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Abstract

The mitochondrion is a gatekeeper of apoptotic processes, and mediates drug resis-

tance to several chemotherapy agents used to treat cancer. Neuroblastoma is a com-

mon solid cancer in young children with poor clinical outcomes following

conventional chemotherapy. We sought druggable mitochondrial protein targets in

neuroblastoma cells. Among mitochondria-associated gene targets, we found that

high expression of the mitochondrial adenine nucleotide translocase 2 (SLC25A5/

ANT2), was a strong predictor of poor neuroblastoma patient prognosis and contrib-

uted to a more malignant phenotype in pre-clinical models. Inhibiting this transporter
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with PENAO reduced cell viability in a panel of neuroblastoma cell lines in a TP53-sta-

tus-dependant manner. We identified the histone deacetylase inhibitor, suberanilohy-

droxamic acid (SAHA), as the most effective drug in clinical use against mutant TP53

neuroblastoma cells. SAHA and PENAO synergistically reduced cell viability, and

induced apoptosis, in neuroblastoma cells independent of TP53-status. The SAHA

and PENAO drug combination significantly delayed tumour progression in pre-clinical

neuroblastoma mouse models, suggesting that these clinically advanced inhibitors

may be effective in treating the disease.

K E YWORD S

neuroblastoma, PENAO, SAHA, SLC25A5

What's new?

Therapies that target the mitochondria can have a strong apoptotic effect and also increase the

effectiveness of standard chemotherapy. Here, the authors went looking for druggable mito-

chondrial protein targets in neuroblastoma cells. They found that high expression of the mito-

chondrial adenine nucleotide translocase 2 (SLC25A5/ANT2) predicted poor prognosis in NB

patients. Inhibiting this mitochondrial protein with phenylarsonous acid (PENAO) in combination

with suberanilohydroxamic acid (SAHA) treatment delayed tumour progression of neuroblas-

toma in mouse models, regardless of TP53 mutation status. The two drugs worked synergisti-

cally against drug-resistant, TP53-mutant NB xenograft tumours.

1 | INTRODUCTION

Mitochondria-targeted therapies are sought in the treatment of cancer

as they produce a strong apoptotic phenotype and potentiate treatment

responses to standard chemotherapy.1,2 Successful small molecule inhibi-

tion of mitochondrial processes in neuroblastoma (NB) using U.S. FDA-

approved compounds such as venetoclax, arsenic trioxide, MIBG, metfor-

min and phenformin provide a rationale for exploring potential drug tar-

gets among mitochondria-associated genes.3,4 One of the greatest

barriers that mitochondrial-targeted agents face is the dysregulation of

the master tumour suppressor TP53, which is required for the efficient

induction of apoptosis.5 Two recent large-scale pan-cancer genome stud-

ies have revealed TP53 to be among the most common somatically

mutated genes in paediatric cancers.6,7

NB is the most common extracranial solid tumour of early child-

hood.8 Approximately half of the children with high-risk NB do not sur-

vive despite extensive therapeutic intervention.9 At diagnosis, NB seldom

presents with mutations in the TP53 pathway.10 However, aberrations in

the TP53 pathway have been observed at a higher frequency (2-53%) fol-

lowing chemotherapy and at relapse in NB, suggesting clonal enrichment

of minor subclones against therapy.11,12 The mutational status of TP53

influences the drug sensitivity of many chemotherapy agents in NB.13

In NB, mitochondria are dysregulated by aberrant gene expression

programs. Examples of this include the aberrant expression of the MYCN

and BIRC5 oncogenes as well as the KIF1β tumour suppressor, owing to

NB-specific segmental copy number alterations (2p, 17q, 1p), which alter

mitochondrial biogenesis and/or dynamics leading to drug resistance.14-

16 Here we identified the mitochondrial adenine nucleotide translocase 2

(SLC25A5 or ANT2) as a potential therapeutic target in NB. SLC25A5 is a

key transporter of ATP between the outer and inner mitochondrial mem-

brane, and regulates glycolysis.17 The organo-arsenical 4-(N-[S-penicilla-

minylacetyl]amino) phenylarsonous acid (PENAO) is a mitochondria-

targeted agent that selectively reacts with and crosslinks cysteine resi-

dues (Cys57/257) of ANT homologues in tumour cells, resulting in apo-

ptosis.18-20 PENAO has efficacy against many cancer types18,21,22 and is

currently in early phase II clinical trials for a range of adult solid

tumours.23 Our studies, for the first time, identified SLC25A5 as a novel

prognostic indicator and therapeutic target in NB cells. Moreover, the

combination of PENAO (mitochondria inhibitor) and SAHA (chromatin

modifier) had strong cytotoxic effects against both TP53 wild-type and

mutant NB cells, which are frequent in relapse/refractory NB cases.

2 | METHODS

2.1 | Tissue culture

The human neuroblastoma cell lines; SK-N-BE(2)-C (CVCL_0529, BE(2)-

C), SH-EP (CVCL_0524), SK-N-DZ (CVCL_1701), IMR-32 (CVCL_0346),

SK-N-F (CVCL_1702I), LAN-1 (CVCL_1827), SK-N-AS (CVCL_1700),

NB-LS (CVCL_2136) and SH-SY5Y (CVCL_0019) were maintained in

Dulbecco's Modified Eagle Medium (DMEM) (Life Technologies, Mul-

grave, VIC, Australia) supplemented with 10% heat inactivated Foetal

Bovine Serum (FBS) (Life Technologies). SH-EP and SH-SY5Y are sub-

clones of the of the SK-N-SH cell line. KELLY (CVCL_2092) & CHP-134

(CVCL_1124) human neuroblastoma cell lines were maintained in
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Roswell Park Memorial Institute 1640 medium (RPMI) (Life Technologies)

supplemented with 10% heat inactivated FBS (Life Technologies). The

human fibroblast cell lines MRC-5 (CVCL_0440) andWI-38 (CVCL_0579)

were, respectively, maintained in Minimum Essential Media (MEM) (Life

Technologies) and Alpha-MEM (Life Technologies) supplemented with

10% heat inactivated FBS (Life Technologies). The cell line NBL-S was

kindly provided by Prof. Susan L. Cohn (Northwestern University, Chi-

cago, IL). SH-EP and SK-N-BE(2)-C cell lines were kindly gifted from by

Prof. June Biedler (Memorial Sloan Kettering Cancer Centre, New York,

NY). SK-N-DZ and LAN-1 cell lines were provided by Prof. John Maris.

All other neuroblastoma cell lines were purchased from ATCC (Manassas,

VA). MRC-5 and WI38 human fibroblast cell lines were purchased from

ATCC (Manassas, VA). All cell lines used were authenticated by Cell Bank

Australia (Westmead, NSW, Australia) and were free from mycoplasma.

All parental cell lines as well as the stable subclones have been authenti-

cated using short tandem repeat profiling within the last 3 years. All cell

lines were incubated at 37�C with 5% CO2 and were passaged at 80-

90% confluency to maintain an exponential growth phase. All experi-

ments were performed with mycoplasma-free cells.

2.2 | Stable cell lines

Stable cell lines were previously generated from a panel of TP53 wild-

type neuroblastoma cell lines (IMR-32, SH-EP and SH-SY5Y) using retro-

viral pBabe vectors containing short hairpin RNA (shRNA) sequences tar-

geting either TP53 or GFP (control), which were transduced into cells

using standard retroviral transduction protocols.13 SH-EP cells stably

expressing mutant TP53 isoforms were also previously generated, by first

introducing TP53 codon 135 mutations in a pCMV-Neo vector contain-

ing the wild-type TP53 cDNA sequence (C135R, C135P) and then trans-

fecting SH-EP cells with either the mutant TP53 constructs or pCMV-

Neo empty vector (control), using calcium phosphate transfection, fol-

lowed by geneticin (G418) antibiotic selection and western blot valida-

tion of mutant p53 protein expression.13

2.3 | Drug treatments

For in vitro drug treatments, NB cell lines were seeded in either 96-well,

6-well plates or T25, T75 flasks (Corning) at densities that would reach

80-90% confluency at the 24-96-h assay endpoints. Following an initial

24-h incubation after seeding, drug treatments were made in fresh

media. GSAO and PENAO were kindly provided by Prof. Philip J. Hogg

(Australian Cancer Research Foundation, Centenary Cancer Research

Centre, Charles Perkins Centre, USYD, NSW, Australia) and were consti-

tuted in saline (NaCl 0.9%). Vorinostat (SAHA) (#10009929, Cayman

Chemical, MI) and Panobinostat (LBH589) (#13280, Cayman Chemical)

were constituted in DMSO (Sigma-Aldrich, Castle Hill, NSW, Australia).

Glutathione ethyl ester (GSH-EE) (G1404, Sigma-Aldrich) and N-Acetyl-

L-Cysteine (NAC) (A9165, Sigma-Aldrich) were constituted in Milli-Q

H2O. Cells were incubated at 37�C with 5% CO2 for 24 to 96 h, fol-

lowed by various phenotypic assays.

For in vivo drug treatments, PENAO and GSAO were constituted

in saline (NaCl 0.9%) prior to injection. The chemotherapy drugs; cis-

platin (Hospira), vincristine (Tocris), etoposide (Sigma) and cyclophos-

phamide (Baxter) were diluted from their stock solution to 5%

dextrose for injection. SAHA was diluted in a solution of 5% DMSO

with saline (NaCl 0.9%) prior to injection.

2.4 | Animal experiments

The efficacy of PENAO alone or in combination with chemotherapy

agents was assessed in homozygous Th-MYCN mice with established

tumours. The Th-MYCN model conditionally expresses the MYCN onco-

gene under the control of a tyrosine hydroxylase (TH) promoter.24 This

results in the formation of abdominal or thoracic tumours along the para-

spinal ganglia which are histologically consistent with human NB.24

Homozygous Th-MYCN mice develop tumours at �5.4 weeks of age

with 100% tumour incidence.25 Upon detection of an established tumour

(5 mm in diameter) Th-MYCN+/+ mice were separated into treatment

cohorts, until the study endpoint (>10 mm tumour diameter by palpation

or > 100 days survival). PENAO was administered at doses of either

10 mg/kg/day via oral gavage for up to 28 days, or 20 mg/kg/day via

intravenous tail vail injections for only 5 days. Chemotherapy agents

were administered alone or alongside PENAO treatments for only 5 days

via intraperitoneal injections (I.P.) at the following doses; cisplatin (CDDP)

2 mg/kg/day, cyclophosphamide (CPA) 18 mg/kg/day, vincristine (VCR)

0.2 mg/kg/day and etoposide (VP-16) 6 mg/kg/day.

Subcutaneous xenograft models of neuroblastoma were established

by subcutaneous injection of 3.5 � 106 BE(2)-C or 1 � 107 KELLY cells

into the right flank of 5-week old immunodeficient Balb/c nude mice.

When tumours reached a volume of 50 mm3, as measured by callipers

using the calculation; 0.5 � tumour length (mm) � (tumour width (mm)),2

mice were assigned into treatment groups of either; 5% DMSO in saline,

17.5 mg/kg/day SAHA, 20 mg/kg/day PENAO or in combination. Mice

were treated by I.P. injections on a 5 day on, 2 day off schedule for up to

a total period of 42 days or until tumours reached a volume of

1000 mm3, at which point, the mice were sacrificed. The efficacy of

PENAO combined with SAHA in Th-MYCN homozygous mice was

assessed by allocating 4-week old mice with small palpable tumours (1-

2 mm in diameter), measured by abdominal palpations, into the afore-

mentioned treatment groups. These mice were also treated by I.P. injec-

tions on a 5 day on, 2 day off schedule for up to a total period of

42 days or until tumours reached >10 mm in diameter by palpation, at

which point, the mice were sacrificed.

2.5 | Statistical analysis

Data obtained from all experiments were plotted and analysed using

the software GraphPad Prism 7 (Applied BioSystems, Scoresby, VIC,

Australia). Statistical analysis was completed using either; one-way or

two-way ANOVA, with Tukey's multiple comparison tests, or unpaired

t tests.
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3 | RESULTS

3.1 | A subset of mitochondria-associated genes
associates with NB cell survival in vitro, chromatin
accessibility and poor patient survival

We first sought to identify potential therapeutic targets among mito-

chondria-associated genes (MAGs) expressed in human NB cell lines and

tissues using publicly available datasets. A total of 28 gene sets with

mitochondrial ontology from the Molecular Signatures Database

(MSigDB) were integrated to generate a list of 1148 unique MAGs

(Figure S1). To identify relationships among MAGs, the gene expression

of each MAG in patient tumours of the SEQC NB RNA-Seq cohort

(GSE62564; n = 498) were scaled and hierarchically clustered, yielding

six main gene clusters (C1-C6) (Figure 1A). When patients were classified

into each group using gene expression, we observed that patients in C5
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F IGURE 1 A subset of mitochondria-associated genes associates with NB cell survival, high chromatin accessibility and poor patient survival.
(A) 1148 Mitochondrial Associated Genes (MAGs) were derived from the integration of 28 mitochondrial gene sets from the MSigDB.
Hierarchical clustering of gene expression (1148 MAGs) in the SEQC NB Cohort (RNA-Seq; GSE62564) are represented as a heatmap with clinical
annotations (Age [<18 Months vs >18 Months], Stage [1,2,3,4 s vs 4], MYCN Status [Non-Amp vs Amp], EFS Event, OS Event & MAG scores for
each patient). β-coefficients from univariate Cox Proportional Hazards (CoxPH) models, using the median expression of each MAG (n = 1148) as
a cut-off, are shown as a bidirectional bar graph. (B) Patients from the SEQC NB cohort (n = 498) were subdivided based on cluster expression
(RNA-Seq) and their overall survival probability was plotted on a Kaplan-Meier curve. Comparisons are made between C5 vs C1,2,3,4,6 and C6 vs

C1,23,4. (C) Mean hazard ratios (HR = e[β]) of each cluster are shown with the error bars representing the SEM of HR's within a cluster. (D) The
proportion of genes with accessible promoters in each cluster with error bars representing the SEM across all 7 NB cell lines (where an accessible
promoter had significant enrichment of ATAC signal, FDR q-value <0.05, �1000/+100 bp from TSS). (E) The mean gene dependency probability
scores for each gene cluster derived from Project Achilles. Error bars represent the SE of the mean in each MAG cluster. (F) Gene set enrichment
of C6 genes using KEGG, GO and ReactomePA databases, the top 10 genesets enriched for C6 genes are shown, with gensets being ranked by
-log10[Adjusted P value]. Each gene set is also categorised by broad process involvement (ETC, electron transport chain; TCA, tricarboxylic acid
cycle, Oxphos, oxidative phosphorylation). Error bars represent the SE of the mean in each MAG cluster [Color figure can be viewed at
wileyonlinelibrary.com]
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& C6 groups had significantly poorer overall survival compared with

other cluster groups (Figure 1B). MAG scores, which link the expression

of each MAG with their ability to predict patient prognosis, were calcu-

lated and then also used to group patients, revealing a strong prognostic

association between MAG expression and poor NB patient outcome

(Figure S1). The predictive values of each MAG cluster were derived

from univariate Cox Proportional-Hazards (CoxPH) models of patient

survival, using median gene expression to dichotomise the patient

cohorts. We observed 2.66 to 7.21-fold higher univariate hazard ratios in

C5 & C6 compared with other clusters (Figure 1C).

To discern factors governing MAG expression between clusters we

assessed N-Myc chromatin binding (GSE80151), as N-Myc is a master

transcription factor and strong prognostic factor in NB, as well as chro-

matin accessibility (GSE80152/GSE101294) at MAG promoter regions in

NB cell lines (Figure S1). We observed no significant trends in the pro-

portion of promoters enriched for N-Myc in each cluster (Figure S1),

however, we found that C6 genes had a higher proportion of promoters

(6.50-20.41%) that were accessible for gene transcription (Figure 1D).

The importance of each MAG cluster in the growth of NB cells was also

assessed using CRISPR interference screening data in NB cell lines (Pro-

ject Achilles, n = 14). We found that NB cell lines had 2.30 to 6.35-fold

higher probability of being dependent on C5 & C6 MAGs for cell viabil-

ity, compared with the other four clusters (Figure 1E). We then assessed

the prognostic significance of each MAG against known predictors of

NB patient outcome (MYCN amplification status, INSS disease stage &

age at diagnosis) by multivariate CoxPH modelling in the SEQC NB

patient cohort. We found that C5 & C6 MAGs had 1.60 to 2.20-fold

higher mean multivariate hazard ratios (mHR) compared with other clus-

ters (Figure S1). Finally, we investigated cluster-specific gene ontologies

using the KEGG, GO, ReactomePA and Disease Ontology databases. We

found that C5-6 genes were enriched for pathways related to oxidative

phosphorylation and protein translation, whilst C1-4 were enriched for

pathways related to cell metabolism, intracellular transport and cell death

(Figures 1F and S1). We also found that C6 genes were uniquely

enriched in mitochondrial metabolism diseases (Figure S1) suggesting

that these genes were involved in vital functions in healthy cells. Taken

together, C5-6 MAGs had highly accessible promoters for gene transcrip-

tion, were essential for cell viability, and were independent predictors of

poor NB patient outcome. Hence, we next sought to identify therapeutic

targets within the C5-6 MAG subgroups.

3.2 | High SLC25A5 gene expression is the
strongest predictor of poor NB patient prognosis
among MAGs

Multivariate analyses showed that the C6 MAG, SLC25A5, had the stron-

gest independent prognostic effect among all MAGs (Figure 2A). We

chose SLC25A5 for further study because of this strong prognostic value

and the availability of an inhibitor in phase II clinical trials for advanced

solid tumours; PENAO.19,20 To determine the relationship between

SLC25A5 expression and NB patient outcome, we dichotomised patient

cohorts by median SLC25A5 gene expression and performed Kaplan-

Meier analyses. Higher SLC25A5 mRNA expression was significantly

associated with poor event free survival (EFS) and overall survival (OS) in

the SEQC cohort (Figures 2B and S2A). Multivariate CoxPH modelling

revealed SLC25A5 gene expression to be a superior predictor of poor

patient outcome compared with current clinical predictors (Figures 2C

and S2B). We further assessed whether SLC25A5 gene expression corre-

lated with these clinical predictors of poor outcome. Patients withMYCN

amplification, INSS stage 4 of disease or diagnosed at >18 months of

age, had significantly higher SLC25A5 gene expression compared with

other patients (Figure 2D). All these findings were corroborated by simi-

lar analyses in the KOCAK NB patient cohort (n = 649) (Figure S2C-F).

These findings establish high SLC25A5 expression as a strong predictor

of poor NB patient outcome. Additionally, the prognostic value of each

of the three other ANT family members, SLC25A4, SLC25A6 and

SLC25A31, were assessed using publicly available RNA-Seq and gene

microarray databases (SEQ Cohort GSE62564, and KOCAK cohort

GSE45547, respectively) and compared with SLC25A5. This confirmed

that SLC25A5 was the sole predictor of patient outcome (Figure S2I-L).

We then performed western blot analyses on the total cell protein

lysates from NB cell lines and human fibroblast control cell lines and

observed that SLC25A5 expression was on average 9.6-fold higher in NB

cell lines than in fibroblasts (Figure S2G-H), however noted that SLC25A5

expression among NB cell lines varied. The phenotypic consequence of

SLC25A5 ablation was then assessed using siRNA mediated interference,

wherein knockdown of SLC25A5 mRNA resulted in significantly reduced

cell viability between 48 and 72 h following transfection (Figure 2E) indi-

cating that SLC25A5 expression was necessary for NB cell survival.

Western blot of cell lysates following 72 h of transfection of SK-N-BE

(2)-C, CHP-134 and SK-N-AS cells with control or two SLC25A5 siRNAs

was performed, confirming the knockdown of SLC25A5 (Figure 2F).

3.3 | Small molecule inhibition of SLC25A5 with
PENAO reduces NB cell viability

We treated 10 NB and two normal fibroblast cell lines with the selec-

tive mitochondrial adenine nucleotide translocase inhibitor PENAO

(Figure S3A) using a dose range (0-20 μM) and measured cell viability

relative to a vehicle control (Figure 3A). We observed that NB cell

lines were on average 3.58-fold more sensitive to PENAO than nor-

mal fibroblast cell lines (Figure S3B, C), suggesting that there might be

a therapeutic window for in vivo therapy in pre-clinical models of NB.

We observed no significant correlation between SLC25A5 protein

levels and PENAO IC50 suggesting that there may be additional fac-

tors governing sensitivity to PENAO (Figure S3D).

3.4 | PENAO alone or in combination with
cytotoxic chemotherapy has minimal efficacy against
NB in vivo

We next assessed the efficacy of targeting SLC25A5 with PENAO in

established NB tumours arising in homozygous Th-MYCN+/+ NB
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transgenic mice. We found only small improvements in tumour-free

survival with PENAO treatment when compared with saline control

mice (Figure S3E and Table S1). We further evaluated whether

PENAO could potentiate induction chemotherapies in current clinical

use for NB, such as cisplatin (CDDP), vincristine (VCR), cyclophospha-

mide (CPA) and etoposide (VP16) in Th-MYCN+/+ mice (Figure S3F, G

and Table S1). We observed either minor or no extension to tumour-

free survival in mice treated with PENAO and chemotherapy. The rel-

atively poor efficacy of PENAO in vivo led us to seek more effective

PENAO combination anti-cancer therapies.

3.5 | TP53 expression and mutational status are
key determinants of PENAO sensitivity in NB cell lines

In order to develop a targeted combination therapy with PENAO, we first

considered sensitivity/resistance factors for PENAO cytotoxicity. We

grouped each cell line's PENAO IC50 by the presence or absence of TP53

pathway alterations, taking into consideration mutations in CDKN2A and

TP53 as well as amplifications of MDM2. We found that cell lines with

TP53 pathway alterations were on average 4.47-fold more resistant to

PENAO than those with no alterations (Figure 3B and Table S2).

We then validated TP53 expression as a sensitivity factor to

PENAO, by assessing efficacy in NB cell lines with wild type TP53 sta-

bly expressing shRNA constructs against TP53 (shTP53) compared

with vector controls.13 We observed a significant increase in PENAO

resistance in all three wild type TP53 cell lines following TP53 knock-

down (Figure 3C and S3H, I). We then assessed the effect of TP53

mutation on resistance to PENAO. The NB SH-EP cell line harbours a

homozygous deletion of the CDKN2A gene, which results in supressed

wild-type TP53 signalling.11 We utilised SH-EP cells stably transfected

with TP53 constructs harbouring point mutations in the DNA binding

domain (DBD; p.C135R, p.C135P).13 We observed a 1.53 to 2.17-fold

increased resistance to PENAO in the p.C135R/P mutant expressing

cells compared with empty vector controls EV1/EV2 (Figures 3D and

S3J, K). Taken together these findings suggest that wild type TP53 sig-

nal activation is required for a stronger PENAO sensitivity, whereas

mutant TP53 mediates resistance to PENAO.

3.6 | A combination of a histone deacetylase
inhibitor and PENAO synergistically reduces cell
viability in mutant TP53 NB cell lines

We next sought cytotoxic compounds whose activity was greater in

TP53 mutant NB for combination therapy with PENAO. We examined

publicly available drug sensitivity data (IC50) from the Genomics of

Drug Sensitivity in Cancer (GDSC) database for drugs whose cytotoxic

effects were greater in TP53 mutant, compared with TP53 wild type,

NB cell lines. When we ranked 251 compounds for their cytotoxicity

across all 32 available NB cell lines, we found 126 compounds with

higher sensitivity (z-score > 0) in TP53 mutant NB cell lines

(Figure 4A, B). Of the top 5 scoring compounds, the histone deacety-

lase inhibitor (HDACi), SAHA (Vorinostat), was the most clinically

advanced, being FDA approved26 and used in several NB paediatric

clinical trials (Figure 4B).27,28

In cell viability assays in six NB and two normal human fibroblast

cell lines we demonstrated the SAHA and PENAO combination was

synergistic (Figures 4C and S4A). We confirmed similar synergy

between the third generation HDACi, Panobinostat (LBH589) and

PENAO (Figure S4B) as well as between PENAO's precursor, GSAO

and SAHA (Figure S4C). We observed moderate to strong synergy

(Combination Index, CI < 0.8) in DNA-binding domain (DBD) TP53

mutant NB cell lines as well as in wild type TP53 NB cell lines

(Figure S4D and Table S3). However, we found that there was an

additive to antagonistic (CI > 0.9) interaction between PENAO and

SAHA in c-terminal deleted TP53 mutant NB cell lines (Figure S4D

and Table S3). These results suggested there was broad synergism

between histone deacetylase and SLC25A5 inhibitors in NB cell lines.

We assessed whether cell-cycle arrest (G0/1, G2) contributed to

the synergistic reduction of cell viability in combination treated cells

using propidium iodide (PI) staining (Figures 4D and S4E). We

observed no changes in the proportion of cells in G0/1 or G2 phases

of the cell-cycle but saw increases in sub-G1 cell proportions

(Figure 4D). In contrast, human fibroblast cell lines treated with the

combination did not display any significant increases in sub-G1 cell

proportions (Figure S4F). In BrdU cell proliferation assays, there were

significant reductions in BrdU incorporation into cells treated with the

F IGURE 2 High SLC25A5 gene expression is predictive of poor NB patient prognosis. (A) The median gene expression (RNA-Seq) of each
MAG (n = 1148) was considered as a prognostic variable alongside classical predictors of NB patient outcome (MYCN Amplification Status
[amplified vs non-amplified], Stage of Disease [Stage 1,2,3,4 s vs Stage 4] & Age [>18 months vs < 18 months]) in iterative multivariate CoxPH
models using the SEQC NB patient cohort (n = 498). The dot plot represents the multivariate hazards ratios from the CoxPH models for each
gene with regard to event free survival (EFS)/overall survival (OS) probability of patients and cluster identity. (B) Kaplan-Meier survival curves
showing the OS probability of patients in the SEQC NB cohort (n = 498) when dichotomised by median SLC25A5 gene expression (RNA-Seq).
Hazard Ratio's (HR) and log-rank P values are presented from a univariate CoxPH model. (C) Summary of the OS multivariate CoxPH models with
SLC25A5 gene expression against classical prognostic predictors, dots represent the median HR whilst lines represent the 95% confidence

interval. (D) Box plots of SLC25A5 gene expression subdivided using established prognostic predictors of poor NB patient outcome in the SEQC
cohort (n = 498), patients are stratified by either; MYCN amplification status (MYCN non-amplified; MNA, MYCN amplified; MA), stage of
disease according to the International Neuroblastoma Staging System (INSS) (Stage 1,2,3,4 s vs 4) and age at diagnosis (<18 vs >18 months of
age). (E) Cell viability of BE(2)-C, CHP-134 and SK-N-AS cell lines following siRNA mediated knockdown of SLC25A5 for 48-72 h. SLC25A5
siRNA (#5 & #9) are compared with the non-targeted siControl using a two-way ANOVA with multiple comparison, reported P values are
adjusted for multiple comparisons. (F) Representative western blot of SK-N-BE(2)-C, CHP-134 and SK-N-AS cells transfected with control or
SLC25A5 siRNA for 72 h to confirm sufficient knockdown of SLC25A5 for cell viability assays [Color figure can be viewed at
wileyonlinelibrary.com]
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combination, indicating a reduced proportion of cells in the prolifera-

tive S-phase of the cell-cycle (Figure 4E). Taken together these data

suggested combination therapy primarily led to the activation of apo-

ptosis and therefore a smaller proportion of cells available for cell

replication.

We then used Annexin-V/7-AAD assays to measure apoptotic cell

death in combination treated cells and found a significant increase in the

proportion of cells undergoing early and/or late apoptosis in NB cell lines

treated with the combination (Figures 4F and S4G). We observed com-

paratively less apoptosis in combination-treated human fibroblast cell

lines (Figure S4H). Terminal deoxynucleotidyl transferase dUTP nick end

labelling (TUNEL) assays also indicated increased apoptosis in combina-

tion treated cells, albeit at later time points (Figure S4I, J). These data

suggested that an apoptotic phenotype was being induced by the combi-

nation treatment, and that it was largely selective for NB cells.

We next assessed the activation of the intrinsic pathway of apo-

ptosis by measuring characteristic changes in mitochondrial mem-

brane potential via JC-1 flow cytometric assays (Figures 4G and S4K).

We observed a significant increase in the proportion of NB cells with

depolarised mitochondrial membranes when treated with the combi-

nation (Figures 4G and S4L). This data confirmed that apoptosis which

followed combination HDACi and PENAO treatment of NB cells was

occurring via apoptotic intrinsic pathway mechanisms.

3.7 | SAHA combined with PENAO induces
oxidative stress and modulates glutathione levels in
NB cell lines

Following our observations of intrinsically mediated apoptosis, we

investigated reactive oxygen species (ROS) as a possible trigger of

apoptosis in NB cells treated with the combination, since SAHA and

PENAO were known to be potent ROS inducers.21,29-31 We assessed

mitochondrial superoxide formation using MitoSox Red (Figure S4M,

N) and cytoplasmic superoxide formation using dihydroethidium

(DHE) flow cytometric assays (Figure S4O, P). We showed that SAHA

alone and the combination therapy had an equivalent effect in

increasing both mitochondrial and whole cell superoxide production,

indicating that SAHA treatment produced superoxide (Figure S4M, O).

The superoxide scavenger N-Acetyl Cysteine (NAC) was then used to

ascertain if superoxide production was necessary for the efficacy of

the combination. Cell viability assays following drug treatment, in the

presence or absence of NAC, revealed a rescued phenotype in all cell

lines treated with either PENAO or the combination (Figure S4Q),

suggesting that ROS production was, in part, required for the action

of PENAO.

We sought to understand whether changes in the key endoge-

nous antioxidant, glutathione, contributed to ROS formation by
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quantifying levels of glutathione (GSH) following treatment

(Figure S4R). We observed that PENAO alone increased total gluta-

thione in NB cells, whilst SAHA alone depleted total glutathione

and when used in combination only partially reversed PENAO-

mediated glutathione increase (Figure S4R). We introduced exoge-

nous GSH in the form of glutathione mono-ethyl ester (GSH-EE)

alongside treatments and found GSH-EE rescued cell viability in

cells treated with PENAO only (Figure S4S). This suggested that

endogenous GSH levels were important for the efficacy of PENAO

alone, and that the combination produced ROS which exceeded the

antioxidant capacity of endogenous GSH pathways, enhanced by

PENAO.
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F IGURE 4 SAHA combined with PENAO synergistically induces apoptotic cell death in mutant TP53 NB cell lines. (A) Heatmap of drug
sensitivity data (IC50) from the Genomics of Drug Sensitivity in Cancer database (GDSC) z-scaled for 251 compounds across 32 NB cell lines,
TP53 mutations identified by whole exome sequencing (WES) are annotated at the bottom. Black squares on the heatmap represent missing drug
screening data. (ESS_Splice = mutation in the exonic splicing silencer site or at donor/acceptor splice sites, Inframe_Del = inframe deletion). (B)
251 compounds ranked by average drug sensitivity (z-score) in mutant TP53 NB cell lines, the top five compounds are annotated. (C) Cell viability
curves of SK-N-BE(2)-C, Kelly, CHP134 & SH-SY5Y neuroblastoma cells 72 h post treatment with SAHA (0-2.0 μM) and/or PENAO (0-3.0 μM) in
a constant 1:1.5 ratio. Combination Index (CI) Values generated from CalcuSyn at the corresponding doses are also displayed. (D) Propidium
iodide cell cycle assays represented in stacked column graphs indicating the proportion of cells in each cell cycle phase (including sub-G1) after
72 h of treatment. (E) BrdU cell proliferation assays 72 h posttreatment in NB cell lines. (F) Annexin-V/7-AAD apoptosis assays in the same cell
lines 72 h post treatment, represented in stacked column graphs indicating the proportion of apoptotic/dead cells. (G) JC-1 assays representing
the proportion of cells with depolarised mitochondria in each of the four cell lines after 48 h of treatment. *P < .05, **P < .01, ***P < .001,
****P < .0001, Reported P-values are from one way ANOVA's, error bars represent the SE of the mean of at least three independent biological
replicates [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 5 SAHA combined with PENAO synergistically reduces mutant p53 protein stability. (A) The TP53 wild type cell line SH-SY5Y
was subject to either vehicle control, SAHA (1 μM), PENAO (1.5 μM) or combination treatments for 8 h, followed by mRNA microarray
analysis. Differentially expressed genes between conditions were determined and ranked for a Gene Set Enrichment Analysis (GSEA)
using the MSigDb hallmark database. Significant pathways (FDR < 0.05) are displayed along with their normalised enrichment score (NES).
(B) Enrichment plot displaying the relative enrichment and rank of differentially expressed genes present in the
HALLMARK_P53_PATHWAY gene set (indicated by black lines on the x-axis). Statistics from the GSEA are reported inside the plot. (C)
Heatmap of gene expression among treatment conditions in genes within the HALLMARK_P53_PATHWAY gene set, highly expressed
genes in the combination which are clustered tightly are highlighted and annotated on the side. (D) Immunoblot of NB cell lysates after 24 h
of the indicated treatments, probed with either; anti-p53, anti-p21, anti-Bax or anti-β-Actin antibodies. Approximate band sizes are shown
to the left of the blots, cell lines used are indicated the top, treatments are indicated below. Both a short and long exposure of anti-p53
probed membrane are provided. (E) Immunoblot of cycloheximide chases spanning 3 h in KELLY cells treated with DMSO, SAHA 1 μM,
PENAO 1.5 μM or the combination for 24 h, probed with anti-p53 and anti-β-Actin. (F) Densitometry of the cycloheximide chase
immunoblots are provided, p53 levels are normalised to loading controls and then to the 0-min time point, error bars represent the
stand error of the mean from three independent experiments. The half-life (t1/2) of p53 in each condition is reported in the legend [Color
figure can be viewed at wileyonlinelibrary.com]
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3.8 | SAHA combined with PENAO synergistically
reduces mutant p53 protein stability

To identify mechanisms of action in combination-treated NB cells we

subjected the TP53 wild type cell line SH-SY5Y to either vehicle con-

trol, SAHA (1 μM), PENAO (1.5 μM) or combination treatments for

8 h, followed by mRNA microarray analysis. Differentially expressed

genes between treatment conditions and the vehicle control were

determined (Figure S5A, B and Table S4) and then subsequently

ranked for a Gene Set Enrichment Analysis (GSEA) using the MSigDb

hallmark database (Figure 5A). The TP53 pathway was the most signif-

icantly enriched pathway after combination treatment compared with

the control (Figure 5A-C and Table S5). This suggested that the TP53

pathway was the prime mechanism for apoptosis induction in a TP53

wild type setting. Hence, we investigated the effects of the combina-

tion therapy on mutant TP53 expressing NB cell lines.

We assessed the effect of the combination treatment on p53 pro-

tein expression by performing western blot analyses following treat-

ments alongside other key TP53 pathway components (Figure 5D).

We observed a decrease in mutant p53 protein levels in the TP53

mutant KELLY & BE(2)-C cell lines when treated with the combination

(Figures 5D and S5D, E). We observed no significant changes in the

wild type TP53 CHP-134 cell line but noted that the wild type TP53

cell line SH-SY5Y exhibited an increase in p53 protein in response to

combination treatment (Figures 5D and S5D-G). We observed a broad

induction of the p53 target genes, p21 and Bax, in each cell line by
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F IGURE 6 SAHA combined with PENAO significantly delays NB tumour growth and induces apoptosis in vivo. (A) Kaplan-Meier survival
curves of Balb/c nude mice xenografted with SK-N-BE(2)-C or (B) KELLY cells, post tumour formation and during the administration of Saline,
SAHA (17.5 mg/kg), PENAO (20 mg/kg I.P.) or a combination of both for up to 42 days on a 5 day on/2 day off treatment schedule. P values are
from log-rank statistic tests between the combination and all other treatment groups. (C) Representative �20 images, with �40 images inset
(�10 objective lens), of treated SK-N-BE(2)-C or (D) KELLY xenograft tumour sections stained with Haematoxylin & Eosin (H&E), anti-Cleaved
Caspase 3 (CC3) or anti-Ki67. CC3 and Ki67 stained sections are counterstained with Haematoxylin. Scale bars represent 20 μM [Color figure can
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either SAHA or the combination treatments (Figures 5D and S5D-G).

The HDAC6-HSP90 axis, responsible for mutant TP53 protection,32

remained largely unchanged and the p53-specific E3 ubiquitin ligases

MDM2 and CHIP responsible for p53 degradation did not change

(Figure S5C-G).33 Since the KELLY and BE(2)-C cell lines possess TP53

mutations which increase the stability of p53 protein,34,35 we

assessed whether the reduction in protein levels could be attributed

to loss of protein stability using cycloheximide chase (CHX) assays.

We observed that KELLY cells treated with the combination exhibited

lower p53 protein stability (t1/2 = 52 min) than those treated with sin-

gle agents or control alone (t1/2 > 77 min) (Figure 5E, F). Taken

together these findings indicated that SAHA combined with PENAO

synergistically reduced mutant p53 protein stability, potentially trig-

gering apoptotic cell death.

3.9 | SAHA combined with PENAO significantly
delays tumour growth and induces apoptosis in TP53
mutant NB xenograft models

As we observed synergy between PENAO and SAHA in the DBD TP53

mutant NB cell lines in vitro, we sought to assess efficacy in pre-clinical

xenograft models of these cell lines in vivo. Subcutaneous xenograft

models of either SK-N-BE(2)-C or KELLY cells were established in BALB/

C nude mice. These mice were treated with either a saline control, SAHA

(17.5 mg/kg), PENAO (20 mg/kg) or the combination of both via intra-

peritoneal administration until the study end-points. In both SK-N-BE(2)-

C and KELLY xenograft models, combination treatments significantly

improved median survival times by 7 to 19 days compared with individ-

ual agents (Figure 6A, B and Table S6). Tumour growth in these models

was also delayed by combination treatments compared with all other

treatments (Figure S6A, B and Table S6), which further indicated the

anti-tumour synergy between SAHA and PENAO in DBD mutant TP53

models of NB. We then assessed the efficacy of these treatments against

the developing tumours of TP53 wild type Th-MYCN+/+ mice. We

observed significantly improved median survival times by 4-10.5 days in

combination treated mice compared with saline control, SAHA or

PENAO treated mice (Figure S6C and Table S6). The body weight of

treated mice did not differ from saline-treated mice over the course of

treatment and no signs of drug toxicity were observed (Figure S6D-F).

To assess apoptosis and cell proliferation in vivo, we performed

immunohistochemical analysis of xenograft tumour sections stained

with the apoptotic marker, cleaved caspase 3 (CC3) and proliferative

marker, Ki67 (Figure 6C-D). We observed increased levels of CC3 and

decreased levels of Ki67 staining in combination treated mice com-

pared with single agents or saline treated mice (Figure 6C-D), indicat-

ing that apoptosis and proliferative arrest were being induced by the

combination therapy in vivo. Additionally, the in vivo inhibitory effect

of SAHA when used in combination therapy with PENAO was con-

firmed using anti-histone H3 antibody to measure the level of hypera-

cetylation of histone H3 (Figure S6G). Tumour xenograft samples

treated with combination therapy showed the highest level of histone

H3 hyperacetylation.

4 | DISCUSSION

In cancer, mitochondria-targeted therapies are sought to produce

strong apoptotic phenotypes and potentiate chemotherapy.2,36 How-

ever in NB, mitochondrial dysregulation is mediated by underlying

genomic lesions,14-16 changes in gene expression37,38 or in response

to chemotherapy.15,39 Several mitochondria-targeted agents have

shown efficacy in NB in experimental systems but have achieved only

limited clinical application,4,37 suggesting the need for identifying

more effective mitochondrial targets. Here we show that combined

inhibition of mitochondrial translocases and histone deacetylation

synergistically activated apoptotic signalling in NB cells with indepen-

dent of TP53-status, indicating a novel therapeutic strategy for

neuroblastoma.

Mitochondrial gene signatures have previously contributed to

patient prognosis prediction and target prioritisation in cancer.40

Here, we identified a subset of mitochondria-associated genes

(MAGs) whose expression signified poor NB patient outcome. A

recent study had shown similar prognostic value of MAG signatures in

NB, such as those involved in the response to reactive oxygen species

and mitophagy,41 supporting the notion that MAG signatures corre-

late with NB patient prognosis and treatment resistance. Among this

subset of MAGs, we identified the adenine nucleotide translocase,

SLC25A5/ANT2, as having the highest prognostic value in determining

poor NB patient outcome. High SLC25A5 expression has previously

been associated with poor outcome in nonsmall cell lung cancer42 and

ovarian cancer patients,43 which along with our findings in NB,

encourages further exploration of SCL25A5 expression as a potential

prognostic biomarker in other cancer types. There are four isoforms

of mitochondrial adenine nucleotide translocases; SLC25A4, SCL25A5

SCL25A6 and SCL25A31 (ANT1-4) sharing 80-90% sequence homol-

ogy. Each has a different tissue distribution, characteristics and

expression in tumours, albeit, with SLC25A5 being most overex-

pressed in cancer, compared with the other isoforms.44,45 Our experi-

ments targeting SLC25A5 with PENAO revealed high cytotoxic

selectivity against NB cell lines in vitro and preclinical efficacy in vivo

in the absence of toxicities, which indicates that SLC25A5 may be an

actionable target in children with NB.

The varying levels of PENAO sensitivity observed between the

individual NB cell lines in our study indicated that there were cell-

intrinsic factors governing sensitivity, which has also been observed in

past studies of other cancer types.21 We observed no significant cor-

relations between the IC50 of PENAO and the protein/gene expres-

sion of the target SLC25A5 in NB cell lines, which had been described

previously in other cancers,31 suggesting several factors mediating

PENAO sensitivity that had yet to be determined. Reactive oxygen

species (ROS) regulators and antioxidants such as glutathione (GSH)

have been implicated in PENAO resistance.19 Our studies utilising

ROS/GSH modulators alongside PENAO treatment revealed that

PENAO treatment efficacy was highly dependent on ROS induction

and low endogenous GSH levels for efficacy. We have further shown

that the expression and mutational status of the tumour suppressor

TP53 are major determinants of PENAO sensitivity in NB. In our
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studies PENAO in combination with SAHA, produced potent anti-

tumour synergy in drug-resistant, mutant TP53 NB xenograft models,

highlighting the potential of this combination against a spectrum of

other mutant TP53 cancers. The activation of wild-type TP53 has not

previously been suggested as a prerequisite for the anti-cancer action

of PENAO. Our work for the first time suggests a PENAO combina-

tion therapy which operates independent of TP53-status and may

have broad application across many cancer types.

The majority of somatic mutations in TP53 occur in the DNA

binding domain (DBD) conferring either loss-of-function, gain-of-func-

tion or increased stability of the mutant p53 protein.46 In the present

study, we have shown that the combination of SAHA with PENAO

reduces mutant p53 protein levels and stability in NB cell lines har-

bouring DBD TP53 mutations. Furthermore ATO, a precursor to

PENAO, has also been shown to destabilise and degrade mutant p53

isoforms by upregulating the PIRH2 E3 ligase.47,48 The combination of

SAHA with ATO has been shown to act synergistically in eliciting

cytotoxicity and mutant p53 degradation in cancer cell lines harbour-

ing TP53 mutations,48 which resonates with our findings on the com-

bination of SAHA and PENAO. Our findings in this study are largely

based on investigations in two cell line models of DBD mutant TP53

NB and would benefit from further ex vivo or in vivo testing in

patient-derived material with DBD TP53 mutations for further pre-

clinical validation.

5 | CONCLUSION

PENAO has entered early phase II clinical trials for a range of solid

tumours in adults23 and SAHA is currently in early phase clinical trials

for NB in paediatric patients,28 but is already approved by U.S. FDA

for use in adults with cutaneous T-Cell lymphoma.26 Our promising

preclinical data on this combination therapy warrants further evalua-

tion in an early phase clinical trial for NB. A recently completed phase

I clinical trial in advanced adult solid tumours (NCT01339871)

highlighted the profound clinical benefit of utilising a targeted drug

combination of Pazopanib with SAHA in patients with TP53 hotspot

mutations.49 Thus, the combined inhibition of mitochondrial translo-

cases and HDACs represents a novel therapeutic avenue against NB.

There is an underlying importance in discovering novel actionable tar-

gets and understanding potential interplay with existing targets to

better inform future combination therapy design. Our findings here,

targeting the mitochondrial adenine nucleotide translocase SLC25A5

with PENAO and SAHA combination therapy, presents a novel thera-

peutic route that works independent of TP53-status in

neuroblastoma.
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