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Apoptosis is responsible for the cytotoxic effects of anti-GD2 
ganglioside antibodies and aurora A kinase inhibitors on human 
neuroblastoma cells*
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In recent years, immunotherapy has been identified as 
an effective treatment method for high-risk neuroblas-
toma. A previous study demonstrated that an anti-GD2 
ganglioside (GD2) mouse 14G2a monoclonal antibody 
(mAb) combined with a small molecule, i.e., an aurora 
A kinase inhibitor (MK-5108), significantly increased cy-
totoxicity against human neuroblastoma cells, as com-
pared to monotherapy. This study aimed to demonstrate 
the mechanism of neuroblastoma cell death in vitro fol-
lowing the addition of an anti-GD2 human-mouse chi-
meric ch14.18/CHO mAb (presently used in clinics) and 
two aurora A inhibitors (MK-5108 and MK-8745). The 
effects of the aforementioned agents on neuroblastoma 
cells were determined by measuring the level of ATP, 
the level of apoptotic and necroptotic markers, and the 
activity of caspase 3/7. The results revealed that the 
ch14.18/CHO mAb decreased cellular ATP levels in the 
IMR-32 and CHP-134 neuroblastoma cell lines, similarly 
to the 14G2a mAb. Regarding ch14.18/CHO mAb treated 
IMR-32 cells, the observed cytotoxic effect was concomi-
tant with induced caspase 3 cleavage, which indicated 
the induction of apoptosis in IMR-32 cells, but not in 
CHP-134 cells. Furthermore, the MK-5108 inhibitor in-
duced apoptosis, as indicated by the increased cleav-
age of caspase 3 and increased activity of caspase 3/7. 
However, the presence of necroptosis was ruled out in 
MK-5108-treated IMR-32 and CHP-134 cells. In summary, 
the effects of the combination of ch14.18/CHO mAb and 
aurora A kinase inhibitors (MK-5108 and MK-8745) were 
shown to enhance apoptosis in IMR-32 cells compared to 
when used individually.
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INTRODUCTION

Neuroblastoma is the most common type of solid ex-
tracranial tumor in children and is responsible for 7% of 
all pediatric neoplasms in patients under the age of 15. 
It accounts for 15% of all pediatric tumor-related deaths 
worldwide (Kholodenko et al., 2018). The greatest chal-
lenge for pediatric oncologists is the unfavorable outlook 
on treatment options for high-risk neuroblastoma, which 
is detected in ~60% of patients (Johnsen et al., 2019). 
The treatment methods currently in use include high-
dose chemotherapy, autologous stem cell rescue, surgery, 
and radiotherapy. All exhibit low efficacy due to the 
presence of high cell heterogeneity in these tumor cells 
(Kholodenko et al., 2018; Garaventa et al., 2021; Seitz et 
al., 2021).

To date, the most effective treatment for patients 
with high-risk neuroblastoma is achieved through im-
munotherapy, which is based on GD2 ganglioside-spe-
cific antibodies combined with multimodal treatment 
(Kholodenko et al., 2018; Furman, 2021; Morandi et al., 
2021). The GD2 ganglioside is a well-established molec-
ular target in neuroblastoma due to its high expression in 
neuroblastic cells (Terzic et al., 2018). The GD2 ganglio-
side-targeting ch14.18/CHO monoclonal antibody (mAb, 
dinutuximab β) is produced in Chinese hamster ovarian 
cells and is an IgG1 human/mouse chimeric switch vari-
ant of the murine 14G2a mAb (Zeng et al., 2005). The 
ch14.18/CHO mAb was indicated to improve 5-year 
event-free and overall survival of patients, thus serving 
an important role in treatment regimens applied in the 
International Society of Pediatric Oncology Europe Neu-
roblastoma Group High-Risk Neuroblastoma 1 trial HR-
NBL1/SIOPEN (Ladenstein et al., 2020; Barone et al., 
2021). The functional properties of the ch14.18/CHO 
mAb had previously been identified in complement-de-
pendent cytotoxicity (CDC) and antibody-dependent cell 
cytotoxicity (ADCC) against GD2 positive neuroectoder-
mal tumor cell lines in vitro (Zeng et al., 2005).

To improve GD2-targeted therapy, it may be im-
portant to utilize the direct cytotoxic activity of GD2-
specific antibodies. Antibodies are capable of inhibiting 
proliferation in GD2-expressing tumor cell lines through 
a number of different mechanisms including apoptosis, 
necrosis, autophagy, and oncosis-like cell death (Kowalc-
zyk et al., 2009; Horwacik & Rokita, 2015; Durbas et al., 
2018). Other observed effects of antibodies on GD2-ex-
pressing tumor cell lines involve morphological changes, 
cell aggregation, and detachment (Kowalczyk et al., 2009; 
Horwacik & Rokita, 2015). The molecular mechanisms 
behind these effects have not yet been fully determined 
and require further investigation.
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To enhance the efficacy of high-risk neuroblas-
toma therapy, GD2-specific antibodies could be used 
with carefully selected chemotherapeutic drugs and/or 
small molecular inhibitors to induce a synergistic cy-
totoxic effect. The high heterogeneity of a neuroblas-
toma means that a personalized approach is required 
to select the optimal combination of therapies for each 
patient (Kholodenko et al., 2018). The identification of 
a potential novel target that could be used in neuro-
blastoma, i.e., aurora A kinase, has gained increasing at-
tention (Hansen et al., 2017; Sankhe et al., 2021; Mou 
et al., 2021; Mesquita et al., 2021). Aurora A kinase 
plays a role in several stages during mitosis, including 
centrosome duplication and mitotic spindle formation 
(Hochegger et al., 2013). The gene encoding aurora A 
kinase (AURKA) is amplified in human neuroblasto-
mas and has been shown to be associated with high 
levels of MYCN proto-oncogene, bHLH transcription 
factor (MYCN) and lower survival rates in patients 
with neuroblastoma (Brockmann et al., 2013). MYCN is 
protected from proteasomal degradation during mitosis 
by the aurora A protein, which forms a complex with 
MYCN in neuroblastoma cells (Otto et al., 2009). Small 
molecule inhibitors have been used to target aurora A 
kinase in an attempt to indirectly target the MYCN 
protein (Pastor & Mousa, 2019; Yi et al., 2021; Boi et 
al., 2021). The consequences of aurora A kinase inhibi-
tion include abnormal spindle pole formation, cell-cycle 
arrest between phases G2-M, polyploidy, and apoptosis 
(Boss et al., 2009).

A previous study demonstrated that anti-GD2 
14G2a mouse mAb and a specific aurora A kinase in-
hibitor, MK-5108, significantly enhanced cytotoxicity 
against neuroblastoma cells in vitro compared to mon-
otherapy (Horwacik et al., 2013). The aforementioned 
study reported that in combination 14G2a mAb and 
MK-5108 increased the nuclear level of P53 at 2 h 
and 24 h compared to treatments with 14G2a mAb 
alone, and decreased MYCN cytoplasmic levels at 2 
h compared to control cells (Horwacik et al., 2013). 
Previously, 14G2a mAb and the MK-5108 inhibitor 
were indicated to induce autophagy in IMR-32 cells 
(Durbas et al., 2018). To our knowledge, this present 
study is the first study to demonstrate the potential 
of anti-GD2 ch14.18/CHO chimeric mAb, in order to 
induce cytotoxic activity against human neuroblastoma 
cells IMR-32 and CHP-134 in vitro. This study also 
aimed to gather more data on the cytotoxic effect ex-
erted independently of ADCC and CDC, as well as to 
expand our knowledge on the roles GD2 plays in cell 
signaling (as gangliosides are, for example, important 
constituents of lipid rafts).

14G2a mAb has previously been observed to induce 
cell death partially by apoptosis (Kowalczyk et al., 2009). 
Following the observation of murine 14G2a mAb-in-
duced apoptosis in IMR-32 cells, the current study also 
examined whether chimeric ch14.18/CHO mAb exhib-
ited similar effects in terms of inducing cytotoxicity in 
selected neuroblastoma cell lines. Therefore, the current 
study examined how similar the cellular response was to 
the 14G2a mAb and the ch14.18/CHO mAb, which is 
currently used in clinics. The current study also aimed 
to investigate the effects of the ch14.18/CHO mAb in 
terms of determining processes that could be associated 
with the observed cytotoxic effects, such as apoptosis or 
necroptosis.

Furthermore, the mechanisms of aurora A kinase in-
hibitors, MK-5108 and MK-8745, in exerting a cytotox-
ic effect on IMR-32 and CHP-134 neuroblastoma cells 

were investigated. A total of two neuroblastoma cell 
lines were selected for the current study, IMR-32 and 
CHP-134, as these cell lines were indicated to be the 
most sensitive to 14G2a mAb among the GD2-positive 
and MYCN-amplified human neuroblastoma cell lines 
tested (Horwacik et al., 2013). Furthermore, IMR-32 
and CHP-134 were previously identified as the most 
susceptible to the MK-5108 inhibitor compared to oth-
er cell lines (Horwacik et al., 2013). The ch14.18/CHO 
mAb and aurora A kinase inhibitors are two different 
groups of drugs that represent monoclonal antibodies 
and small molecule inhibitors, respectively (Pastor & 
Mousa, 2019). Several different approaches have been 
tested by combining immunotherapy with the pharma-
cological inhibition of molecular targets, chemothera-
py or cytokines, to identify more efficient therapeutic 
treatments of neuroblastoma (Kowalczyk et al., 2009; 
Horta et al., 2016; Federico et al., 2017; Aravindan et al., 
2020). Consequently, the present study aimed to deter-
mine the possible underlying mechanism of action of 
anti-GD2 ch14.18/CHO mAb and aurora A kinase in-
hibitors, as well as the effects of their combination on 
neuroblastoma cells in search of the most potent drug 
combinations.

MATERIALS AND METHODS

Cell culture

IMR-32 (CCL-127; American Type Culture Collection) 
and CHP-134 (ACC 653; German Collection of Micro-
organisms and Cell Cultures GmbH) human neuroblas-
toma cell lines were cultured as previously described by 
Durbas and others (Durbas et al., 2018).

Treatment with drugs

IMR-32 and CHP-134 cells were treated with 14G2a 
mAb (obtained as previously described: Horwacik et al., 
2013) at a concentration of 40 µg/ml, or ch14.18/CHO 
mAb which consists of variable regions derived from 
murine 14G2a mAb (Qarziba; cat. no. 1045413A; Salus 
International; EUSA Pharma) at a concentration of 40 
µg/ml, MK-5108 (cat. no. S2770; Selleck Chemicals) at 
a concentration of 0.1 µM for both cell lines, or MK-
8745 (cat. no. S7065; Selleck Chemicals) at a concentra-
tion of 0.3 µM for IMR-32 cells and 0.1 µM for CHP-
134 cells. Furthermore, control cells (treated with PBS 
for 14G2a and ch14.18/CHO mAb or with DMSO for 
MK-5108 and MK-8745 inhibitors) were incubated with 
an equivalent volume of drug solvent. Necrostatin-1 
(NEC-1; 20 µM for IMR-32; 10 µM for CHP-134; cat. 
no. 480065; Sigma-Aldrich; Merck KGaA) and GSK’872 
(GSK) inhibitor (3 µM for IMR-32; 10 µM for CHP-
134; cat. no. S8465; Selleck Chemicals) were also used 
as single agents or in combination with the MK-5108 
inhibitor. Following appropriate treatment, cells were 
seeded in plates and cultured at 37°C.

Cell viability tests

Cells were treated for 24, 48 or 72 h. 96-well plates 
containing 2×104 IMR-32 cells/well and 5×103 CHP-
134 cells/well were also prepared. Cellular ATP con-
tent was measured after a period of time using the AT-
Plite Luminescence ATP Detection Assay system (cat. 
no. 6016947; PerkinElmer, Inc.) and an Infinite M200 
Reader (Tecan Group, Ltd.), according to the manufac-
turer’s protocol.



Vol. 69       487ch14.18/CHO and aurora A inhibitors induce apoptosis in neuroblastoma

Measurements of caspase 3/7 activity

After treatment, IMR-32 cells (1×104 per well) and 
CHP-134 cells (2.5×103 per well) were cultured in 96-
well plates for 72 h in 50 µl complete media. On day 
3, caspase 3/7 activity was measured using the Caspase-
Glo® 3/7 Assay (cat. no. G8090; Promega Corporation) 
according to the manufacturer’s protocol. Generated lu-
minescent signals were analyzed in triplicate using the 
Infinite M200 Reader and divided by the relative levels 
of ATP of the respective groups of cells (to normalize 
signals with the number of viable cells).

Protein isolation and immunoblotting

For protein analysis, IMR-32 cells (1×106 cells in one 
well of a six-well plate) and CHP-134 cells (0.25×106 

cells in one well of a six-well plate) were prepared as 
previously described (Durbas et al., 2018). The following 
rabbit anti-human antibodies were purchased from Cell 
Signaling Technology, Inc.: α-tubulin (cat. no. 2125), 
caspase 3 (cat. no. 9665), cleaved caspase 3 (cat. no. 
9664), PARP (cat. no. 9542), cleaved PARP (cat. no. 
5625), endoplasmic reticulum chaperone BIP (BIP; cat. 
no. 3177), protein-disulfide isomerase (PDI; cat. no. 
3501), P38α (cat. no. 9218), ERK1/2 (cat. no. 4695), 
apoptosis signal-regulating kinase 1 (ASK-1; cat. no. 
8662). All the aforementioned antibodies were diluted to 
1:1,000. Secondary goat anti-rabbit IgG, HRP-linked an-
tibodies (cat. no. 7074) were purchased from Cell Signal-
ing Technology, Inc. and diluted to 1:2 000.

Statistical analysis

All experiments were repeated at least three times. 
Data were presented as means ± SEM. To test for statis-
tically significant differences for experiments with >two 
independent groups (Fig. 1C and D; Fig. 2; Fig. 3E, F, 
G and H, Fig. 4C, D, G and H), one-way ANOVA was 
performed using R i386 4.0.0 Patched software, followed 
by Tukey’s post hoc test for pairwise comparisons be-
tween specific groups. For analysis of data presented in 
Fig. 3A, B, C, and D and 4A, B, E, and F, a two-way 
ANOVA was used with Tukey’s post hoc test for pair-
wise comparisons between specific groups. One sample 
t-tests were also performed, allowing for the comparison 
of the means of treated cells vs. control cells, which were 
set as 1.

RESULTS

Analysis of ATP levels and apoptotic markers in IMR-32 
and CHP-134 cells treated with ch14.18/CHO

14G2a mAb (40 µg/ml) has previously been indi-
cated to induce cell death within IMR-32 cells in a 
partially caspase-dependent manner (Kowalczyk et al., 
2009). Based on the concentration curves obtained for 
ch14.18/CHO mAb, a concentration of 40 µg/ml was 
selected for IMR-32 and CHP-134 cells (Fig. 1A and B). 
The appropriate isotype control antibody (Rituximab) 
was also used (not shown). The current study compared 
the effects of 14G2a mAb on neuroblastoma cell ATP 
levels, with the effects observed after the addition of 
the ch14.18/CHO mAb (both, 40 µg/ml). The results 
indicated that the effect of the 14G2a mAb was stron-
ger (relative ATP level decreased to 0.47) compared to 
the effect induced by the ch14.18/CHO mAb in IMR-
32 cells (relative ATP level reduced to 0.65; Fig. 1C). 

The changes in relative ATP levels for IMR-32 cells 
between means were significantly different [ANOVA; 
F(1,4)=40.423; P=0.0031]. However, the cytotoxic effects 
of both antibodies (14G2a and ch14.18/CHO mAbs) on 
CHP-134 cells were comparable and reduced to 0.75 and 
0.73, respectively; Fig. 1D). No significant changes were 
identified in CHP-134 cells [ANOVA; F(1,4)=0.0491; 
P=0.8355]. The results also demonstrated that ch14.18/
CHO mAb improved caspase 3 cleavage in IMR-32 cells, 
while caspase 3 expression did not change (Fig. 1E, left 
panel). The expression of PARP, being one of the sub-
strates of caspase 3, was also detected in IMR-32 cells. 
PARP expression (both 116 and 89 kDa forms) was not 
altered in IMR-32 cells treated with ch14.18/CHO mAb 
compared to control cells (Fig. 1E, right panel). Howev-
er, the expression of cleaved PARP (89 kDa) in IMR-32 
treated with ch14.18/CHO mAb was markedly induced, 
following the increase in the expression of cleaved cas-
pase 3. These results allowed us to confirm the activ-
ity of caspase 3 towards its substrate, PARP, in IMR-32 
cells. No changes in caspase 3 expression and cleavage 
were observed in the CHP-134 cell line (Fig. 1F). These 
effects were not surprising, as 14G2a mAb was previ-
ously indicated not to be an effective inducer of apopto-
sis in CHP-134 cells (Horwacik et al., 2013). PARP and 
cleaved-PARP expression was not changed in CHP-134 
cells treated with ch14.18/CHO mAb (not shown). This 
is not surprising because the expression of caspase 3 
and cleaved caspase 3 in CHP-134 cells also remained 
unchanged. Furthermore, changes in the expression of 
necroptosis-related proteins were determined in IMR-32 
and CHP-134 cells following the addition of ch14.18/
CHO mAb. No changes in RIP1 and RIP3 protein ex-
pression were identified in IMR-32 cells and CHP-134 
cells (not shown). Therefore, necroptosis is probably not 
involved in ch14.18/CHO mAb-induced cell death.

Analysis of apoptotic and necroptotic markers in IMR-
32 and CHP-134 cells treated with MK-5108 and MK-
8745 inhibitors

To distinguish between apoptosis, necroptosis, or a 
mixed type of cell death in MK-5108 aurora A inhibitor 
treated neuroblastoma cells, the expression of necrop-
tosis and apoptosis-associated proteins was investigated. 
The concentration of MK-5108 (0.1 µM) which causes 
a similar inhibitory effect in both cell lines (up to ~0.7 
of the control, evaluated by measuring ATP levels) was 
selected, compared to the control cells (Fig. S1A and B 
at https://ojs.ptbioch.edu.pl/index.php/abp). Changes in 
the expression of markers associated with apoptosis in 
MK-5108 treated and control IMR-32 and CHP-134 cells 
were determined. The results indicated an up-regulation 
of the cleaved caspase 3 expression signal in IMR-32 
cells (Fig. 2A) and CHP-134 cells (Fig. 2B). No changes 
in the regulation of the other proteins associated with 
apoptosis: caspase 9, cleaved caspase 9, BCL-2, BCL-XL, 
BAX, BAD, and proteins associated with necroptosis: 
RIP1 and RIP3 kinases were observed in IMR-32 and 
CHP-134 cells (not shown). These results suggest an en-
hancement of apoptosis in IMR-32 and CHP-134 cell 
cultures treated with MK-5108.

MK-8745, another aurora A kinase inhibitor, was 
tested in IMR-32 and CHP-134 cells. The two cell lines 
show different sensitivities to MK-8745, and CHP-
134 cells are more sensitive. Therefore, the concentra-
tion of MK-8745 that decreases ATP levels to the same 
extent in both cell lines (to ~0.7 of the control for 72 
h) was used, compared to control cells, which were set 
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at 1. For IMR-32 cells, a concentration of 0.3 µM de-
creases the ATP level to 0.71 and for CHP-134 cells, 
a concentration of 0.1 µM decreases the ATP level to 
0.74 (Fig. S1C and D, respectively at https://ojs.ptbi-
och.edu.pl/index.php/abp). MK-8745, an inhibitor, was 
shown to induce a level of cleaved caspase 3 in IMR-
32 (Fig. 2C) and CHP-134 cells (Fig. 2D). The expres-
sion of RIP1 and RIP3 kinases remained unchanged at 
72 h after the treatment with MK-8745 of IMR-32 and 
CHP-134 cells (data not shown). These results show that 
the MK-8745 inhibitor induces apoptosis in IMR-32 and 
CHP-134 cells.

Effects of ch14.18/CHO mAb and aurora A kinase 
inhibitors on IMR-32 and CHP-134 cells

The combination of ch14.18/CHO mAb (40 μg/ml) 
and the MK-5108 inhibitor or the the MK-8745 inhibi-

tor used in 0.03 μM and 0.1 μM was shown to decrease 
relative ATP levels at 72 h in IMR-32 and CHP-134 
cells, as compared to aurora A kinase inhibitors alone 
(Tukey’s post hoc test, P<0.0001; Fig. 3A, B, C and D). 
The combination of ch14.18/CHO mAb and the MK-
5108 inhibitor at 72 h induced caspase 3/7 activity 3.5-
fold as compared to MK-5108 used alone and 1.7 times 
compared to ch14.18/CHO in IMR-32 cells (Fig. 3E). 
Significant changes between agents were identified [two-
way ANOVA; F(2,6)=622.72; P=1.102e-07]. The com-
bination of ch14.18/CHO mAb and the MK-8745 in-
hibitor at 72 h induced the activity of caspase 3/7 4.5 
times compared to MK-8745 and 1.7 times compared 
to ch14.18/CHO used individually in IMR-32 cells 
(Fig. 3G). Significant changes among agents were iden-
tified [two-way ANOVA; F(2,6)=34.607; P=0.0005076]. 
This study showed that both aurora A inhibitors were 
capable of inducing the activity of caspase 3/7 in CHP-

Figure 1. Comparison of the cytotoxic effects of 14G2a mAb and ch14.18/CHO mAb on relative ATP levels and on apoptotic markers 
in IMR-32 and CHP-134 cells. 
(A) IMR-32 cells were treated with ch14.18/CHO mAb (2.5–160 µg/ml) for 72 h and (B) CHP-134 cells were treated with ch14.18/CHO 
mAb (2.5–160 µg/ml) for 72 h. Relative ATP levels were calculated versus control cells (PBS-treated cells), which were set as 1. Relative 
levels of cellular ATP were measured at 72 h in (C) IMR-32 and (D) CHP-134 cells treated with 14G2a mAb, ch14.18/CHO mAb (both, 40 
µg/ml) or control cells. The means of three independent experiments (± S.E.M.) were calculated vs. control cells (PBS-treated cells, which 
were set as 1, black baseline). A one-way ANOVA was performed for the sections C and D of the figure, followed by Tukey’s post hoc 
test; ^^P<0.01. t-tests were performed to compare the differences between the means of the agent versus the control; *P<0.05; **P<0.01; 
***P<0.001. Representative immunoblots from three independent experiments were presented showing chemiluminescent signals for cas-
pase 3, c-caspase 3 (left panel), PARP, c-PARP (right panel) and α-tubulin in (E) IMR-32 cells treated with ch14.18/CHO mAb, and chemilu-
minescent signals for caspase 3, c-caspase 3 and α-tubulin in (F) CHP-134 cells treated with ch14.18/CHO mAb. Control, PBS-treated cells; 
mAb, monoclonal antibody; 14G2a, 14G2a mAb treated cells; ch14.18, ch14.18/CHO mAb treated cells; c, cleaved; PARP, poly ADP ribose 
polymerase.

https://ojs.ptbioch.edu.pl/index.php/abp
https://ojs.ptbioch.edu.pl/index.php/abp


Vol. 69       489ch14.18/CHO and aurora A inhibitors induce apoptosis in neuroblastoma

134 cells, while the ch14.18/CHO mAb is capable of in-
ducing apoptosis in IMR-32 cells, but not in CHP-134 
(Fig. 3F and H).

Inhibition of RIP1 and RIP3 kinases decreases cellular 
ATP and increases caspase 3 and 7 activity in IMR-32 
and CHP-134 cells

The molecules associated with apoptosis and necro-
ptosis that are regulated in cells treated with MK-5108 
should not be considered as the only indicators of apop-
tosis and necroptosis. Therefore, the aforementioned 
results were supported by measuring cellular ATP lev-
els and caspase 3 and 7 activities after pharmacological 
inhibition of RIP1 and RIP3 kinases by necrostatin-1 
and GSK’872, respectively. To evaluate the effects of 
the combined treatment of MK-5108 and necrostatin-1/
GSK’872, two different concentrations of necrostain-1 
(i.e., 20 µM for IMR-32 cells; 10 µM for CHP-134 cells; 
Figs. S1E and F, respectively) and two different con-
centrations of GSK’872 (i.e., 3 µM for IMR-32; 10 µM 
for CHP-134; Figs. S1G and H, respectively) were used. 
This was done to ensure that relative ATP levels are 
not altered after the respective treatment with NEC-1/
GSK’872 in both cell lines, compared to control cells. 
Furthermore, NEC-1/GSK’872 concentrations were se-
lected to have an inhibitory effect on the expression and 
phosphorylation levels of the RIP1/RIP3 kinases (not 
shown). NEC-1 and MK-5108 inhibitors were shown 
to markedly reduce cell viability compared to control 
cells, which was assessed by measuring cellular ATP lev-
els in both neuroblastoma cell lines (Fig. 4A and B). A 
two-way ANOVA revealed that for IMR-32 and CHP-
134 cells, changes in relative ATP levels over time were 
statistically significant [F(2,27)=3.3659; P=0.04953 for 
IMR-32 cells; F(2,18)=8.4743; P=0.00255 for CHP-134 
cells]. Statistically significant changes in agents were also 
observed in IMR-32 and CHP-134 cells [F(2,27)=4.04; 
P=0.02918, F(2,18)=22.6936; P=1.201e-05], respectively. 
Furthermore, a significant inhibition of ATP levels was 
also observed in IMR-32 and CHP-134 cells with com-
bined treatment with MK-5108 and GSK’872 for 24, 48 

and 72 h, compared to control cells (Fig. 4E and F). Sta-
tistically significant changes in time were observed [two-
way ANOVA; F(2,18)=18.576; P=4.202e-05 for IMR-32 
cells; F(2,27)=9.2943; P=0.0008489 for CHP-134 cells] 
and significant changes between agents were also iden-
tified [two-way ANOVA; F(2,18)=43.758; P=1.224e-07 
for IMR-32 cells; F(2,27)=15.9359; P=2.689e-05 for 
CHP-134 cells]. The results also revealed the 2-fold in-
crease in caspase 3 and 7 activities in IMR-32 cells after 
the combined treatment of MK-5108 and NEC-1 com-
pared to cells treated with NEC-1 (Fig. 4C). A 6.4-fold 
increase was observed after MK-5108 and NEC-1 com-
bination treatment in CHP-134 cells compared to NEC-
1 (Fig. 4D). Relative caspase 3/7 levels were significantly 
different for a number of different agents, determined 
using ANOVA [F(2,9)=27.183; P=0.0001534 for IMR-
32 cells; F(2,9)=8.96; P=0.007224 for CHP-134 cells]. 
The application of combined treatment with MK-5108 
and GSK’872 was also indicated to induce a 2.5-fold in-
crease in caspase 3 and 7 activities in the IMR-32 cell 
line, compared to cells treated with GSK’872 (Fig. 4G). 
The 7.3-fold increase after MK-5108 and GSK‘872 
combination treatment was observed in CHP-134 cells 
compared to GSK’872 (Fig. 4H). Relative caspase 3/7 
levels differed between agents as assessed using ANO-
VA [F(2,12)=14.412; P=0.00064511 for IMR-32 cells; 
F(2,9)=13.084; P=0.00217 for CHP-134 cells].

Effects of MK-5108 inhibitor treatment on ER stress and 
MAPKs

The levels of some ER-associated stress proteins, 
calnexin, IREα and PERK, remained unchanged in the 
IMR-32 and CHP-134 neuroblastoma cell lines when 
treated with the MK-5108 inhibitor (not shown). How-
ever, there was disparate regulation of BIP and PDI pro-
teins, whose levels decreased in IMR-32, but increased 
in CHP-134 cells (Fig. S2A at https://ojs.ptbioch.edu.pl/
index.php/abp).

To investigate whether the MAPK signaling pathway 
was associated with the MK-5108 mode of action, im-
munoblotting assays were performed to detect MAPK-

Figure 2. Analysis of caspase 3 cleavage in MK-5108-treated and MK-8745-treated IMR-32 and CHP-134 cells. 
Representative immunoblots from three independent experiments were presented showing chemiluminescent signals for caspase 3, c-
caspase 3 and α-tubulin in (A) IMR-32 and (B) CHP-134 cells treated with MK-5108 (0.1 µM) and (C) IMR-32 and (D) CHP-134 cells treated 
with MK-8745 (0.3 µM for IMR-32 cells; 0.1 µM for CHP-134 cells). Control, DMSO-treated cells; MK-5108, MK-5108-treated cells; MK-8745, 
MK-8745-treated cells; c, cleaved.

https://ojs.ptbioch.edu.pl/index.php/abp
https://ojs.ptbioch.edu.pl/index.php/abp
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associated proteins. As presented in Fig. S2B, MK-5108 
decreased the expression of P38α in IMR-32 cells. How-
ever, incubation of IMR-32 cells with MK-5108 did not 
affect the expression of total ERK1/2 kinase. Further-
more, the expression of ASK-1 upstream of MAPK 
decreased (Fig. S2B at https://ojs.ptbioch.edu.pl/index.
php/abp). These observations indicated that the MK-

5108 inhibitor exerts its effect in IMR-32 cells through 
the inhibition of the expression of ASK-1 and P38.

DISCUSSION

Most neuroblastomas express high levels of disialo-
ganglioside GD2 (Keyel & Reynolds, 2019). Several 

Figure 3. Ch14.18/CHO mAb and aurora A kinase inhibitors combined treatment of IMR-32 and CHP-134 cells. 
Ch14.18/CHO mAbs were used at a concentration of 40 µg/ml and MK-5108/MK-8745 inhibitors were used in a concentration range of 
0.03-30 µM. IMR-32 cells were treated with ch14.18/CHO mAb and MK-5108 inhibitor (A) or ch14.18/CHO mAb and MK-8745 inhibitor (C) 
or both agents used alone. CHP-134 cells were treated with ch14.18/CHO mAb and the MK-5108 inhibitor (B) or ch14.18/CHO mAb and 
the MK-8745 inhibitor (D) or both agents used alone. Cytotoxic effects were determined at 72 h by measuring the ATP content and com-
pared with respective controls (set as 1) treated with PBS (for ch14.18 mAb) and/or DMSO (for MK-5108/MK-8745). Data are presented 
as means (± S.E.M.) from three experiments. Caspase 3/7 activities were determined at 72 h. (E) IMR-32 cells treated with ch14.18 mAb 
(40 µg/ml) or MK-5108 (0.1 µM) or combination of both agents. (F) CHP-134 cells treated with ch14.18 mAb (40 µg/ml) or MK-5108 (0.1 
µM) or combination of both agents. (G) IMR-32 cells treated with ch14.18/CHO mAb (40 µg/ml) or MK-8745 (0.1 µM) or combination of 
both agents. (H) CHP-134 cells treated with ch14.18 mAb (40 µg/ml) or MK-8745 (0.1 µM) or combination of both agents. A one-way 
ANOVA was performed for the E, F, G and H sections of the figure, followed by Tukey’s post hoc tests for pairwise comparisons; ^P<0.05; 
^^P<0.01; ^^^P<0.001. t-tests were performed to compare the differences between the means of the agent versus the control; *P<0.05; 
**P<0.01; ***P<0.001. ch14.18, cells treated with ch14.18/CHO mAb.

https://ojs.ptbioch.edu.pl/index.php/abp
https://ojs.ptbioch.edu.pl/index.php/abp
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different antibodies have been developed to target the 
GD2 ganglioside in neuroblastoma cells (Kholodenko 
et al., 2018). Recent studies have elucidated the impor-
tant role of ch14.18/CHO-based immunotherapy in the 
treatment of high-risk neuroblastoma, which is primarily 
based on Ab-dependent cellular cytotoxicity specific to 

GD2 (ADCC) (Siebert et al., 2017). As presented by Sie-
bert and others (Siebert et al., 2017), the effects induced 
by ch14.18/CHO mAb increased the inhibitory im-
mune checkpoint PD-1/PD-L1, while the combination 
of ch14.18/CHO mAb with a blockade of PD-1 results 
in synergistic treatment effects in mice. Strategies to fur-

Figure 4. Analysis of apoptosis and necroptosis in IMR-32 and CHP-134 cells treated with MK-5108 and NEC-1/GSK’872 combined.
Relative cellular ATP levels were measured at 24, 48 and 72 h in (A) IMR-32 and (B) CHP-134 cells treated with MK-5108 (0.1 µM) and 
NEC-1 (20 µM for IMR-32; 10 µM for CHP-134), cells treated with a single agent and control cells. Relative caspase 3/7 levels were meas-
ured at 72 h in (C) IMR-32 cells and (D) CHP-134 cells treated with MK-5108 (0.1 µM) and NEC-1 (20 µM for IMR-32; 10 µM for CHP-134), 
cells treated with a single agent and control cells, and divided by ATP levels of the respective groups of cells (to normalize signals to 
the number of viable cells). The means of three independent experiments (± S.E.M.) were calculated vs. control cells (cells treated with 
PBS and/or DMSO), which were set as 1 (black baseline). Relative cellular ATP levels were measured at 24, 48 and 72 h in (E) IMR-32 and 
(F) CHP-134 cells treated with MK-5108 (0.1 µM) and GSK’872 (3 µM for IMR-32; 10 µM for CHP-134), cells treated with a single agent 
and control cells. Relative caspase 3/7 levels were measured at 72 h in (G) IMR-32 cells and (H) CHP-134 cells treated with MK-5108 (0.1 
µM) and GSK’872 (3 µM for IMR-32; 10 µM for CHP-134), cells treated with a single agent and control cells, and divided by ATP levels. A 
two-way ANOVA was performed for the A, B, E, and F sections of the figure and a one-way ANOVA was performed for the C, D, G, and H 
sections of the figure, followed by Tukey’s post hoc tests. For clarity, only the P values for Tukey’s post hoc test for pairwise comparisons 
were presented for the same time and different agents, and the same agent and different times were presented; ^P<0.05; ^^P<0.01; 
^^^P<0.001. t-tests were performed to compare the differences between the means of the agent vs. control; *P<0.05; **P<0.01; ***P<0.001. 
Control, DMSO-treated cells; MK-5108, MK-5108-treated cells; NEC-1, necrostatin-1-treated cells; GSK, GSK’872-treated cells.
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ther enhance the efficacy of this treatment are important 
and are currently being explored in prospective clinical 
trials using ch14.18/CHO mAb and/or IL-2 treatment 
in patients with neuroblastoma (Ladenstein et al., 2018). 
Although the results of neuroblastoma therapy with 
ch14.18/CHO mAb are scrutinized in clinical practice, in 
vitro findings are underrepresented and require increased 
attention (Ladenstein et al., 2020).

The novelty of the study relies on showing the po-
tential of a combination of ch14.18/CHO mAb and 
aurora A kinase-specific inhibitors, which are two dis-
tinct groups of drugs representing monoclonal antibod-
ies and small molecule inhibitors, respectively. This ap-
proach based on the combination of immunotherapy 
with ch14.18/CHO mAb, used in clinics, with the phar-
macological inhibition of a promising molecular target, 
i.e., aurora A kinase, was tested in vitro and shown to 
be an effective therapeutic strategy by means of potenti-
ating apoptosis in neuroblastoma cells. This study com-
pared the cytotoxic effects of two variants of anti-GD2 
ganglioside-binding antibodies, the ch14.18/CHO mAb 
and the 14G2a mAb, on two neuroblastoma cell lines. 
Measurement of cellular ATP levels revealed that the 
effect exhibited by 14G2a mAb treatment was stronger, 
compared to ch14.18/CHO mAb treatment in IMR-
32 cells (the identical concentration of both drugs was 
used). CHP-134 cells were identified to be similarly sus-
ceptible to treatment with either the 14G2a mAb or the 
ch14.18/CHO mAb. Treatment with the ch14.18/CHO 
mAb was associated with an increased level of cleaved 
caspase 3 in IMR-32 cells. These aforementioned effects 
were not observed in CHP-134 cells treated with the an-
tibody. Similar observations have previously been made 
by us regarding the lack of apoptosis induction in CHP-
134 cells after 14G2a mAb treatment (Horwacik et al., 
2013).

AURKA is highly expressed in multiple types of hu-
man tumors, including neuroblastoma (D’Assoro et al., 
2016). Previously, it has been shown that when com-
bined with the GD2 ganglioside-specific 14G2a mAb, 
the specific small-molecule inhibitor of aurora A ki-
nase, MK-5108, significantly enhances the cytotoxic ef-
fect against IMR-32 and CHP-134 cells (Horwacik et al., 
2013). However, the molecular mechanism of inhibition 
of aurora A kinase through MK-5108 in neuroblastoma 
cells requires further clarification. Therefore, this study 
investigated the cytotoxic potential of MK-5108, which 
is a highly selective aurora A inhibitor, in the regulation 
of apoptosis in neuroblastoma cells. The results revealed 
that treatment with MK-5108 induced the expression of 
cleaved caspase 3 at 72 h in IMR-32 and CHP-134 cells. 
Additionally, caspase 3 and 7 activities increased in IMR-
32 and CHP-134 cells treated with MK-5108, indicating 
induction of apoptosis in these neuroblastoma cultures. 
The results also indicated that MK-8745, another potent 
and selective aurora A kinase inhibitor tested, induced 
a level of cleaved caspase 3 at 72 h in both neuroblas-
toma cell lines. As presented by Nair and others (Nair 
et al., 2012), MK-8745 has been shown to induce apop-
totic cell death in a P53-dependent manner when test-
ed in vitro in pancreatic, sarcoma, and melanoma cells. 
Cells expressing wild-type P53 exhibited delayed mitosis 
followed by cytokinesis, resulting in 2N cells, along with 
apoptosis. However, cells with or without mutant P53 
underwent a prolonged arrest in mitosis followed by en-
doreduplication and polyploidy (Nair et al., 2012).

In this study, a combination of ch14.18/CHO mAb 
and aurora A kinase inhibitors (MK-5108 and MK-
8745) on IMR-32 and CHP-134 cells was also investi-

gated. The most potent effect of this combination on 
the decrease in ATP levels, compared to both agents 
used individually, was observed at concentrations of 
0.03 µM and 0.1 µM of inhibitors and ch14.18/CHO 
mAb (40 µg/ml) in both cell lines. Ch14.18/CHO mAb 
was confirmed to induce apoptosis in IMR-32 cells, 
but not in CHP-134, in a manner similar to the effect 
of 14G2a mAb reported previously. Most importantly, 
MK-5108 and MK-8745 aurora A inhibitors when used 
with ch14.18/CHO mAb further potentiate apoptosis in 
IMR-32 cells. It is postulated that the mechanisms of 
two drugs, i.e., ch14.18/CHO mAb and aurora A kinase 
inhibitors (MK-5108 or MK-8745) used in combination 
therapy, complement each other in the promotion of ap-
optosis by activating caspase 3 and caspase 7 activity in 
IMR-32 neuroblastoma cells. However, such apoptosis 
potentiation in CHP-134 cells is exclusively based on the 
effect of aurora A kinase inhibitors in inducing apoptosis 
(via involvement of caspase 3 and 7). Therefore, the ob-
served mechanisms could be more cell line-specific and/
or agent-dependent.

Necroptosis is an alternative mode of regulated cell 
death that combines features of apoptosis and necrosis 
(Dhuriya & Sharma, 2018). Necroptosis requires pro-
teins such as RIP3 and its MLKL substrate, which play 
an important role in the pathway (Dhuriya & Sharma, 
2018). Although RIP3 and MLKL are necessary for pro-
grammed cell death, necroptosis is confined to certain 
tissue types that express RIP3/MLKL (Dhuriya & Shar-
ma, 2018). To investigate the role of necroptosis during 
MK-5108 treatment, the current study assessed the ex-
pression of key necroptosis-associated proteins. The 
expression levels of the RIP1 and RIP3 kinases were 
unchanged. To verify the involvement of necroptosis 
in MK-5108-stimulated cell death, specific inhibitors of 
RIP1 and RIP3 kinases, necrostatin-1 and GSK’872, were 
used, respectively. No recovery was recorded during the 
observed cytotoxic effect in MK-5108 and necroptosis 
inhibitor-co-treated cells, compared to control cells and 
MK-5108 used alone (as evaluated by measuring ATP 
levels), suggesting a low contribution of necroptosis to 
the observed cytotoxic effect. Remarkably, inhibition of 
RIP1 and RIP3 kinases combined with the MK-5108 
inhibitor decreased ATP levels, advancing the observed 
cytotoxic effect, compared to control cells. Furthermore, 
the combination of MK-5108 inhibitor and necrosatin-1/
GSK’872 was shown to significantly increase caspase 
3 and 7, activities compared to control cells, indicating 
the improved efficacy of the proposed combined treat-
ment. Similar results were also obtained for another 
aurora A kinase inhibitor used in this study, MK-8745, 
which caused an increase in the expression of cleaved 
caspase 3 in both cell lines. These aforementioned stud-
ies proved that the pharmacological inhibition of aurora 
A kinase by the two small molecule inhibitors examined, 
MK-5108 and MK-8745, causes cell death by apoptosis, 
but not necroptosis. Additionally, the results indicated 
that inhibitors of RIP kinases may potentiate apoptosis 
induced by aurora A kinase inhibitors. Most aurora A ki-
nase inhibitors have been reported to induce apoptosis 
and the results of the current study are complimented by 
these reports (Boss et al., 2009; Nair et al., 2012; Shang et 
al., 2017; Das et al., 2021). However, Martens and others 
(2018) demonstrated that the pan-aurora kinase inhibi-
tor, Tozasertib (VX-680; MK-0457), is a potent inhibi-
tor of necroptosis. In contrast, Xie and others (Xie et al., 
2017) identified the aurora kinase inhibitor, CCT137690, 
as an agent that induces necroptosis in pancreatic ductal 
adenocarcinoma cells via RIP1, RIP3, and MLKL. The 
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aforementioned study also reported that aurora A kinase 
interacts directly with RIP1 and RIP3 (but not MLKL) 
to reduce necrosome formation and activation.

Anomalies in protein synthesis are common during 
cancer treatment (Jaud et al., 2020). Several different 
stressors cause the accumulation of unfolded proteins in 
the ER, which is involved in protein synthesis, preserva-
tion of cellular homeostasis, and adaptation to unfavor-
able environments (Jaud et al., 2020). The accumulation 
of unfolded proteins in the ER causes a stress-induced 
unfolded protein response (UPR), which can result in the 
promotion of cell survival or the induction of apoptosis 
when stress is prolonged (Jaud et al., 2020). The mecha-
nisms by which ER stress leads to cell death remain un-
clear. Therefore, defining which specific proteins serve a 
role in a particular drug response requires further study. 
The current study identified that the expression of ER 
stress transducers, the BIP protein, and the PDI protein 
decreased in IMR-32 cells treated with the MK-5108 in-
hibitor. However, CHP-134 cells exhibited increased ex-
pression of BIP and PDI, suggesting that activation of 
ER stress was initiated. As previously reported by Tana-
ka and others (Tanaka et al., 2000) the overexpression 
of the gene encoding PDI resulted in protection against 
the loss of cell viability induced by hypoxia in SK-N-MC 
neuroblastoma cells. Shen and others (Shen et al., 2021) 
also reported that combined inhibition of aurora A and 
HSF1 (Heat shock factor 1) promotes apoptosis in hepa-
tocellular carcinoma by activating ER stress.

The ASK-1 kinase has been identified during the in-
duction of apoptosis through signaling by the TNF-fam-
ily of receptors (Matsukawa et al., 2004). During ER 
stress, ASK-1 is recruited to oligomerized IRE1 com-
plexes containing TNF receptor associated factor 2, ac-
tivating this kinase and causing downstream activation of 
JNK (c-Jun N-terminal kinase) and P38 MAPK (Matsu-
kawa et al., 2004). ASK-1 has previously been reported 
to play a key role in ER stress-induced apoptosis (Hat-
tori et al., 2009; Obsilova et al., 2021). Apoptosis sig-
nal-regulating kinase 1-/- neurons subjected to inducers 
of ER stress exhibit a requirement for this kinase for 
JNK activation and cell death (Nishitoh et al., 2002). The 
current study demonstrated that MK-5108 treatment re-
duced ASK-1 and P38 levels in IMR-32 cells. Similar ob-
servations have also been made for AGS and NCI-N78 
gastric cancer cell lines treated with the small molecule 
aurora A kinase inhibitor, Alisertib, which exhibited an 
inhibitory effect on the activation of P38 MAPK at 
Thr180/Tyr182 (Yuan et al., 2015). Shang and others 
(Shang et al., 2017) revealed that Alisertib exerts antipro-
liferative, proapoptotic, and pro-autophagic effects on 
A375 and SK-Mel-5 melanoma cells by inhibiting P38 
MAPK signaling.

CONCLUSION

As a consequence of the treatments with ch14.18/
CHO and MK-5108, several different biological pro-
cesses are significantly altered within the cells. Apopto-
sis is responsible for the cytotoxic effects of anti-GD2 
ch14.18/CHO mAb in IMR-32 cells. Furthermore, the 
mechanism of MK-5108 and MK-8745 aurora A kinase 
inhibitors involves apoptosis, but not necroptosis, in 
both human neuroblastoma cell lines. This is accompa-
nied by inhibition of the expression of ASK-1 and P38α 
kinases in IMR-32 cells treated with MK-5108 inhibitor. 
Finally, the combination of ch14.18/CHO mAb and au-
rora A kinase inhibitors enhanced the cytotoxic effect by 

way of apoptosis, compared to IMR-32 cells treated with 
a single agent. More studies are required to further elu-
cidate biological processes and their interrelation within 
cells, and this may lead to the development of an effec-
tive neuroblastoma combination therapy. Revisiting the 
existing immunotherapeutic options and identifying suit-
able co-targets for the treatment of high-risk neuroblas-
toma requires further study.

Declarations

Author Contributions. MD, IH, and HR contributed 
to the study conception and design. Data collection and 
analysis were performed by MD and some complemen-
tary experiments were performed by AW, while analysis 
and interpretation of the results were performed by MD, 
HR and IH. The manuscript was written by MD. HR, 
IH, AW and IN read, interpreted and revised the manu-
script critically for important intellectual content. All au-
thors approved the final manuscript.

Availability of Data and Materials. The data gener-
ated during this study are included in the published ar-
ticle and the Supplemental data. Immunoblotting mem-
branes derived from full gels are presented in Figs. S3-8 
of the Supplemental data.

Conflict of Interest. The authors declare that they 
have no competing interests.

Acknowledgements. Declared none.

REFERENCES

Aravindan N, Herman T, Aravindan S (2020) Emerging therapeutic 
targets for neuroblastoma. Expert Opin Ther Targets 24: 899–914. 
http://doi.org/10.1080/14728222.2020.1790528

Barone G, Barry A, Bautista F, Brichard B, Defachelles AS, Herd F, 
Manzitti C, Reinhardt D, Rubio PM, Wieczorek A, van Noesel MM 
(2021) Managing adverse events associated with dinutuximab beta 
treatment in patients with high-risk neuroblastoma: practical guid-
ance. Pediatr Drugs 23: 537–548. https://doi.org/10.1007/s40272-
021-00469-9

Boi D, Souvalidou F, Capelli D, Polverino F, Marini G, Montanari R, 
Pochetti G, Tramonti A, Contestabile R, Trisciuoglio D, Carpinelli 
P, Ascanelli C, Lindon C, De Leo A, Saviano M, Di Santo R, Costi 
R, Guarguaglini G, Paiardini A (2021) Pha-680626 is an effective 
inhibitor of the interaction between aurora-a and n-myc. Int J Mol 
Sci 22: 1–19. https://doi.org/10.3390/ijms222313122

Boss DS, Beijnen JH, Schellens JHM (2009) Clinical experience with 
aurora kinase inhibitors: a review. Oncologist 14: 780–793. https://
doi.org/10.1634/theoncologist.2009-0019

Brockmann M, Poon E, Berry T, Carstensen A, Deubzer HE, Rycak 
L, Jamin Y, Thway K, Robinson SP, Roels F, Witt O, Fischer M, 
Chesler L, Eilers M (2013) Small molecule inhibitors of aurora-A in-
duce proteasomal degradation of N-Myc in childhood neuroblasto-
ma. Cancer Cell 24: 75–89. https://doi.org/10.1016/j.ccr.2013.05.005

D’Assoro AB, Haddad T, Galanis E (2016) Aurora-A kinase as a 
promising therapeutic target in cancer. Front Oncol 5: 1–8. https://
doi.org/10.3389/fonc.2015.00295

Das BK, Kannan A, Nguyen Q, Gogoi J, Zhao H, Gao L (2021) Se-
lective inhibition of aurora kinase a by AK-01/LY3295668 attenu-
ates MCC tumor growth by inducing MCC cell cycle arrest and 
apoptosis. Cancers (Basel) 13: 3708. https://doi.org/10.3390/can-
cers13153708

Dhuriya YK, Sharma D (2018) Necroptosis: A regulated inflamma-
tory mode of cell death. J Neuroinflammation 15: 1–9. https://doi.
org/10.1186/s12974-018-1235-0

Durbas M, Pabisz P, Wawak K, Wiśniewska A, Boratyn E, Nowak I, 
Horwacik I, Woźnicka O, Rokita H (2018) GD2 ganglioside-bind-
ing antibody 14G2a and specific aurora A kinase inhibitor MK-5108 
induce autophagy in IMR-32 neuroblastoma cells. Apoptosis 23: 492–
511. https://doi.org/10.1007/s10495-018-1472-9

Federico SM, McCarville MB, Shulkin BL, Sondel PM, Hank JA, 
Hutson P, Meagher M, Shafer A, Ng CY, Leung W, Janssen WE, 
Wu J, Mao S, Brennan RC, Santana VM, Pappo AS, Furman WL 
(2017) A pilot trial of humanized anti-GD2 monoclonal antibody 
(hu14.18K322A) with chemotherapy and natural killer cells in chil-
dren with recurrent/refractory neuroblastoma. Clin Cancer Res 23: 
6441–6449. https://doi.org/10.1158/1078-0432.CCR-17-0379

http://doi.org/10.1080/14728222.2020.1790528
https://doi.org/10.1007/s40272-021-00469-9
https://doi.org/10.1007/s40272-021-00469-9
https://doi.org/10.3390/ijms222313122
https://doi.org/10.1634/theoncologist.2009-0019
https://doi.org/10.1634/theoncologist.2009-0019
https://doi.org/10.1016/j.ccr.2013.05.005
https://doi.org/10.3389/fonc.2015.00295
https://doi.org/10.3389/fonc.2015.00295
https://doi.org/10.3390/cancers13153708
https://doi.org/10.3390/cancers13153708
https://doi.org/10.1186/s12974-018-1235-0
https://doi.org/10.1186/s12974-018-1235-0
https://doi.org/10.1007/s10495-018-1472-9
https://doi.org/10.1158/1078-0432.CCR-17-0379


494           2022M. Durbas and others

Furman WL (2021) Monoclonal antibody therapies for high risk neu-
roblastoma. Biol Targets Ther 15: 205–219. https://doi.org/10.2147/
BTT.S267278

Garaventa A, Poetschger U, Valteau-Couanet D, Luksch R, Castel V, 
Elliott M, Ash S, Chan G, Laureys G, Beck-Popovic M, Vetten-
ranta K, Balwierz W, Schroeder H, Owens C, Cesen M, Papadakis 
V, Trahair T, Schleiermacher G, Ambros P, Sorrentino S, Pearson 
ADJ, Ladenstein RL (2021) Randomized trial of two induction ther-
apy regimens for high-risk neuroblastoma: HR-NBL1.5 Internation-
al Society of Pediatric Oncology European Neuroblastoma Group 
Study. J Clin Oncol 39: 2552–2563

Hansen JN, Li X, Zheng YG, Lotta LT, Dedhe A, Schor NF (2017) 
Using chemistry to target neuroblastoma. ACS Chem Neurosci 8: 
2118–2123. https://doi.org/10.1021/acschemneuro.7b00258

Hattori K, Naguro I, Runchel C, Ichijo H (2009) The roles of ASK 
family proteins in stress responses and diseases. Cell Commun Signal 
7: 1–10. https://doi.org/10.1186/1478-811X-7-9

Hochegger H, Hégarat N, Pereira-Leal JB (2013) Aurora at the pole 
and equator: overlapping functions of aurora kinases in the mitotic 
spindle. Open Biol 3: 120185. https://doi.org/10.1098/rsob.120185

Horta ZP, Goldberg JL, Sondel PM (2016) Anti-GD2 mAbs and next-
generation mAb-based agents for cancer therapy. Immunotherapy 8: 
1097–1117. https://doi.org/10.2217/imt-2016-0021

Horwacik I, Durbas M, Boratyn E, Wegrzyn P, Rokita H (2013) Tar-
geting GD2 ganglioside and aurora A kinase as a dual strategy lead-
ing to cell death in cultures of human neuroblastoma cells. Cancer 
Lett 341: 248–264. https://doi.org/10.1016/j.canlet.2013.08.018

Horwacik I, Rokita H (2015) Targeting of tumor-associated ganglio-
sides with antibodies affects signaling pathways and leads to cell 
death including apoptosis. Apoptosis 20: 679–688. https://doi.
org/10.1007/s10495-015-1103-7

Jaud M, Philippe C, Di Bella D, Tang W, Pyronnet S, Laurell H, Maz-
zolini L, Rouault-Pierre K, Touriol C (2020) Translational regula-
tions in response to endoplasmic reticulum stress in cancers. Cells 9: 
1–28. https://doi.org/10.3390/cells9030540

Johnsen JI, Dyberg C, Wickström M (2019) Neuroblastoma – a neu-
ral crest derived embryonal malignancy. Front Mol Neurosci 12: 1–11. 
https://doi.org/10.3389/fnmol.2019.00009

Keyel ME, Reynolds CP (2019) Spotlight on dinutuximab in the treat-
ment of high-risk neuroblastoma: Development and place in thera-
py. Biol Targets Ther 13: 1–12. https://doi.org/10.2147/BTT.S114530

Kholodenko I V, Kalinovsky D V, Doronin II, Deyev SM, Kholoden-
ko R V (2018) Neuroblastoma origin and therapeutic targets 
for immunotherapy. J Immunol Res 11: 7394268. https://doi.
org/10.1155/2018/7394268

Kowalczyk A, Gil M, Horwacik I, Odrowaz Z, Kozbor D, Rokita H 
(2009) The GD2-specific 14G2a monoclonal antibody induces ap-
optosis and enhances cytotoxicity of chemotherapeutic drugs in 
IMR-32 human neuroblastoma cells. Cancer Lett 281: 171–182. htt-
ps://doi.org/10.1016/j.canlet.2009.02.040

Ladenstein R, Pötschger U, Valteau-Couanet D, Luksch R, Castel 
V, Yaniv I, Laureys G, Brock P, Michon JM, Owens C, Trahair 
T, Chan GCF, Ruud E, Schroeder H, Beck Popovic M, Schreier 
G, Loibner H, Ambros P, Holmes K, Castellani MR, Gaze MN, 
Garaventa A, Pearson ADJ, Lode HN (2018) Interleukin 2 with 
anti-GD2 antibody ch14.18/CHO (dinutuximab beta) in patients 
with high-risk neuroblastoma (HR-NBL1/SIOPEN): a multicentre, 
randomised, phase 3 trial. Lancet Oncol 19: 1617–1629. https://doi.
org/10.1016/S1470-2045(18)30578-3

Ladenstein R, Pötschger U, Valteau-Couanet D, Luksch R, Castel V, 
Ash S, Laureys G, Brock P, Michon JM, Owens C, Trahair T, Chi 
Fung Chan G, Ruud E, Schroeder H, Beck-Popovic M, Schreier G, 
Loibner H, Ambros P, Holmes K, Castellani MR, Gaze MN, Gara-
venta A, Pearson ADJ, Lode HN (2020) Investigation of the role 
of dinutuximab beta-based immunotherapy in the siopen high-risk 
neuroblastoma 1 trial (HR-NBL1). Cancers (Basel) 12: 1–19. https://
doi.org/10.3390/cancers12020309

Martens S, Goossens V, Devisscher L, Hofmans S, Claeys P, Vuylsteke 
M, Takahashi N, Augustyns K, Vandenabeele P (2018) RIPK1-de-
pendent cell death: A novel target of the aurora kinase inhibitor To-
zasertib (VX-680). Cell Death Dis 9: 211. https://doi.org/10.1038/
s41419-017-0245-7

Matsukawa J, Matsuzawa A, Takeda K, Ichijo H (2004) The ASK1-
MAP kinase cascades in mammalian stress response. J Biochem 136: 
261–265. https://doi.org/10.1093/jb/mvh134

Mesquita FP, Lucena da Silva E, Souza PFN, Lima LB, Amaral JL, 
Zuercher W, Albuquerque LM, Rabenhorst SHB, Moreira-Nunes 
CA, Amaral de Moraes ME, Montenegro RC (2021) Kinase inhibi-
tor screening reveals aurora-a kinase is a potential therapeutic and 
prognostic biomarker of gastric cancer. J Cell Biochem 122: 1376–
1388. https://doi.org/10.1002/jcb.30015

Morandi F, Sabatini F, Podestà M, Airoldi I (2021) Immunotherapeu-
tic strategies for neuroblastoma: Present, past and future. Vaccines 9: 
1–23. https://doi.org/10.3390/vaccines9010043

Mou PK, Yang EJ, Shi C, Ren G, Tao S, Shim JS (2021) Aurora ki-
nase A, a synthetic lethal target for precision cancer medicine. Exp 
Mol Med 53: 835–847. https://doi.org/10.1038/s12276-021-00635-6

Nair JS, Ho AL, Schwartz GK (2012) The induction of polyploidy or 
apoptosis by the aurora A kinase inhibitor MK8745 is p53-depend-
ent. Cell Cycle 11: 807–817. https://doi.org/10.4161/cc.11.4.19323

Nishitoh H, Matsuzawa A, Tobiume K, Saegusa K, Takeda K, Inoue 
K, Hori S, Kakizuka A, Ichijo H (2002) ASK1 is essential for en-
doplasmic reticulum stress-induced neuronal cell death triggered by 
expanded polyglutamine repeats. Genes Dev 16: 1345–1355. https://
doi.org/10.1101/gad.992302

Obsilova V, Honzejkova K, Obsil T (2021) Structural insights support 
targeting ASK1 kinase for therapeutic interventions. Int J Mol Sci 22: 
1–16. https://doi.org/10.3390/ijms222413395

Otto T, Horn S, Brockmann M, Eilers U, Schüttrumpf L, Popov N, 
Kenney AM, Schulte JH, Beijersbergen R, Christiansen H, Ber-
wanger B, Eilers M (2009) Stabilization of N-Myc is a critical func-
tion of aurora A in human neuroblastoma. Cancer Cell 15: 67–78. 
https://doi.org/10.1016/j.ccr.2008.12.005

Pastor ER, Mousa SA (2019) Current management of neuroblastoma 
and future direction. Crit Rev Oncol Hematol 138: 38–43. https://doi.
org/10.1016/j.critrevonc.2019.03.013

Sankhe K, Prabhu A, Khan T (2021) Design strategies, SAR, and 
mechanistic insight of aurora kinase inhibitors in cancer. Chem Biol 
Drug Des 98: 73–93. https://doi.org/10.1111/cbdd.13850

Seitz CM, Flaadt T, Mezger M, Lang AM, Michaelis S, Katz M, Syring 
D, Joechner A, Rabsteyn A, Siebert N, Troschke-Meurer S, Zumpe 
M, Lode HN, Yang SF, Atar D, Mast AS, Scheuermann S, Heubach 
F, Handgretinger R, Lang P, Schlegel P (2021) Immunomonitor-
ing of stage IV relapsed neuroblastoma patients undergoing hap-
loidentical hematopoietic stem cell transplantation and subsequent 
GD2 (ch14.18/CHO) antibody treatment. Front Immunol 12: 1–13. 
https://doi.org/10.3389/fimmu.2021.690467

Shang Y-Y, Yao M, Zhou Z-W, Jian-Cui, Li-Xia, Hu R-Y, Yu Y-Y, 
Qiong-Gao, Biao-Yang, Liu Y-X, Dang J, Zhou S-F, Nan-Yu 
(2017) Alisertib promotes apoptosis and autophagy in melanoma 
through p38 MAPK-mediated aurora a signaling. Oncotarget 8: 
107076–107088. https://doi.org/10.18632/oncotarget.22328

Shen Z, Yin L, Zhou H, Ji X, Jiang C, Zhu X, He X (2021) Com-
bined inhibition of AURKA and HSF1 suppresses proliferation 
and promotes apoptosis in hepatocellular carcinoma by activating 
endoplasmic reticulum stress. Cell Oncol 44: 1035–1049. https://doi.
org/10.1007/s13402-021-00617-w

Siebert N, Zumpe M, Jüttner M, Troschke-Meurer S, Lode HN (2017) 
PD-1 blockade augments anti-neuroblastoma immune response in-
duced by anti-GD2 antibody ch14.18/CHO. Oncoimmunology 6: 1–14. 
https://doi.org/10.1080/2162402X.2017.1343775

Tanaka S, Uehara T, Nomura Y (2000) Up-regulation of protein-di-
sulfide isomerase in response to hypoxia/brain ischemia and its pro-
tective effect against apoptotic cell death. J Biol Chem 275: 10388–
10393. https://doi.org/10.1074/jbc.275.14.10388

Terzic T, Cordeau M, Herblot S, Teira P, Cournoyer S, Beaunoyer M, 
Peuchmaur M, Duval M, Sartelet H (2018) Expression of disialo-
ganglioside (GD2) in neuroblastic tumors: a prognostic value for 
patients treated with anti-GD2 immunotherapy. Pediatr Dev Pathol 
21: 355–362. https://doi.org/10.1177/1093526617723972

Xie Y, Zhu S, Zhong M, Yang M, Sun X, Liu J, Kroemer G, Lotze 
M, Zeh HJ, Kang R, Tang D (2017) Inhibition of aurora kinase 
A induces necroptosis in pancreatic carcinoma. Gastroenterology 153: 
1429-1443.e5. https://doi.org/10.1053/j.gastro.2017.07.036

Yi JS, Sias-Garcia O, Nasholm N, Hu X, Iniguez AB, Hall MD, Da-
vis M, Guha R, Moreno-Smith M, Barbieri E, Duong K, Koach 
J, Qi J, Bradner JE, Stegmaier K, Weiss WA, Gustafson WC 
(2021) The synergy of BET inhibitors with aurora A kinase in-
hibitors in MYCN-amplified neuroblastoma is heightened with 
functional TP53. Neoplasia (United States) 23: 624–633. https://doi.
org/10.1016/j.neo.2021.05.003

Yuan C-X, Zhou Z-W, Yang Y-X, He Z-X, Zhang X, Wang D, Yang 
T, Wang N-J, Zhao RJ, Zhou S-F (2015) Inhibition of mitotic au-
rora kinase A by alisertib induces apoptosis and autophagy of hu-
man gastric cancer AGS and NCI-N78 cells. Drug Des Devel Ther 9: 
487–508. https://doi.org/10.2147/DDDT.S74127

Zeng Y, Fest S, Kunert R, Katinger H, Pistoia V, Michon J, Lewis 
G, Ladenstein R, Lode HN (2005) Anti-neuroblastoma effect 
of ch14.18 antibody produced in CHO cells is mediated by NK-
cells in mice. Mol Immunol 42: 1311–9. https://doi.org/10.1016/j.
molimm.2004.12.018

https://doi.org/10.2147/BTT.S267278
https://doi.org/10.2147/BTT.S267278
https://doi.org/10.1021/acschemneuro.7b00258
https://doi.org/10.1186/1478-811X-7-9
https://doi.org/10.1098/rsob.120185
https://doi.org/10.2217/imt-2016-0021
https://doi.org/10.1016/j.canlet.2013.08.018
https://doi.org/10.1007/s10495-015-1103-7
https://doi.org/10.1007/s10495-015-1103-7
https://doi.org/10.3390/cells9030540
https://doi.org/10.3389/fnmol.2019.00009
https://doi.org/10.2147/BTT.S114530
https://doi.org/10.1155/2018/7394268
https://doi.org/10.1155/2018/7394268
https://doi.org/10.1016/j.canlet.2009.02.040
https://doi.org/10.1016/j.canlet.2009.02.040
https://doi.org/10.1016/S1470-2045(18)30578-3
https://doi.org/10.1016/S1470-2045(18)30578-3
https://doi.org/10.3390/cancers12020309
https://doi.org/10.3390/cancers12020309
https://doi.org/10.1038/s41419-017-0245-7
https://doi.org/10.1038/s41419-017-0245-7
https://doi.org/10.1093/jb/mvh134
https://doi.org/10.1002/jcb.30015
https://doi.org/10.3390/vaccines9010043
https://doi.org/10.1038/s12276-021-00635-6
https://doi.org/10.4161/cc.11.4.19323
https://doi.org/10.1101/gad.992302
https://doi.org/10.1101/gad.992302
https://doi.org/10.3390/ijms222413395
https://doi.org/10.1016/j.ccr.2008.12.005
https://doi.org/10.1016/j.critrevonc.2019.03.013
https://doi.org/10.1016/j.critrevonc.2019.03.013
https://doi.org/10.1111/cbdd.13850
https://doi.org/10.3389/fimmu.2021.690467
https://doi.org/10.18632/oncotarget.22328
https://doi.org/10.1007/s13402-021-00617-w
https://doi.org/10.1007/s13402-021-00617-w
https://doi.org/10.1080/2162402X.2017.1343775
https://doi.org/10.1074/jbc.275.14.10388
https://doi.org/10.1177/1093526617723972
https://doi.org/10.1053/j.gastro.2017.07.036
https://doi.org/10.1016/j.neo.2021.05.003
https://doi.org/10.1016/j.neo.2021.05.003
https://doi.org/10.2147/DDDT.S74127
https://doi.org/10.1016/j.molimm.2004.12.018
https://doi.org/10.1016/j.molimm.2004.12.018

