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Abstract
High-risk neuroblastoma remains therapeutically challenging to treat, and the mechanisms 
promoting disease aggression are poorly understood. Here, we show that elevated expression of 
dihydrolipoamide S-succinyltransferase (DLST) predicts poor treatment outcome and aggressive 
disease in patients with neuroblastoma. DLST is an E2 component of the α-ketoglutarate 
(αKG) dehydrogenase complex, which governs the entry of glutamine into the tricarboxylic acid 
cycle (TCA) for oxidative decarboxylation. During this irreversible step, αKG is converted into 
succinyl-CoA, producing NADH for oxidative phosphorylation (OXPHOS). Utilizing a zebrafish 
model of MYCN-driven neuroblastoma, we demonstrate that even modest increases in DLST 
expression promote tumor aggression, while monoallelic dlst loss impedes disease initiation 
and progression. DLST depletion in human MYCN-amplified neuroblastoma cells minimally 
affected glutamine anaplerosis and did not alter TCA cycle metabolites other than αKG. However, 
DLST loss significantly suppressed NADH production and impaired OXPHOS, leading to growth 
arrest and apoptosis of neuroblastoma cells. In addition, multiple inhibitors targeting the electron 
transport chain, including the potent IACS-010759 that is currently in clinical testing for other 
cancers, efficiently reduced neuroblastoma proliferation in vitro. IACS-010759 also suppressed 
tumor growth in zebrafish and mouse xenograft models of high-risk neuroblastoma. Together, 
these results demonstrate that DLST promotes neuroblastoma aggression and unveils OXPHOS as 
an essential contributor to high-risk neuroblastoma.

Introduction
Neuroblastoma is the most common extracranial solid tumor in children, which accounts for 
7.5% of all pediatric cancer and 10% of childhood cancer deaths (1–4). As a neuroendocrine 
tumor, neuroblastoma arises from developing neural crest cells, which give rise to the 
peripheral sympathetic nervous system. Primary tumors are commonly located within the 
adrenal medulla, but can arise anywhere along with the sympathetic ganglia from the neck 
to pelvis (2, 4). Neuroblastoma is highly aggressive and approximately 50% of patients 
exhibit metastatic disease at diagnosis (2, 3). Despite intense multimodal therapy, only 40% 
of patients with high-risk neuroblastoma achieve long-term durable responses (4). Therefore, 
improving our understanding of the mechanisms underlying neuroblastoma aggression is 
critical to identify targetable pathways for therapeutic intervention.

The MYC family of oncogenes plays a pivotal role in neuroblastoma pathogenesis. MYCN-
amplification, an established genetic marker for high-risk disease, occurs in 20% of 
neuroblastoma and predicts increased tumor progression and poor patient survival (1, 5). c-
MYC is also upregulated in a distinct subset of patients with high-risk neuroblastoma (11%) 
resulting from focal amplifications of distal enhancers or chromosomal rearrangements 
that juxtapose highly active enhancers next to the MYC locus (6). In addition, anaplastic 
lymphoma kinase is the most frequently mutated gene in high-risk neuroblastoma and has 
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been shown to synergize with MYCN to increase disease aggression in animal models (7–9). 
In zebrafish, MYCN overexpression driven by the dopamine β-hydroxylase (dβh) promoter 
is sufficient to induce neuroblastoma that recapitulates the human disease genetically and 
histologically (6, 7, 10). LMO1 (LIM-domain-only) was identified in a genome-wide 
association study as a neuroblastoma susceptibility gene that promotes metastasis in the 
zebrafish model of MYCN-driven neuroblastoma (11, 12).

Dysregulated MYC family members transcriptionally regulate a broad range of cellular 
processes to promote tumorigenesis in numerous human cancers (13–16). Cancer cells 
often alter their metabolism to meet the heightened nutrient requirements imposed 
by uncontrolled proliferation and adverse tumor microenvironments (13). In high-risk 
neuroblastoma, MYCN rewires metabolic programs, including elevated dependence on 
glutamine to replenish tricarboxylic acid (TCA) cycle intermediates (14–16). The α-
ketoglutarate (αKG) dehydrogenase complex (KGDHC) catalyzes an irreversible step in 
the TCA cycle, converting αKG into succinyl-CoA while producing NADH for oxidative 
phosphorylation (OXPHOS; ref. 17). Interestingly, previous studies highlighted components 
of KGDHC as critical contributors to cancer evolution. For example, unbiased genetic 
screens identified loss of dihydrolipoamide S-succinyltransferase (DLST), oxoglutarate 
dehydrogenase (OGDH), and dihydrolipoamide dehydrogenase (DLD) as vulnerabilities 
in cancer cells, including those with PI3K mutations (18, 19). Interestingly, KGDHC has 
also been detected in the nucleus of glioblastoma cells, producing succinyl-CoA to modify 
histones (20). Loss-of-function mutations within the DLST catalytic domain responsible for 
oncometabolite generation were recently isolated in pheochromocytoma and paraganglioma 
(21). Finally, DLST has been shown to mediate MYC-driven leukemogenesis (22). However, 
its role in neuroblastoma pathogenesis has not been previously investigated.

Here, we demonstrate that elevated DLST expression predicts poor survival and disease 
aggression among neuroblastoma patients, while correlating with an increased OXPHOS 
gene signature. Employing a zebrafish model of MYCN-driven neuroblastoma, we show 
that elevated DLST expression promotes neuroblastoma growth and metastatic spread. 
Moreover, both human and zebrafish neuroblastoma cells depend on DLST for growth and 
survival, and its loss results in apoptotic cell death. DLST depletion in human neuroblastoma 
cells suppresses OXPHOS as a result of reduced cellular NADH production, and targeting 
OXPHOS through electron transport chain (ETC) inhibitors decreases tumor cell viability. 
Importantly, IACS-010759, a potent small-molecule inhibitor of the ETC complex I 
currently in clinical trials for treating other cancers (NCT #02882321 and #03291938), 
suppresses the growth of human neuroblastoma cells in vitro and in vivo. Collectively, our 
study demonstrates that DLST promotes neuroblastoma aggression and unveils OXPHOS as 
a novel therapeutic target for high-risk neuroblastoma.

Materials and Methods
Immunohistochemistry staining

Primary human neuroblastoma tumors were obtained from the Pathology Core of Tongji 
Hospital with informed consent and approval [number: [2014]IEC(S013)] from the Clinical 
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Research Ethics Committee of Tongji Medical School. We obtained “informed written 
consent” from the subjects (wherever necessary).

Zebrafish tumor surveillance and xenograft assays
Zebrafish (Danio rerio) husbandry was performed as described previously (23), in the 
aquatic facility at Boston University School of Medicine in accordance with Institutional 
Animal Care and Use Committee-approved protocols. More details can be found in the 
Supplementary Information.

Cell culture and lentiviral transduction
All cell lines except KELLY (from Sigma) were purchased from ATCC. Cell lines are 
routinely tested to confirm Mycoplasma negative status. KELLY, SK-N-BE(2), IMR-32, SK-
N-AS, SK-N-FI, and BE (2)-C were maintained in RPMI1640 (Thermo Fisher Scientific: 
#11875–085) with other cell lines growing in DMEM (Thermo Fisher Scientific: #11965–
084). Both media were supplemented with 10% FBS (GEMINI: #900–108) and 2 mmol/L 
of L-glutamine (Thermo Fisher Scientific: #25030–081). All cells were cultured in 37°C, 5% 
CO2 humidified incubators.

Lentivirus was produced by transfecting 2.5 × 106 293T cells with 10 μg hairpin-
expressing plasmid (pKLO.1), 2.5 μg pRSV-REV, 6.5 μg pMDL, and 3.5 μg pCMV-VSV-G 
plasmids using FUGENE 6 Transfection Kit (Promega: #E2691). The virus was harvested 
24 and 48 hours after transfection. Infection was performed by incubating cells with 
media containing virus and 8 μg/mL polybrene (Sigma: #107689) for 12 hours. Cells 
were recovered in complete medium for 24 hours and selected with puromycin for 36 
hours. The control (shScramble) and shDLST24 hairpins were purchased from Addgene 
(#1864) and Dharmacon (#TRCN0000035424), respectively, with shDLST1 hairpin (5′-
CCCTAGTGCTGGTATACTATA-3′) generated previously (22).

Seahorse assay
The mitochondrial respiratory capacity was determined with the XF Cell Mito Stress Test 
Kit (Agilent Technologies: #103015–100). KELLY cells were seeded in the XF96 cell 
culture microplate at a density of 3 × 104 per well with replicates of 6 to 12 for the following 
groups: DLST depletion: shScramble, shDLST1, and shDLST24; IACS treatment: vehicle, 
10 nmol/L, and 100 nmol/L. XF96 FluxPak sensor cartridge was hydrated with Seahorse 
Calibrant overnight in a non-CO2 incubator at 37°C. The following day, cells were incubated 
with the Seahorse medium (plus 2 mmol/L L-glutamine, 1 mmol/L sodium pyruvate, and 
10 mmol/L glucose) for 1 hour prior. The OCR was measured by XFe96 extracellular flux 
analyzer with the sequential injection of 1 μmol/L oligomycin A, 0.25 μmol/L FCCP, and 
0.5 μmol/L rotenone/antimycin A. After the experiment, the OCR value in each well was 
normalized to the protein concentration determined by a Pierce BCA Protein Assay Kit 
(Thermo Fisher Scientific: #23225).

Murine xenograft
Xenograft experiments were approved by the Animal Care and Use Committee at the 
University of Pennsylvania. KELLY cells (3 × 106) were injected in a 1:1 mixture of 
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PBS and Matrigel (Corning; #356234) in a final volume of 200 μL into both flanks of 
female Balb/c nude mice (Charles River Laboratories: #194). Flank tumors were measured 
every other day by electronic calipers and tumor volumes were calculated as (π/6)(length × 
width2). Once the tumor reached approximately 100 mm3, mice were randomly assigned to 
two groups and treated with vehicle or IACS-010759 (Selleck-chem: #S8731). The vehicle 
(containing 0.5% Methyl Cellulose; viscosity: 4000cP; Sigma: no. M0512) or IACS-010759 
(7.5 mg/kg per dose) was given to mice by oral gavage once daily on a 5-day on 2-day off 
regimen as described (24). At the endpoint of the experiments, animals were euthanized by 
CO2 inhalation.

Statistical analysis
All statistical analyses were performed with GraphPad Prism 8.0 using unpaired two-tailed 
t tests unless otherwise stated. All data are represented as mean ± SEM. Statistical 
analysis of zebrafish tumor onset curves was performed by the log-rank Mantel–Cox 
test. Kaplan–Meier curves of human expression data were analyzed in the R2: genomics 
analysis and visualization platform. The “Hallmark signatures” gene set was used for gene 
set enrichment analysis (GSEA). Normalized enrichment scores (NES) were determined. 
Statistical significance was defined as *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 
0.0001, *, FDR < 0.05.

Results
High DLST expression is associated with poor treatment outcomes and aggressive 
disease in patients with neuroblastoma

To assess the involvement of DLST in human neuroblastoma, we analyzed publicly available 
datasets for the association of DLST expression with patient outcomes. We found that 
high DLST expression in patients with neuroblastoma predicts poor event-free and overall 
survival (SEQC, an RNA-SEQ dataset containing 498 patient samples; Fig. 1A and B; 
ref. 25). Our reanalysis of two additional datasets validated DLST’s prediction on event-
free survival (Versteeg and Kocak, containing 88 and 476 patient samples, respectively; 
Supplementary Fig. S1A–S1D) and overall survival (Versteeg; Supplementary Fig. S1B; 
ref. 26). Given that MYCN-amplification only represents a fraction of high-risk patients, 
we next determined whether high DLST expression predicts prognosis in nonamplified 
patients. Analysis of a patient cohort without MYCN-amplification revealed that high DLST 
expression is associated with both increased risk of disease relapse and patient death (Fig. 
1C and D; Supplementary Fig. S1E and S1F). However, high DLST expression could 
not further segregate overall or event-free survival among patients with aggressive MYCN-
amplified neuroblastoma (Supplementary Fig. S1G and S1H). To further our analysis, 
we immunostained patient samples and found that DLST protein levels are significantly 
increased in most tumor cells of stage IV primary neuroblastoma samples, compared 
with stage I/II tumor samples (Fig. 1E). Collectively, we demonstrated that high DLST 
expression is associated with poor treatment outcomes and increased tumor aggression 
among neuroblastoma patients.
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DLST overexpression promotes MYCN-driven neuroblastoma aggression in zebrafish
Given high DLST expression predicted both poor treatment outcomes and tumor aggression 
among patients with neuroblastoma, we next asked whether DLST overexpression can 
cooperate with enhanced MYCN activity in neural crest cells (one category of high-risk 
disease) to promote tumor progression. A zebrafish model of MYCN-driven neuroblastoma 
(MYCN_TT), in which human MYCN is expressed under the control of the zebrafish 
dβh promoter, was utilized to address this question (27). The MYCN_TT zebrafish line is 
highly aggressive, with neuroblastoma initiation as early as 5-week postfertilization (wpf) 
and >80% tumor penetrance at 30 weeks of age (27). Human DLST was introduced into 
zebrafish neural crest cells through microinjection of a Tg(dβh:DLST) construct into one-
cell-stage MYCN embryos, with sibling embryos microinjected with a Tg(dβh:mCherry) 
construct as controls.

Beginning at 5-wpf, DLST_OE;MYCN_TT (dβh:DLST;MYCN_TT) fish and their 
MYCN_TT siblings (dβh:mCherry;MYCN_TT) were screened weekly by fluorescent 
microscopy for tumor development as previously described (27). Despite robust tumor 
development in the MYCN_TT zebrafish line, DLST overexpression was sufficient to 
promote earlier tumor onset (Fig. 2A). However, in the absence of MYCN overexpression, 
DLST overexpression alone was insufficient to induce tumor formation (Fig. 2A). By 
17-wpf, tumors developed in 97% of DLST_OE;MYCN_TT fish compared with 87% of 
MYCN_TT fish. When disease burden was quantified based on fluorescence intensity at 
6-wpf, we found that DLST overexpression led to a significant increase in tumor burden in 
DLST_OE;MYCN_TT fish (Fig. 2B), together with the presence of tumor cells in the distal 
abdominal locations that were absent in MYCN_TT fish.

Next, we stained serially sectioned 6-wpf DLST_OE;MYCN_TT and MYCN_TT fish for 
hematoxylin and eosin and tyrosine hydroxylase (TH) staining in adjacent sections to 
detect ectopic neuroblastoma cells. Besides the primary site, tumor cells were also detected 
in distant locations, including mid-kidney, hind-kidney, spleen, eyes, and gills (Fig. 2C 
and D; Supplementary Fig. S2A and S2B). The frequency of sites with disseminated 
tumor cells was five-fold higher in DLST_OE;MYCN_TT fish compared with those in 
MYCN_TT fish (Fig. 2E; Supplementary Fig. S2C; Supplementary Table S1). Metastases 
in the eyes and gills were only identified in DLST_OE;MYCN_TT fish at 6-wpf and the 
incidence of metastasis in the spleen and hind kidney was also significantly higher in DLST-
overexpressing fish (Supplementary Fig. S2C; Supplementary Table S1). DLST expression 
is significantly upregulated in MYCN_TT tumor cells compared with cells of origin in 
the IRG (Supplementary Fig. S2D). Remarkably, DLST_OE;MYCN_TT tumors had only 
2-fold increased DLST expression compared with MYCN_TT tumors (Fig. 2F). Together, 
our data demonstrate that even modest changes in DLST abundance collaborate with MYCN 
to promote neuroblastoma aggression, as demonstrated by faster onset, increased tumor 
burden, and higher frequency of disseminated disease.
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Heterozygous loss of dlst delays MYCN-driven neuroblastoma onset and decreases 
disease aggression in zebrafish

Having established that DLST overexpression can promote disease aggression in MYCN-
driven neuroblastoma, we next asked how DLST depletion may impact MYCN-driven 
neuroblastoma development in zebrafish. To address this question, we bred the MYCN_TT 
fish to loss-of-function dlst mutant zebrafish, in which the dlst locus was disrupted 
by a retroviral insertion (28). Because heterozygous loss of dlst does not alter normal 
zebrafish development, fertility, or gross morphology (22), we examined MYCN-driven 
neuroblastoma development in heterozygous fish. Beginning at 5-wpf, offspring were 
assessed weekly by fluorescent microscopy for evidence of tumor development. Of note, 
monoallelic loss of dlst was sufficient to delay MYCN-driven neuroblastoma onset and 
decrease disease penetrance: 62% MYCN_TT; dlst+/− fish had tumors compared with 
83% in the control MYCN_TT fish at 30-wpf (Fig. 3A). Western blotting analysis 
confirmed that dlst heterozygous loss led to approximately a 50% reduction of Dlst protein 
levels, as expected (Fig. 3B; Supplementary Fig. S2D). Given that DLST overexpression 
promoted tumor aggression in our MYCN-driven zebrafish model of neuroblastoma, we next 
determined whether dlst heterozygous loss could suppress tumor aggression. Although dlst 
heterozygous loss did not change tumor burden (Fig. 3C), MYCN_TT; dlst+/− fish had a 
significant reduction in the number of metastatic sites at 10-wpf (Fig. 3D; Supplementary 
Fig. S3H).

To investigate cellular mechanisms responsible for the effects of dlst allelic loss on 
neuroblastoma development, we evaluated three main impacting factors: proliferation, 
differentiation, and apoptosis, for MYCN-overexpressing neural crest cells (premalignant 
cells) within the interrenal gland (IRG) at 3-wpf in MYCN_TT and MYCN_TT; dlst+/− 
fish. First, we assessed premalignant cells for alterations in proliferation or differentiation 
and found no changes for phosphohistone 3 (pH3) or TH staining in dlst± fish 
(Supplementary Fig. S3A–S3F). However, heterozygous loss of dlst increased apoptosis of 
premalignant cells at 3-wpf as assessed by activated caspase-3 immunostaining (Fig. 3E and 
F; Supplementary Fig. S3G). Therefore, allelic loss of dlst delays tumor onset by inducing 
apoptosis in MYCN-overexpressing premalignant neural crest cells at 3-wpf and reduces 
tumor aggression.

DLST depletion by RNAi slows the growth and induces apoptosis of human neuroblastoma 
cells

To determine whether DLST loss represents a vulnerability in human neuroblastoma cells, 
we inactivated DLST using two independent hairpins in eight human neuroblastoma cell 
lines with or without MYCN-amplification (Fig. 4A and B; Supplementary Fig. S4A and 
S4B). DLST depletion slowed cell growth in all MYCN-amplified cell lines (KELLY, SK-N-
BE[2], BE[2]-C, and SK-N-DZ) and two non–MYCN-amplified cell lines (SHEP and SK-
N-FI; Fig. 4A and B). Interestingly, although SK-N-SH and SK-N-AS had a similar growth 
rate as other non–MYCN-amplified cell lines, they were largely insensitive to DLST loss 
(Fig. 4A and B; Supplementary Fig. S4C). To elucidate the cellular mechanisms underlying 
decreased cell growth, we performed Annexin-V and PI staining in KELLY, SK-N-BE(2), 
SK-N-FI, and SK-N-SH cells. DLST depletion induced apoptosis in KELLY, SK-N-BE(2), 
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and SK-N-FI cells but not in insensitive SK-N-SH cells (Fig. 4C; Supplementary Fig. S4D). 
In addition, alterations in cell cycle occurred in most of these cell lines, with very modest 
changes observed in SK-N-SH cells (Fig. 4D; Supplementary Fig. S4E). Despite no effect 
on the growth of the non–MYCN-amplified cell line SK-N-AS, DLST depletion impeded 
their migration in a scratch wound assay (Supplementary Fig. S4F). Collectively, these data 
demonstrate that a majority of neuroblastoma cell lines are sensitive to DLST depletion, 
undergoing a G1 cell-cycle arrest and apoptosis, regardless of their MYCN amplification 
status.

DLST inactivation reduces NADH and suppresses OXPHOS
MYCN-amplified neuroblastoma cells are addicted to glutamine and utilize glutamine-
derived metabolites to replenish the TCA cycle (i.e., glutamine anaplerosis; ref. 15). Given 
that DLST/KGDHC is an entry point for glutamine-derived metabolites into the TCA cycle, 
we utilized a stable-isotope labeled glutamine tracer (U-13 C-glutamine) to assess the effect 
of DLST inactivation on glutamine anaplerosis at day 3.5 postinfection (Fig. 5A). This 
timepoint was chosen to avoid any confounding influences of cell cycle arrest and death 
observed at later times after DLST depletion. Upon DLST loss (especially via the more 
effective shDLST1 hairpin), glutamine-derived carbons in succinate, fumarate, and malate 
were significantly reduced in MYCN-amplified SK-N-BE(2) and KELLY cells (Fig. 5A 
and B; Supplementary Fig. S5A and S5B), indicating that oxidative decarboxylation of 
glutamine carbons is restricted. When total intracellular levels of TCA cycle intermediates 
were quantified, we found that DLST depletion resulted in a moderate increase in 
intracellular αKG without affecting other cycle intermediates (Fig. 5C; Supplementary Fig. 
S5C and S5D). Intriguingly, we found that DLST knockdown resulted in an increase in 
L-2-hydroxyglutarate (L-2-HG) in SK-N-BE(2) and KELLY, suggesting that excess αKG is 
being diverted into other metabolic pathways, including the formation of L-2-HG (Fig. 5C; 
Supplementary Fig. S5D).

To understand whether restoration of the TCA cycle downstream of KGDHC rescued cell 
growth upon DLST depletion, we supplemented culture media with methyl-succinate, a cell-
permeable form of succinate (29). Surprisingly, the addition of methyl-succinate at multiple 
concentrations failed to rescue growth defects in MYCN-amplified KELLY cells upon 
DLST depletion (Supplementary Fig. S5E). If anything, methyl-succinate supplementation 
reduced KELLY cell growth, although the changes failed to reach statistical significance. 
The implications of these findings will be further elaborated on in the Discussion. Besides 
the TCA cycle intermediate succinyl-CoA, the irreversible reaction catalyzed by DLST/
KGDHC also generates NADH (Fig. 5A). Hence, we assessed the effect of DLST loss on 
intracellular pools of NAD+ and NADH. Upon DLST inactivation, intracellular NADH was 
significantly reduced, resulting in increased NAD+/NADH ratios in SK-N-BE(2), KELLY, 
and SK-N-FI cells but not in resistant SK-N-SH cells (Fig. 5D and E; Supplementary Fig. 
S5F and S5G). Because NADH feeds into the ETC for ATP production (17), we determined 
the effects of DLST inhibition on OXPHOS. DLST inhibition suppressed OXPHOS in SK-
N-BE(2), KELLY, SK-N-FI, and SK-N-SH cells, as demonstrated by significantly reduced 
oxygen consumption rates (OCR) at basal, ATP-linked, and maximal respiration levels 
(Fig. 5F and G; Supplementary Fig. S5H and S5I). Interestingly, DLST depletion also 
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significantly suppressed glycolysis in SK-N-BE(2), KELLY, and SK-N-FI cells as assessed 
by basal extracellular acidification rate (ECAR; Fig. 5H).

To determine whether DLST promotes neuroblastoma aggression through OXPHOS, 
we analyzed publicly available transcriptional data from high-risk patients (both MYCN-
amplified and non-amplified; SEQ-C; ref. 25), comparing the transcriptomes of DLST-
high (4th-quartile) versus DLST-low (1st-quartile) samples. GSEA revealed an increase 
in gene signatures for E2F targets, MYC targets, OXPHOS, and DNA repair pathways 
(Supplementary Fig. S5J). Importantly, high DLST expression within patients with high-
risk neuroblastoma correlates with significant enrichment of genes within an OXPHOS 
signature (Supplementary Fig. S5K). Together, our data demonstrate that DLST depletion 
in neuroblastoma cells minimally impacts glutamine anaplerosis yet significantly reduces 
NADH and suppresses OXPHOS, suggesting that OXPHOS may mediate neuroblastoma 
tumor aggression.

Human neuroblastoma cells are sensitive to inhibition of complex I in the ETC
To further elucidate the involvement of OXPHOS in neuroblastoma pathogenesis, we 
queried the SEQC dataset to compare the expression of OXPHOS genes in high-risk 
versus low-risk neuroblastoma patient samples by GSEA (25). OXPHOS gene expression 
is significantly enriched in high-risk neuroblastoma samples (Supplementary Fig. S6A). 
To learn whether OXPHOS suppression is consistent with decreased cell growth upon 
DLST depletion, we treated a panel of human neuroblastoma cell lines with rotenone 
(a classic ETC complex I inhibitor). Most of these cell lines were highly sensitive to 
rotenone treatment with IC50s of less than 1 μmol/L, except SK-N-FI (IC50: 1.25 μmol/L; 
Supplementary Fig. S6B). When neuroblastoma cell lines KELLY, SK-N-BE(2), and SK-N-
FI were tested for sensitivity to inhibitors of other ETC components, such as complex 
III (antimycin) and ATP-synthase (oligomycin A), MYCN-amplified KELLY and SK-N-
BE(2) were highly sensitive to the treatment, whereas MYCN-nonamplified SK-N-FI was 
relatively resistant (Supplementary Fig. S6C).

To determine whether OXPHOS inhibition could in principle serve as a therapeutic strategy 
for neuroblastoma, we employed a potent and specific inhibitor of complex I, IACS-010759 
(IACS), currently in phase I clinical trials for treating acute myeloid leukemia (AML) 
and adult solid tumors (NCT #02882321 and #03291938). Five days of IACS treatment 
in most neuroblastoma cell lines resulted in a dose-dependent decrease in cell growth 
with IC-50s in the nanomolar range, except for SK-N-FI and SK-N-AS (Fig. 6A). In 
KELLY, SK-N-BE(2), SK-N-DZ, and SK-N-FI cells, 24-hour treatment with 10 or 100 n 
mol/L of IACS significantly suppressed OCR; whereas up to 100 nmol/L was needed to 
suppress OCR in SK-N-SH (Fig. 6B; Supplementary Fig. S6D and S6E). Interestingly, IACS 
treatment led to an increase in basal ECAR, indicating the compensatory effects of these 
cells to enhance glycolysis for ATP production (Supplementary Fig. S6F). IACS treatment 
induced apoptosis of KELLY, SK-N-BE(2), SK-N-DZ, SK-N-SH, and SK-N-FI cells in 
a dose-dependent manner (Fig. 6C; Supplementary Fig. S6G). Our data demonstrate that 
human neuroblastoma cells are highly sensitive to the suppression of OXPHOS.
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Besides reducing NADH to suppress OXPHOS, DLST depletion surprisingly alters 
intracellular αKG metabolism and leads to the production of L-2-HG (Fig. 5C). The cell 
permeable form of αKG, dimethyl α-ketoglutarate (DMKG), is readily taken up by cells and 
can be converted into 2-HG (Fig. 5C; Supplementary Fig. S5D; ref. 30). It was previously 
shown that ETC inhibition synergizes with DMKG and results in the death of cancer cells 
both in vitro and in vivo (30). To understand whether OXPHOS suppression alone or in 
combination with changes in αKG levels impedes neuroblastoma cell growth, we next 
treated four neuroblastoma cell lines with IACS, DMKG, or the combination of both. After 
48-hour treatment, we found that DMKG alone was sufficient to impair the growth of 
MYCN-amplified cell lines (KELLY, SK-N-BE(2), SK-N-DZ). The combination of IACS 
and DMKG resulted in a striking synergy in SK-N-BE(2), KELLY, SK-N-DZ, SK-N-FI, 
SHEP, and BE(2)-C (Fig. 6D; Supplementary Fig. S6H). In contrast, the SK-N-SH and 
SK-N-AS cell line were insensitive to all treatments (Fig. 6D; Supplementary Fig. S6H). 
These findings recapitulate the sensitivity of neuroblastoma cell lines to DLST depletion. 
Interestingly, overexpressing MYCN in the non–MYCN-amplified cell line, SK-N-AS, was 
not sufficient to sensitize to the combination treatment of DMKG and IACS (Supplementary 
Fig. S6I). The unexpected results of αKG treatment will be discussed later. Together, our 
data show that OXPHOS is critical for neuroblastoma cell growth and survival, while excess 
αKG is toxic to MYCN-amplified neuroblastoma cells.

OXPHOS inhibition by IACS reduces aggression of MYCN-amplified neuroblastoma in 
xenografts

Our in vitro findings indicated that human neuroblastoma cells are highly sensitive to 
OXPHOS inhibition through ETC inhibitor treatment, the novel complex I inhibitor IACS 
in particular. Subsequently, we utilized the zebrafish xenograft model to study IACS’s effect 
on neuroblastoma cells in vivo. We first tested the ability of IACS to inhibit the growth 
of MYCN_TT cells. Four days of IACS treatment was sufficient to suppress the growth of 
MYCN-TT neuroblastoma cells in zebrafish xenografts (Fig. 7A and B). We then assessed 
the ability of IACS to suppress the growth of human neuroblastoma cells in zebrafish 
xenografts. IACS treatment slowed the growth of KELLY, SK-N-BE(2), and SK-N-DZ 
cells yet had no effect on SK-N-SH cells, which recapitulated our in vitro results (Fig. 7A 
and B; Supplementary Fig. S7A). The cellular mechanism underlying slowed growth in 
KELLY zebrafish xenografts was decreased proliferation as demonstrated by a reduction in 
Ki67-positive cells upon IACS treatment (Supplementary Fig. S7B).

We also applied a murine xenograft model to assess the ability of IACS to inhibit the 
growth of KELLY cells in vivo. After KELLY tumors grew to approximately 100 mm3, 
mice were treated with either vehicle or 7.5 mg/kg IACS. IACS treatment significantly 
slowed the growth of tumors and resulted in decreased tumor size and weight (Fig. 7C). 
Importantly, IACS treatment did not alter the body weight of treated mice, suggesting that 
it was well tolerated in these animals over this period. Histologic analysis revealed that 
IACS treatment decreased tumor cell proliferation, as demonstrated by fewer pH3 positive 
cells (Fig. 7D). Specifically, IACS treatment slowed the growth of tumor cells by inducing 
a G1 cell-cycle arrest, as evident by increased p21 positive cells (Fig. 7E). In contrast to the 
effects of IACS on in vitro growth, cleaved caspase-3 (CC3) staining revealed no evidence 
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of apoptosis upon IACS treatment in xenograft tumors (Supplementary Fig. S7C), likely 
due to a relatively short time frame of treatment. These data demonstrate that OXPHOS 
represents a vulnerability for neuroblastoma and IACS administration can reduce tumor 
aggression by slowing tumor cell proliferation.

Discussion
High-risk neuroblastoma is an extremely aggressive disease. Patients with neuroblastoma 
that present with metastases fall within the high-risk category and represent a significant 
challenge to treat. Only a limited number of factors have convincingly been shown 
to promote the full range of tumor progression (11, 12). Improved understanding 
of neuroblastoma pathogenesis and the identification of novel contributors to disease 
aggression could facilitate the development of therapeutic strategies to treat these patients. 
Here, we show that elevated DLST expression not only predicts poor patient outcomes, 
but also disease aggression in human neuroblastoma. Utilizing a zebrafish model of MYCN-
driven neuroblastoma, we found that even a modest increase in DLST protein levels can 
synergize with MYCN to accelerate neuroblastoma onset, increase tumor burden, and 
promote metastasis. Conversely, a 50% reduction of DLST induces apoptosis of MYCN-
overexpressing neural crest cells, impairs neuroblastoma initiation, and suppresses tumor 
aggression. DLST depletion in human neuroblastoma cells decreases cell growth and 
induces apoptosis. Together, our studies pinpoint DLST as a novel contributor to disease 
aggression in high-risk neuroblastoma.

DLST loss together with other KGDHC components has been identified as a vulnerability in 
MYC-driven leukemia and PIK3CA mutant cancer cells (18, 22). Utilizing two independent 
models of neuroblastoma (transgenic zebrafish and human cell lines), we demonstrated 
that DLST inhibition represents a vulnerability in neuroblastoma. DLST/KGDHC catalyzes 
an irreversible reaction in the TCA cycle, serving as a critical entry point for glutamine 
anaplerosis (17). MYCN-amplified neuroblastoma cells utilize glutamine metabolites to fuel 
the TCA cycle and depend on glutamine for survival (15, 31). Interestingly, glutamine 
anaplerosis was minimally disrupted in MYCN-amplified neuroblastoma cells upon DLST 
depletion and the addition of the downstream TCA cycle intermediate succinate failed to 
rescue growth defects. This phenotype is different from MYC-driven T-cell leukemia, in 
which the addition of methyl-succinate leads to a robust rescue of cell growth (22). The 
fact that methyl-succinate fails to rescue neuroblastoma cell growth is likely due to the 
notable dependence of these cells on NADH. Indeed, DLST depletion in neuroblastoma 
cells drastically reduces NADH, leading to an increase of NAD/NADH ratio and OXPHOS 
suppression. In contrast, OGDH depletion in the context of PI3K mutations results in a 
reduction of NAD/NADH ratio. Mutations in PI3K also do not sensitize cancer cells to 
OXPHOS inhibition (30). Collectively, these data suggest that KGDHC components can 
exert different functions, likely impacted by oncogenic drivers and/or tissues of origin.

KGDHC catalyzes an irreversible reaction within the TCA cycle converting αKG into 
succinyl-CoA while producing NADH (17). We show that DLST loss inhibits the ETC 
through the reduction of NADH levels and increases total intracellular αKG in human 
neuroblastoma cells, while minimally impacting other cycle intermediates. Moreover, 
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supplementation of DMKG (a cell-permeable ester of αKG) is cytotoxic to MYCN-
amplified, but not nonamplified neuroblastoma cells. Importantly, DMKG synergizes with 
OXPHOS inhibition to kill neuroblastoma cells that are sensitive to DLST depletion 
regardless of their MYCN-amplification status. DLST loss-of-function mutations lead to 
dysregulated αKG metabolism and result in the production of L-2-HG (32). We found 
that DLST depletion in SK-N-BE(2) and KELLY cells also led to a significant increase 
in L-2-HG levels, providing an explanation for where excessive αKG is shuttled. We 
believe that excess αKG together with OXPHOS inhibition phenocopies the effects of DLST 
depletion in neuroblastoma cells, as DMKG and IACS treatment recapitulates the sensitivity 
of neuroblastoma cells to DLST knockdown. DLST depletion also suppresses glycolysis 
in neuroblastoma cells as evidenced by reduced basal ECAR (Supplementary Fig. S7D). 
Both αKG and L-2-HG can regulate the αKG–dependent dioxygenases, a class of enzymes 
known to modify gene transcription and reprogram cellular metabolism (33). Therefore, the 
build-up of αKG and L-2-HG in neuroblastoma cells upon DLST depletion may impact 
some of these enzymes. In glioblastoma cells, KGDHC is also detected in the nucleus, 
where the production of succinyl-CoA modifies histones and alters gene expression. Hence, 
DLST may also exert non–TCA cycle functions in neuroblastoma cells.

Emerging evidence demonstrates that many tumors rely on OXPHOS for their heightened 
bioenergetic and biosynthetic processes (34–43). Both metastatic melanoma and breast 
cancer undergo a bioenergetic shift, where OXPHOS predominates as the primary metabolic 
pathway for ATP production (44, 45). MYCN amplification can enhance OCR through 
upregulation of ETC components in neuroblastoma cells (14). Importantly, we found that 
high DLST expression significantly correlates with an enriched OXPHOS gene signature 
among patients with high-risk neuroblastoma. Treatment with multiple OXPHOS inhibitors 
impairs growth and induces apoptosis in neuroblastoma cells. OXPHOS can promote a 
migratory and invasive phenotype within breast cancer (46), and represents a mechanism 
underlying drug resistance in several other types of cancer (36, 47–50). It is likely that 
DLST enhances OXPHOS to support the growth, survival, and migration of neuroblastoma 
cells, thereby promoting disease aggression (Supplementary Fig. S7D).

Despite intensive multimodal therapy, the long-term survival of patients with high-risk 
neuroblastoma is very poor, especially for those with disease recurrence (4). Although 
the genetics of human neuroblastoma has been extensively studied, actionable therapeutics 
are limited (51). Recently, IACS-010759 was shown to exhibit preclinical efficacy in the 
treatment of AML, SWI/SNF–mutant lung cancer, mantle cell lymphoma, and melanoma 
(24, 45, 52–54). Our studies revealed that human neuroblastoma cells are acutely sensitive to 
IACS treatment, which slowed tumor growth in zebrafish and mouse xenografts. Therefore, 
OXPHOS represents an actionable target for high-risk neuroblastoma. Phase I clinical 
trials are currently being completed in adults with AML and solid tumors to determine 
the safety and antitumor efficacy of IACS (NCT #02882321 and #03291938). Further 
preclinical testing of IACS will determine whether this compound has clinical benefits in 
neuroblastoma. Like many other targeted therapies, IACS will likely need to be combined 
with either standard-of-care chemotherapy or other agents to lower dosing and decrease 
toxicity in pediatric patients. It will be critical to strategize on how IACS could be 
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successfully integrated into the standard treatment regimen for all patients with high-risk 
neuroblastoma, including those with MYCN amplification.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Significance:

These findings demonstrate a novel role for DLST in neuroblastoma aggression and 
identify the OXPHOS inhibitor IACS-010759 as a potential therapeutic strategy for this 
deadly disease.
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Figure 1. 
High DLST expression predicts poor outcomes and tumor aggression in patients with 
neuroblastoma. A–D, Kaplan–Meier survival curves illustrate a negative association between 
high DLST expression and poor event-free and overall survival: total cohort (A and B, 
median; low vs. high DLST expression, n = 249) and a nonamplified subcohort (C and 
D, median; n = 200 or 201) of patients with neuroblastoma. All data were analyzed for a 
public database in the R2: genomics analysis and visualization platform (GEO: GSE62564). 
A–D, Statistical significance was determined by survival analysis and calculated with the 
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log-rank test. E, Immunohistochemical analyses of primary neuroblastoma patient samples 
show significantly increased DLST protein levels in advanced stage IV tumors (n = 4–7). 
Scale bar, 50 μm. Statistical significance: ***, P < 0.0001; calculated with an unpaired t test 
unless otherwise stated.

Anderson et al. Page 19

Cancer Res. Author manuscript; available in PMC 2022 March 01.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Figure 2. 
DLST overexpression promotes MYCN-driven tumor aggression in zebrafish. A, Rates 
of tumor induction show that DLST overexpression accelerates neuroblastoma onset 
(MYCN_TT vs. DLST_OE;MYCN_TT, n = 38-46; P = 0.015). Overexpression of DLST 
alone (DLST_OE) was insufficient to induce neuroblastoma development. Statistical 
analysis was performed by the log-rank Mantel-Cox test. B, Quantification of EGFP 
fluorescent intensity revealed increased tumor burden in 6-wpf DLST_OE;MYCN_TT 
transgenic fish, compared with MYCN_TT fish (left; n = 11-14). Overlay of brightfield 
and EGFP images of two MYCN_TT and DLST_OE;MYCN_TT fish (right). White 
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arrow indicates tumors distant from the interrenal gland (IRG) in DLST_OE;MYCN_TT 
fish. Scale bar, 1 mm. C–E, DLST overexpression in the MYCN_TT fish increases the 
incidence of metastasis. C, Sagittal sections of DLST_OE;MYCN_TT fish at 6-wpf were 
immunostained with TH antibody and hematoxylin counterstain. E, sclera of the eyes, S, 
spleen; HK, hind kidney. D, Magnified views of TH-stained sections (bottom panels) or 
hematoxylin and eosin–stained adjacent sections (top panels). The black box with the 1° 
label indicates the IRG (site of the primary tumor). Scale bar, 1mm(C); 100 μm (D). Black 
arrows indicate tumor cells at distant sites: sclera of the eyes, spleen, and hind kidney. Insets 
in the right two panels are a close-up view of tumor cells in the hind kidney. E, The number 
of metastatic sites per fish (MYCN_TT vs. DLST_OE;MYCN_TT, n = 4–6). F, Western 
blotting analysis of tumor cells demonstrated approximately two-fold higher DLST levels 
in DLST_OE;MYCN_TT fish versus MYCN_TT fish (n=4). Data are presented as mean ± 
SEM, unless otherwise stated. Statistical significance: *, P < 0.02; **, P=0.0014.
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Figure 3. 
Heterozygous loss of dlst delays neuroblastoma onset, reduces disease aggression, and 
induces apoptotic cell death at the IRG of MYCN fish. A, Rates of tumor induction indicate 
that heterozygous-loss of dlst delays MYCN-driven neuroblastoma onset (MYCN_TT 
vs. MYCN_TT;dlst±: P < 0.005). Statistical analysis was performed by the log-rank 
Mantel–Cox test. Neuroblastoma developed in a 6-wpf MYCN_TT fish (top), while no 
tumor developed in its sibling MYCN_TT; dlst± fish (bottom). Scale bar, 1 mm. B, 
Western blotting confirmed a 50% reduction of DLST protein levels in tumor cells from 
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MYCN_TT; dlst±fish, compared with those from their MYCN_TT siblings (n = 4). C, 
Quantification of EGFP fluorescent intensity revealed no alteration in tumor burden in 
10-wpf MYCN_TT;dlst± transgenic fish, compared with MYCN_TT fish (n = 11–14). D, 
The number of metastatic sites per fish (MYCN_TT vs. MYCN_TT; dlst±; n = 6–7). E and 
F, Heterozygous loss of dlst results in apoptosis at the IRG of the 3-wpf fish. Green, sagittal 
sections of MYCN_TT and MYCN_TT; dlst±fish at 3-wpf: tumor cells; red, activated 
caspase-3 (AC3+); blue, DAPI (left). White arrowheads indicate AC3+ cells and dotted lines 
the boundary of the hind kidney (HK). Percentage of AC3+ among the total number of 
EGFP+ sympathetic neuroblasts at the IRG of 3-wpf MYCN_TT and MYCN_TT; dlst±fish 
(right; n=9–10). Scale bar, 50 μmol/L. Statistical significance: *, P ≤ 0.05; **, P≤0.01.
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Figure 4. 
DLST depletion by RNAi slows growth, alters cell cycle, and increases apoptosis of human 
MYCN-amplified neuroblastoma cells. A, Relative growth rates of a panel of human 
neuroblastoma cell lines upon DLST depletion: MYCN-amplified BE(2)-C, SK-N-DZ, 
KELLY, and SK-N-BE(2), and nonamplified SK-N-FI, SHEP, SK-N-SH, and SK-N-AS (n 
= 4). B, The growth kinetics of human neuroblastoma cells were analyzed after transducing 
with either shScramble or two shRNA hairpins targeting DLST: MYCN-amplified cell lines 
KELLY and SK-N-BE(2), and nonamplified cell lines SK-N-FI and SK-N-SH (n = 4). C, 
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Apoptosis was induced by shDLST in MYCN-amplified cell lines: KELLY, SK-N-BE(2), 
and SK-N-FI, but not in nonamplified SK-N-SH. Annexin V and PI staining was performed 
on cells isolated at 5 days postinfection (n = 4). D, DLST inactivation induces cell-cycle 
alterations in KELLY, SK-N-BE(2), SK-N-FI, and SK-N-SH cell lines (n = 4). At 5 days 
postinfection, neuroblastoma cells were fixed and then stained with PI for flow cytometry 
analysis. Statistical significance: *,P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001;, **** P ≤ 0.0001.
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Figure 5. 
DLST inactivation disrupts the TCA cycle and OXPHOS. A, Schematic of the TCA cycle 
indicating the location of DLST and a carbon fate map illustrating the distribution of 
metabolites derived from [μL-13C]glutamine. Red-filled circles indicate 13-C atoms and 
empty circles indicate other carbon sources. B, Uniformly labeled [(μL)-13C] glutamine 
M+4/5 distribution of TCA-cycle intermediates in SK-N-BE(2) after DLST depletion at 3.5-
days post-infection (n = 3). C, Total intracellular αKG increases and L-2-HG accumulates 
in SK-N-BE(2) upon DLST depletion (n = 3). D and E, Intracellular NADH decreases 
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upon DLST depletion in SK-N-BE(2), KELLY, and SK-N-FI (n=4–5). F and G, Relative 
oxygen consumption rate (OCR) normalized to protein abundance in SK-N-BE(2), KELLY, 
SK-N-FI, and SK-N-SH after DLST inactivation (n = 12). H, Upon DLST depletion, the 
basal extracellular acidification rate (ECAR) dropped significantly in SK-N-BE(2), KELLY, 
and SK-N-FI (n=8–12). All experiments were performed 3.5 days before any evidence of 
cellular toxicity. Statistical significance: *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001;, **** P ≤ 
0.0001.
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Figure 6. 
Human neuroblastoma cells are sensitive to inhibitors of the ETC complex I. A, Dose–
response curves and their IC50s for a panel of human neuroblastoma cell lines treated with 
IACS for 5 days (n=6). IC50s were calculated with log(inhibitor) versus normal response. B, 
The relative OCR for the cell line KELLY after 24 hours of IACS treatment (n = 12). C, 
IACS induced a dose-dependent induction of apoptosis in KELLY, SK-N-BE(2), SK-N-DZ, 
SK-N-FI, and SK-N-SH after 5 days of treatment by Annexin V and PI staining (n=4–5). D, 
DMKG and IACS show striking synergy upon 48-hour treatment in KELLY, SK-N-BE(2), 
SK-N-DZ, and SK-N-FI, but not in SK-N-SH cells (n = 6). Statistical significance: *, P ≤ 
0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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Figure 7. 
OXPHOS inhibition by IACS slows the growth of MYCN-amplified neuroblastoma 
xenografts. A and B, Zebrafish xenografts (MYCN_TT or human MYCN-amplified 
neuroblastoma cells) demonstrate sensitivity to 100 nmol/L of IACS (96 hours, MYCN_TT; 
72 hours, KELLY, SK-N-BE(2), and SK-N-SH; n = 3–8; scale bar, 0.5 mm). C, Normalized 
tumor growth of subcutaneous KELLY xenografts in Balb/c nude mice treated with either 
vehicle or IACS by oral gavage (n = 6–7). Treatment was initiated once tumors reached 
approximately 100 mm3. Final tumor volume and weight of KELLY xenografts after 11 
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days of IACS treatment (n = 6–7). Final body weight of mice after 11 days of treatment: 
vehicle versus IACS (n=4–5). D and E, IACS treatment leads to a decrease in proliferative 
cells as indicated by pH3 staining and a cell-cycle arrest as determined by an increase of p21 
staining per field of view (FOV; n = 7). Scale bars, 100 μm. Statistical significance: *, P ≤ 
0.05; **, P ≤ 0.01;***, P ≤ 0.001; ns, nonsignificant.
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