants from the Irish Research Council 

(R15897; SVH/AS/G’OK) the National University of Ireland (R16189; SVH/AS/G’OK). 

This publication has also emanated from research supported in part by a research grant from 

Science Foundation Ireland (SFI) under the Grant Number 15/CDA/3498 (G’OK). 

 

References 

[1] Kaatsch P (2010) Epidemiology of childhood cancer. Cancer Treat Rev 36: 277-285. 

[2] Modak S, Cheung NK (2010) Neuroblastoma: Therapeutic strategies for a clinical 

enigma. Cancer Treat Rev 36: 307-317. 

[3] Maris JM (2010) Recent advances in neuroblastoma. N Engl J Med 362: 2202-2211. 

[4] Abdelfatah E, Kerner Z, Nanda N, Ahuja N (2016) Epigenetic therapy in gastrointestinal 

cancer: the right combination. Therap Adv Gastroenterol 9: 560-579. 

[5] Kumar R, Li DQ, Muller S, Knapp S (2016) Epigenomic regulation of oncogenesis by 

chromatin remodeling. Oncogene. 

[6] Shinjo K, Kondo Y (2015) Targeting cancer epigenetics: Linking basic biology to clinical 

medicine. Adv Drug Deliv Rev 95: 56-64. 

[7] Allfrey VG, Faulkner R, Mirsky AE (1964) ACETYLATION AND METHYLATION OF 

HISTONES AND THEIR POSSIBLE ROLE IN THE REGULATION OF RNA 

SYNTHESIS. Proc Natl Acad Sci U S A 51: 786-794. 

[8] Serrano L, Vazquez BN, Tischfield J (2013) Chromatin structure, pluripotency and 

differentiation. Exp Biol Med (Maywood) 238: 259-270. 

[9] Yang XJ, Seto E (2007) HATs and HDACs: from structure, function and regulation to 

novel strategies for therapy and prevention. Oncogene 26: 5310-5318. 



 
 

[10] Kaushik D, Vashistha V, Isharwal S, Sediqe SA, Lin MF (2015) Histone deacetylase 

inhibitors in castration-resistant prostate cancer: molecular mechanism of action and recent 

clinical trials. Ther Adv Urol 7: 388-395. 

[11] Juo YY, Gong XJ, Mishra A, Cui X, Baylin SB, et al. (2015) Epigenetic therapy for 

solid tumors: from bench science to clinical trials. Epigenomics 7: 215-235. 

[12] Barbarotta L, Hurley K (2015) Romidepsin for the Treatment of Peripheral T-Cell 

Lymphoma. J Adv Pract Oncol 6: 22-36. 

[13] Damaskos C, Karatzas T, Nikolidakis L, Kostakis ID, Karamaroudis S, et al. (2015) 

Histone Deacetylase (HDAC) Inhibitors: Current Evidence for Therapeutic Activities in 

Pancreatic Cancer. Anticancer Res 35: 3129-3135. 

[14] Zhu L, Wu K, Ma S, Zhang S (2015) HDAC inhibitors: a new radiosensitizer for non-

small-cell lung cancer. Tumori 101: 257-262. 

[15] Bian J, Zhang L, Han Y, Wang C (2015) Histone deacetylase inhibitors: potent anti-

leukemic agents. Curr Med Chem 22: 2065-2074. 

[16] Nwabo Kamdje AH, Seke Etet PF, Vecchio L, Tagne RS, Amvene JM, et al. (2014) 

New targeted therapies for breast cancer: A focus on tumor microenvironmental signals and 

chemoresistant breast cancers. World J Clin Cases 2: 769-786. 

[17] Tampakis A, Tampaki EC, Nebiker CA, Kouraklis G (2014) Histone deacetylase 

inhibitors and colorectal cancer: what is new? Anticancer Agents Med Chem 14: 1220-1227. 

[18] Marsh DJ, Shah JS, Cole AJ (2014) Histones and their modifications in ovarian cancer - 

drivers of disease and therapeutic targets. Front Oncol 4: 144. 

[19] Bezecny P (2014) Histone deacetylase inhibitors in glioblastoma: pre-clinical and 

clinical experience. Med Oncol 31: 985. 

[20] McGraw AL (2013) Romidepsin for the treatment of T-cell lymphomas. Am J Health 

Syst Pharm 70: 1115-1122. 

[21] Wang G, Edwards H, Caldwell JT, Buck SA, Qing WY, et al. (2013) Panobinostat 

synergistically enhances the cytotoxic effects of cisplatin, doxorubicin or etoposide on high-

risk neuroblastoma cells. PLoS One 8: e76662. 

[22] de Ruijter AJ, Kemp S, Kramer G, Meinsma RJ, Kaufmann JO, et al. (2004) The novel 

histone deacetylase inhibitor BL1521 inhibits proliferation and induces apoptosis in 

neuroblastoma cells. Biochem Pharmacol 68: 1279-1288. 

[23] Muhlethaler-Mottet A, Flahaut M, Bourloud KB, Auderset K, Meier R, et al. (2006) 

Histone deacetylase inhibitors strongly sensitise neuroblastoma cells to TRAIL-induced 



 
 

apoptosis by a caspases-dependent increase of the pro- to anti-apoptotic proteins ratio. BMC 

Cancer 6: 214. 

[24] Panicker J, Li Z, McMahon C, Sizer C, Steadman K, et al. (2010) Romidepsin 

(FK228/depsipeptide) controls growth and induces apoptosis in neuroblastoma tumor cells. 

Cell Cycle 9: 1830-1838. 

[25] Witt O, Deubzer HE, Lodrini M, Milde T, Oehme I (2009) Targeting histone 

deacetylases in neuroblastoma. Curr Pharm Des 15: 436-447. 

[26] Piekarz RL, Frye R, Turner M, Wright JJ, Allen SL, et al. (2009) Phase II multi-

institutional trial of the histone deacetylase inhibitor romidepsin as monotherapy for patients 

with cutaneous T-cell lymphoma. J Clin Oncol 27: 5410-5417. 

[27] Whittaker SJ, Demierre MF, Kim EJ, Rook AH, Lerner A, et al. (2010) Final results 

from a multicenter, international, pivotal study of romidepsin in refractory cutaneous T-cell 

lymphoma. J Clin Oncol 28: 4485-4491. 

[28] Furumai R, Matsuyama A, Kobashi N, Lee KH, Nishiyama M, et al. (2002) FK228 

(depsipeptide) as a natural prodrug that inhibits class I histone deacetylases. Cancer Res 62: 

4916-4921. 

[29] Haigentz M, Jr., Kim M, Sarta C, Lin J, Keresztes RS, et al. (2012) Phase II trial of the 

histone deacetylase inhibitor romidepsin in patients with recurrent/metastatic head and neck 

cancer. Oral Oncol 48: 1281-1288. 

[30] Jones SF, Infante JR, Spigel DR, Peacock NW, Thompson DS, et al. (2012) Phase 1 

results from a study of romidepsin in combination with gemcitabine in patients with 

advanced solid tumors. Cancer Invest 30: 481-486. 

[31] Tinari N, De Tursi M, Grassadonia A, Zilli M, Stuppia L, et al. (2012) An epigenetic 

approach to pancreatic cancer treatment: the prospective role of histone deacetylase 

inhibitors. Curr Cancer Drug Targets 12: 439-452. 

[32] Harrison SJ, Quach H, Link E, Seymour JF, Ritchie DS, et al. (2011) A high rate of 

durable responses with romidepsin, bortezomib, and dexamethasone in relapsed or refractory 

multiple myeloma. Blood 118: 6274-6283. 

[33] Fouladi M, Furman WL, Chin T, Freeman BB, 3rd, Dudkin L, et al. (2006) Phase I study 

of depsipeptide in pediatric patients with refractory solid tumors: a Children's Oncology 

Group report. J Clin Oncol 24: 3678-3685. 

[34] Amiri-Kordestani L, Luchenko V, Peer CJ, Ghafourian K, Reynolds J, et al. (2013) 

Phase I trial of a new schedule of romidepsin in patients with advanced cancers. Clin Cancer 

Res 19: 4499-4507. 



 
 

[35] Hegarty SV, Sullivan AM, O'Keeffe GW (2013) BMP2 and GDF5 induce neuronal 

differentiation through a Smad dependant pathway in a model of human midbrain 

dopaminergic neurons. Mol Cell Neurosci 56C: 263-271. 

[36] Hegarty SV, O'Leary E, Solger F, Stanicka J, Sullivan AM, et al. (2016) A Small 

Molecule Activator of p300/CBP Histone Acetyltransferase Promotes Survival and Neurite 

Growth in a Cellular Model of Parkinson's Disease. Neurotox Res. 

[37] Crampton SJ, Collins LM, Toulouse A, Nolan YM, O'Keeffe GW (2012) Exposure of 

foetal neural progenitor cells to IL-1beta impairs their proliferation and alters their 

differentiation - a role for maternal inflammation? J Neurochem 120: 964-973. 

[38] Mizutani H, Hiraku Y, Tada-Oikawa S, Murata M, Ikemura K, et al. (2010) Romidepsin 

(FK228), a potent histone deacetylase inhibitor, induces apoptosis through the generation of 

hydrogen peroxide. Cancer Sci 101: 2214-2219. 

[39] Siegel RM (2006) Caspases at the crossroads of immune-cell life and death. Nat Rev 

Immunol 6: 308-317. 

[40] Yamamuro A, Yoshioka Y, Ogita K, Maeda S (2006) Involvement of endoplasmic 

reticulum stress on the cell death induced by 6-hydroxydopamine in human neuroblastoma 

SH-SY5Y cells. Neurochem Res 31: 657-664. 

[41] Kwon SH, Ma SX, Lee SY, Jang CG (2014) Sulfuretin inhibits 6-hydroxydopamine-

induced neuronal cell death via reactive oxygen species-dependent mechanisms in human 

neuroblastoma SH-SY5Y cells. Neurochem Int 74: 53-64. 

[42] Schrump DS, Fischette MR, Nguyen DM, Zhao M, Li X, et al. (2008) Clinical and 

molecular responses in lung cancer patients receiving Romidepsin. Clin Cancer Res 14: 188-

198. 

[43] Karthik S, Sankar R, Varunkumar K, Ravikumar V (2014) Romidepsin induces cell 

cycle arrest, apoptosis, histone hyperacetylation and reduces matrix metalloproteinases 2 and 

9 expression in bortezomib sensitized non-small cell lung cancer cells. Biomed Pharmacother 

68: 327-334. 

[44] Toulouse A, Collins GC, Sullivan AM (2012) Neurotrophic effects of 

growth/differentiation factor 5 in a neuronal cell line. Neurotox Res 21: 256-265. 

[45] Sullivan AM, Opacka-Juffry J, Hotten G, Pohl J, Blunt SB (1997) Growth/differentiation 

factor 5 protects nigrostriatal dopaminergic neurones in a rat model of Parkinson's disease. 

Neurosci Lett 233: 73-76. 



 
 

[46] Hurley FM, Costello DJ, Sullivan AM (2004) Neuroprotective effects of delayed 

administration of growth/differentiation factor-5 in the partial lesion model of Parkinson's 

disease. Exp Neurol 185: 281-289. 

[47] Teitz T, Stanke JJ, Federico S, Bradley CL, Brennan R, et al. (2011) Preclinical models 

for neuroblastoma: establishing a baseline for treatment. PLoS One 6: e19133. 

[48] Whitehead RP, Rankin C, Hoff PM, Gold PJ, Billingsley KG, et al. (2009) Phase II trial 

of romidepsin (NSC-630176) in previously treated colorectal cancer patients with advanced 

disease: a Southwest Oncology Group study (S0336). Invest New Drugs 27: 469-475. 

[49] Stadler WM, Margolin K, Ferber S, McCulloch W, Thompson JA (2006) A phase II 

study of depsipeptide in refractory metastatic renal cell cancer. Clin Genitourin Cancer 5: 57-

60. 

[50] Molife LR, Attard G, Fong PC, Karavasilis V, Reid AH, et al. (2010) Phase II, two-

stage, single-arm trial of the histone deacetylase inhibitor (HDACi) romidepsin in metastatic 

castration-resistant prostate cancer (CRPC). Ann Oncol 21: 109-113. 

[51] Otterson GA, Hodgson L, Pang H, Vokes EE (2010) Phase II study of the histone 

deacetylase inhibitor Romidepsin in relapsed small cell lung cancer (Cancer and Leukemia 

Group B 30304). J Thorac Oncol 5: 1644-1648. 

[52] Iwamoto FM, Lamborn KR, Kuhn JG, Wen PY, Yung WK, et al. (2011) A phase I/II 

trial of the histone deacetylase inhibitor romidepsin for adults with recurrent malignant 

glioma: North American Brain Tumor Consortium Study 03-03. Neuro Oncol 13: 509-516. 

[53] Shiraga T, Tozuka Z, Ishimura R, Kawamura A, Kagayama A (2005) Identification of 

cytochrome P450 enzymes involved in the metabolism of FK228, a potent histone 

deacetylase inhibitor, in human liver microsomes. Biol Pharm Bull 28: 124-129. 

[54] Huang A, Weiss WA (2013) Neuroblastoma and MYCN. Cold Spring Harb Perspect 

Med. 2013 Oct; 3(10): a014415.  

 
 

Figures and Figure Legends 
Figure 1: Romidepsin induces cell death of human SH-SY5Y neuroblastoma cells.  

(A) MTT assay with (B) representative photomicrographs of Romidepsin-treated SH-SY5Y 

cells treated daily for 4 DIV with 0 - 500 nM of Romidepsin (*** p < 0.001; ANOVA with 

post-hoc Tukey’s test; N = 4). (C) Graph with (D) representative photomicrographs (Green = 



 
 

-actin) showing the average total neurite length of cells in the control or 40 nM Romidepsin 

group (** p < 0.01; 20 images analysed per group per experiment. N = 3). Scale bar = 50 μm. 

 
Figure 2: Romidepsin increases histone acetylation in SH-SY5Y neuroblastoma cells.  

Western blots of (A) pAcH3 and -actin levels in SH-SY5Y cells cultured for 24 h with 0 to 

40 nM of Romidepsin, and (B) normalised to β-actin levels (N = 3). (C) Quantification of the 

relative fluorescence intensity of (D) pAcH3 staining in SH-SY5Y cultured for 24 h with 0 to 

40 nM of Romidepsin (* p < 0.05, *** p < 0.001 v control; One-way ANOVA with post-hoc 

Tukey’s test; 50 cells analysed per group per experiment. N = 3). Scale bar = 100 μm.  

 
Figure 3: Caspase-dependent cytotoxic effects of Romidepsin in neuroblastoma cells.  

(A) Representative photomicrographs and (B, C) MTT assay of SH-SY5Y cells treated daily 

with without or with 1 µg/ml of caspase-3 inhibitor and/or 40 or 100 nM of Romidepsin for 4 

DIV (** p < 0.01 v control; One-way ANOVA with post-hoc Tukey’s test; N = 3). Scale bar 

= 50 μm. (D) Standardised LDH assay of SH-SY5Y cells treated with 15 µM 6-OHDA in the 

presence or absence of 20 nM of Romidepsin for 24 h (*** p < 0.001 v control; ++ p < 0.01 v 

6-OHDA alone; One-way ANOVA with post-hoc Tukey’s test; N = 6). 



 
 

 
Figure 4: Effects of Romidepsin in MYCN-amplified and non-amplified neuroblastoma 

cells.  

(A) MTT assay of Romidepsin-treated IMR-32 and SK-N-BE(2) cells treated daily for 4 DIV 

with 0, 40 or 100 nM of Romidepsin (*** p < 0.001 vs control; ANOVA with post-hoc 

Tukey’s test. Number of repetitions (N) = 4). (B) Real-time PCR of caspase-3 mRNA in all 

three neuroblastoma cells lines treated for 24 h with 40 nM Romidempsin (* p < 0.05 vs 

control; Student’s t-test). (C) Graphical representation of real-time PCR showing the ratio of 

Bax to Bcl2 mRNA in all three cells lines treated for 24 h with 40 nM Romidempsin. 
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