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Abstract. Neuroblastoma (NB), the most frequent solid 
extracranial tumor in children, is not always cured by current 
aggressive therapies that have notable adverse effects; therefore, 
novel treatments are necessary. Phosphoinositide 3‑kinase 
(PI3K) and fibroblast growth factor receptor inhibitors exhibit 
synergistic effect in NB cell lines. In the present study, mono‑ 
and combination therapy of the United States Food and Drug 
Administration‑approved PI3K, cyclin‑dependent kinase‑4/6 
(CDK4/6), poly‑ADP‑ribose‑polymerase (PARP) and WEE1 G2 
checkpoint kinase (WEE1) inhibitors (BYL719, PD‑0332991, 
BMN673 and MK‑1775, respectively), were used to treat NB cell 
lines SK‑N‑AS, SK‑N‑BE(2)‑C, SK‑N‑DZ, SK‑N‑FI and SK‑N‑SH 
and viability (assessed by WST‑1 assay), proliferation (incucyte 
analysis) and cell cycle (FACS) changes were assessed. Treatments 
with all single drugs presented dose‑ dependent responses with 
decreased viability and proliferation and combining BYL719 
with PD‑0332991 or BMN673 with MK‑1775 resulted in additive 
or synergistic effects in most cell lines., except for SK‑N‑SH for 
the former and for SK‑N‑AS for the latter. Moreover, combining 
MK‑1775 and BMN673 decreased the numbers of cells in S phase 
to a greater extent than either drug alone, while when combining 
PD‑0332991 and BYL719 the observed effect was close to that of 
PD‑0332991 alone. To summarize, PI3K and CDK4/6 or PARP 
and WEE1 exhibited synergistic anti‑NB effects and lower doses 
of the inhibitors could be utilized, thereby potentially reducing 
adverse side effects. 

Introduction

Neuroblastoma (NB) is the most frequently diagnosed cancer 
during the first year of life and has genetic, morphological 

and clinical heterogeneity and can spontaneously regress or 
progress aggressively, with many patients succumbing to 
recurrent/refractory metastatic disease (1‑6). For children with 
low‑ and intermediate‑risk disease, survival is >90%, while for 
those with high‑risk disease, 5‑year survival is <50% despite 
multimodal application of chemotherapy, stem cell trans‑
plantation, operative treatment, irradiation, retinoid therapy 
and different types of immunotherapy (1,6). NB does not 
respond well to conventional chemotherapy and irradiation, 
and current treatments accepted for NB have narrow targeted 
specificity (1,7,8). To improve individualized therapy for NB, 
analysis of the molecular mechanisms underlying the etiology 
and pathogenesis of NB is essential and new therapeutic 
targets have been disclosed (9‑13).

The PI3K/Akt signaling pathway has been shown to be 
involved in the control of many key cellular responses, such 
as proliferation, survival, metabolism and migration (9,14,15). 
Moreover, PI3K/Akt is activated in several tumor types, 
including NB (16,17). Clinical trials with PI3K inhibitor 
monotherapy have been performed for NB; for example, a 
phase I clinical trial with SF1126 (PI3K/mTOR inhibitor) for 
relapsed/refractory NB (trial no. NCT02337309) (18) has been 
conducted by the New Approaches to Neuroblastoma Therapy 
Consortium.

Furthermore, our previous studies assessed in vitro 
effects of the United States Food and Drug Administration 
(FDA)‑approved PI3K and fibroblast growth factor receptor 
(FGFR) inhibitors BYL719 and JNJ‑ 42756493, respectively, 
as single or combined treatment, with or without chemotherapy 
in NB and medulloblastoma (MB) cell lines (10‑13). Combined 
use of PI3K and FGFR inhibitors resulted in synergistic 
effects, suggesting possible clinical utility for NB and MB, 
while their joint effects with chemotherapy drugs were less 
clear and need further investigation. The present study aimed 
to assess combinations of targeted therapies.

The contribution of regulators of the cell cycle such as 
cyclin‑dependent kinase (CDK) 4/6 and WEE1 G2 checkpoint 
kinase (WEE1) in NB implies that deregulation of the normal 
cell cycle could be important in promoting NB tumorigen‑
esis (19,20). CDK4 and 6 are enzymes that act with D‑type 
cyclins to promote progression of the cell cycle from G1 to 
S phase (21‑23). When the cyclin D/CDK4/6/inhibitor of 
CDK4/retinoblastoma pathway is dysregulated, proliferation 
is increased in many types of cancer such as glioblastoma, 
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melanoma, liposarcoma and NB (24‑26). Therefore, CDK4/6 
inhibitors may serve as therapeutic candidates in malignant 
cells. Currently there are three FDA‑approved CDK4/6 
inhibitors, palbociclib, ribociclib and abemaciclib, which 
are primarily used for breast cancer (27). Moreover, several 
studies have shown that PI3K/Akt inhibitors combined with 
CDK4/6 inhibitors are effective in preclinical cancer models 
and exhibit synergism (28‑31).

Other FDA approved inhibitors include poly ADP‑ribose 
polymerase (PARP) inhibitor olaparib and the WEE1 inhibitor 
IMP7068 (32‑37). Olaparib is used in patients with recurrent 
ovarian, early breast, metastatic castration‑resistant prostate 
and metastatic pancreatic cancer, while IMP7068 indirectly 
targets non‑functional p53 (present in some cases of high‑risk 
NB) and has potential synergy with PARP inhibitors (32‑37).  

To explore options for NB therapy, the present study inves‑
tigated PI3K, CDK4/6, PARP and WEE1 inhibitors in different 
combinations to identify potential synergistic effects in NB 
cell lines with different mutational profiles. NB cell lines, 
SK‑N‑AS, SK‑N‑BE(2)‑C, SK‑N‑DZ, SK‑N‑FI and SK‑N‑SH, 
were assessed for their sensitivity to single and combined treat‑
ments with FDA‑approved PI3K, CDK4/6, PARP inhibitors 
BYL719, PD‑0332991 and BMN673, respectively, as well as 
the non‑FDA‑approved WEE1 inhibitor MK‑1775.

Materials and methods

Cell lines and culture. Non‑MYCN proto‑oncogene, bHLH 
transcription factor (MYCN)‑amplified SK‑N‑AS, SK‑N‑FI 
(both mutant p53) and SK‑N‑SH (wild‑type p53) as well as 
MYCN‑amplified SK‑N‑DZ (deletion of PIK3 catalytic subunit 
type 2γ) and SK‑N‑BE(2)‑C (both mutant p53) were a kind gift 
from Professor Per Kogner, Karolinska Institute (Stockholm, 
Sweden) and their identities were verified previously (10). 
Cells were all grown in RPMI)1640 medium including 10% 
fetal bovine serum (both Gibco; Thermo Fisher Scientific, 
Inc.), 1% L‑glutamine, 100 U/ml penicillin and 100 µg/ml 
streptomycin at 37˚C in a humidified incubator with 5% CO2.

Inhibitors. Stock solutions of the FDA‑approved PI3K, 
CDK4/6 and PARP inhibitors BYL719, PD‑0332991 and 
BMN673 and non‑FDA‑approved WEE1 inhibitor MK‑1775 
were all purchased from Selleck Chemicals, prepared in 
DMSO and then diluted in PBS. Titration experiments were 
performed using 0.01‑50.0 MK‑1775, 0.001‑50.0 BMN673, 
1.0‑20.0 PD‑0332991 and 0.25‑20.0 µM BYL719) in all cell 
lines (data not shown). Subsequently, 1.0‑10.0 µM for BYL719 
and PD‑0332991 and 0.5‑1.0 µM for BMN673 and MK‑1775 
were tested to identify additive or synergistic effects.

WST‑1 viability assay. To assess viability, SK‑N‑AS, 
SK‑N‑BE(2)‑C, SK‑N‑DZ, SK‑N‑FI and SK‑N‑SH cells 
(5,000 cells/well were cultured in 90 µl RPMI‑1640 medium in 
96‑well plates at 37˚C, 5% CO2 for 24 h followed by treatment 
with inhibitors. Viability was assessed after 24, 48 and 72 h 
exposure to inhibitors by adding 10 µl cell proliferation WST‑1 
reagent (Roche Diagnostics GmbH, Solna, Sweden) per each 
well as previously described (10,11). The plates were incubated 
at 37˚C, 5% CO2 for 1 h and the absorbance was measured 
at 450 nm using the VersaMax microplate reader (Molecular 

Devices, LLC). Moreover, half‑maximal inhibitory concen‑
tration (IC50) was estimated from log concentration‑effect 
curves with non‑linear regression analysis in GraphPad Prism 
Software version 8 (GraphPad Software, Inc.). All graphs 
represent at least three experiments and absorbance values 
after treatment were compared with PBS controls.

Confluence, cytotoxicity and apoptosis assay. To esti‑
mate confluence, cytotoxicity and apoptosis, SK‑N‑AS, 
SK‑N‑BE(2)‑C, SK‑N‑DZ, SK‑N‑FI and SK‑N‑SH cells (5,000 
cells/well) were cultured in 200 µl RPMI‑1640 medium in 
96‑well plates in an IncuCyte S3 Live® Cell Analysis System 
(Essen Bioscience, Welwyn Garden City, UK) at 37˚C. After 
24 h, the medium was replaced with fresh RPMI‑1640 medium 
that contained Incucyte Cytotox Red Reagent to assess cytotox‑
icity or IncuCyte Caspase‑3/7 Green Apoptosis Assay Reagent 
[both (Essen Bioscience, Welwyn Garden City, UK)] to assess 
apoptosis for 72 h at 37˚C. Cell confluence was assessed by 
image‑based measurements of cell growth based on area 
using IncuCyte Analysis Software version 2021A, Sartorius. 
Apoptosis was determined when IncuCyte Caspase‑3/7 Green 
Apoptosis Assay Reagent crossed cell membrane and was 
cleaved by active caspase‑3/7. DNA intercalating dye was 
released leading to the fluorescent staining of nuclear DNA. 
By using IncuCyte Analysis Software (Sartorius), fluorescent 
objects were quantified. Images were captured with IncuCyte 
S3 Live® Cell Analysis System (Essen Bioscience) every 2 h 
with PBS used as negative control.

FACS analysis. To follow the effects of the drugs on the 
cell cycle a FACS analysis was performed. All procedures 
were performed according to the protocol of the manufac‑
turer (Invitrogen; Thermo Fisher Scientific, Inc.), SK‑N‑AS, 
SK‑N‑BE(2)‑C, SK‑N‑DZ, SK‑N‑FI and SK‑N‑SH cells were 
collected 48 h after treatment with 0.5 and 1.0 MK‑1775, 1.0 
BMN673, 5.0 and 10.0 PD‑0332991 and 5.0 and 10.0 µM 
BYL719, resuspended in cold PBS in 15‑ml tubes and cold 
70% ethanol was included dropwise while vortexing at a 
speed of 1,800 rpm for 10 sec at room temperature. Controls 
were made with PBS and DMSO at the tested concentrations. 
Subsequently, tubes were stored at 4˚C until they were utilized. 
A total of 1x106 cells was analyzed per sample. Following 
centrifugation at 204 g for 10 min at 4˚C, the pellet was dissolved 
in 0.5 ml FxCyclePI/RNAse solution according to the manu‑
facturer's instructions (Invitrogen; Thermo Fisher Scientific, 
Inc. Stockholm, Sweden) at room temperature (without light) 
for 30 min before analysis using FACS Novocyte, Agilent and 
Flowjo_v10.8.1 software (Sapio Sciences, London, UK).

Statistical analysis. The efficacy of the joint therapies 
was analyzed by highest single agent effect‑based approach 
and median effect dose‑effect‑based approach (based on 
Loewe additivity) (38,39). To validate the effect of single 
drugs or using them in combination in comparison to a 
negative control, multiple unpaired t tests followed by 
post hoc Holm‑Sidak correction was performed (11). All 
the experiments were performed at least three times and 
are presented as mean and SD. Data were analyzed using 
Graphpad Prism 9.4.1. Median‑effect equation to calculate 
a median‑effect value D (equivalent to IC50) and slope, as 
described previously (10). Goodness‑of‑fit was analyzed with 
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linear correlation coefficient; r>0.85 was set as a threshold 
for subsequent analysis. The interaction degree of the drugs 
was assessed using the combination index (CI) for mutually 
exclusive drugs as follows: CI=d1/D1 + d2/D2, where D1 and 
D2 represent the doses of drug 1 and 2 alone needed to obtain a 
certain effect and d1 and d2 represent the doses of drug 1 and 2 
needed to obtain the same effect in combination. CI<0.75 was 
considered to indicate synergy and CI<1.45; values between 
the two were considered assessed to indicate additive effects, 
in concordance with the recommendations of the ComboSyn 
(combosyn.com/). One‑way ANOVA with Bonferroni's post 
hoc test was used to calculate the difference in mean between 
two single drugs and their combined treatment. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Viability of the SK‑N‑AS, SK‑N‑BE(2)‑C, SK‑N‑DZ, SK‑N‑FI 
and SK‑N‑SH NB cell lines treated with BYL719, PD‑0332991, 
BMN673 and MK‑1775 is affected in a dose‑dependent 
manner. The effects of BYL719, PD‑0332991, BMN673 and 
MK‑1775 on SK‑N‑AS, SK‑N‑BE(2)‑C, SK‑N‑DZ, SK‑N‑FI 
and SK‑N‑SH viability were assessed by WST‑1 assay for 
72 h following treatment. When combining PD‑0332991 with 
BYL719 or MK‑1775 with BMN673 only low doses of the 
drugs exposing possible synergistic effects were utilized. 

All NB cell lines presented dose‑dependent responses 
following treatment with 1‑10 µM PD‑0332991. The highest 
PD‑0332991 dose (10 µM) caused a notable decrease in absor‑
bance at 48 and 72 h after treatment compared with PBS in 
all lines except for SK‑N‑AS (Fig. 1A, D, G, J, M). A similar 
response was observed with 5 µM for all cell lines except 
SK‑N‑FI and 1 µM PD‑0332991 at 72 h for SK‑N‑BE(2)‑C 
and SK‑N‑AS.

All NB lines exhibited dose‑dependent responses to 
1‑10 µM BYL719 (Fig. 1B, E, H, K, N). The highest dose 
(10 µM) gave a notable decrease in absorbance at 48 and 72 h 
after treatment compared with PBS in all lines except for 
SK‑N‑AS and SK‑N‑DZI. A similar response with 1 and 5 µM 
BYL719 was observed at 72 h for all NB lines except SK‑N‑AS 
and SK‑N‑DZ.

NB cell lines presented a significant drop in absorbance 
following treatment with almost all PD‑0332991 + BYL719 
combinations at 48 and 72 h (Fig. 1C, F, I, L, O).

SK‑N‑BE(2)‑C and SK‑N‑SH were more sensitive to single 
treatment with PD‑0332991 and BYL719, while the other cell 
lines were more resistant, but upon combining the drugs this 
was not the case for any of the NB lines.

All NB cell lines presented dose‑dependent responses 
with 0.5 and 1 µM MK‑1775; SK‑N‑AS and SK‑N‑DZ were 
the most and SK‑N‑BE(2)‑C the least sensitive (Fig. 2A, D, G, 
J, M). The higher MK‑1775 dose (1 µM) resulted in a notable 
absorbance decrease at 48 and 72 h compared with PBS in all 
NB lines except SK‑N‑BE(2)‑C, while the lower dose (0.5 µM) 
showed a significant effect at all timepoints only in SK‑N‑AS 
and SK‑N‑DZ.

BMN673 was less potent when administered alone 
compared with MK‑1775, although dose‑dependent responses 
were observed in all the NB cell lines (Fig. 2B, E, H, K, N). 
The higher BMN673 dose (1 µM) significantly decreased 

absorbance 72 h after treatment in all cell lines except SK‑N‑FI, 
while the lower dose (0.5 µM) showed a notable effect after 
72 h only in SK‑N‑SH and SK‑N‑DZ cells.

MK‑1775 + BMN673 (both 0.5‑1.0 µM) resulted in a 
notable decrease in absorbance for all cell lines at 72 h 
after treatment; SK‑N‑SH and SK‑N‑DZ showed significant 
decreases in absorbance with almost all combinations and 
timepoints (Fig. 2C, F, I, L, O). 

To summarize, all NB lines except SK‑N‑BE(2)‑C were 
sensitive to MK‑1775, while only SK‑N‑SH showed pronounced 
sensitivity to BMN673; when combining MK‑1775 + BMN673, 
all cell lines showed a consistent sensitivity especially after 72 h.

IC50 of PD‑0332991, BMN673 and MK‑1775. IC50 values 
for PD‑0332991, BMN673 and MK‑1775 for SK‑N‑AS, 
SK‑N‑BE(2)‑C, SK‑N‑DZ, SK‑N‑FI and SK‑N‑SH at 24‑72 h 
after treatment are presented in Table I. BYL719 IC50 values 
have been reported previously (12). PD‑0332991 IC50 values 
were 0.05‑1532.00 µM. SK‑N‑BE(2)‑C was the most sensi‑
tive cell line, followed by SK‑N‑SH and SK‑N‑DZ, while 
SK‑N‑FI and SK‑N‑AS were less sensitive. IC50 values for 
MK‑1775 were 0.14‑6.61 µM. SK‑N‑DZ and SK‑N‑AS were 
the most sensitive lines, while SK‑N‑BE(2)‑C, SK‑N‑FI and 
SK‑N‑SH were less sensitive. For BMN673, IC50 values were 
0.99‑621.20 µM. SK‑N‑SH was the most and SK‑N‑FI the least 
sensitive NB cell line.  

To summarize, most cell lines were more sensitive to 
MK‑1775 than BMN673 but response to PD‑0332991 varied. 

Highest single agent and median effect following combined 
inhibitor treatment. CIs of PD‑0332991 + BYL719 and 
MK‑1775 + BMN673 were measured using highest single agent 
and dose‑effect‑based median effect (38,39). To summarize, 
when using the highest single agent, CI<1 indicates a positive 
effect, while a CI>1 suggests a negative effect. When using the 
dose‑effect‑based median effect, CI<0.75 indicates synergism, 
0.75≤CI<1.45 indicates an additive effect, CI=1.45 indicates 
a neutral effect and CI>1.45 suggests an antagonistic effect. 
CI was measured 24 (data not shown), 48 and 72 h (data not 
shown) following drug administration for all NB lines; CI at 
48 h is presented in Fig. 3.

The lowest doses (1 and 5 µM) of PD‑0332991 + BYL719 
yielded synergistic or neutral combinational effects (CI<1) 
48 h after treatment in all NB lines except SK‑N‑SH, where 
a slightly negative effect was noted (Fig. 3A). In addition, 
combining 10 PD‑0332991 + 1 or 10 µM BYL719 resulted 
in positive or neutral combinational effects in all NB lines 
except SK‑N‑SH. 

PD‑0332991 + BYL719 presented synergistic or neutral 
combinational effects in all NB lines with the exception of 
SK‑N‑SH, where some antagonistic effects were observed 
(Fig. 3A and B).

Low doses (0.5 and 1.0 µM) of MK‑1775 + BMN673 
analyzed according to the highest single agent approach showed 
mainly positive or neutral effects (CI<1) 48 h after treatment for 
all NB cell lines except SK‑N‑AS, where negative effects were 
observed (Fig. 3C). Using the dose‑effect‑based median effect 
approach, synergistic effects were observed in SK‑N‑BE(2)‑C 
and SK‑N‑DZ, while for SK‑N‑FI and SK‑N‑SH they could not 
be analyzed (Fig. 3D).
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To summarize, MK‑1775 + BMN673 exhibited positive 
and neutral effects for NB cell lines except SK‑N‑AS, but it 
was not possible to calculate the dose‑effect‑based median 
effect in all cases.

Cell confluence after single and combined treatments with 
PD‑0332991, BYL719, BMN673 and MK‑1775. Confluence as 
a measure of proliferation of NB cell lines following single 
and combined treatment with PD‑0332991, BYL719, BMN673 
and MK‑1775 was analyzed using the IncuCyte S3 Live‑Cell 
Analysis System every 2 h for 72 h. 

Monotherapy with 5‑10 µM PD‑0332991 decreased conflu‑
ence in all NB cell lines, while 1 µM PD‑0332991 decreased 
confluence only in SK‑N‑BE(2)‑C and SK‑N‑SH cells with only 
marginal effects on the other cell lines (Fig. 4A, D, G, J, M). 

Monotherapy with 1‑10 µM BYL719 showed decreases in 
confluence in the NB cell lines, with SK‑N‑AS and SK‑N‑DZ 
exhibiting the least difference (Fig. 4B, E, H, K, N).

PD‑0332991 + BYL719 (both 1‑10 µM) decreased conflu‑
ence for all NB lines, except SK‑N‑DZ and SK‑N‑FI at the 
lowest dose combinations (Fig. 4C, F, I, L, O).  

Low doses (0.5 and 1.0 µM) of MK‑1775 alone decreased 
cell confluence in all NB cell lines 72 h after treatment 
compared with PBS control (Fig. 5A, D, G, J, M). 

Low doses (0.5 and 1.0 µM) of BMN673 tended to decrease 
confluence, especially in SK‑N‑BE(2)‑C and SK‑N‑SH 
compared with PBS control (Fig. 5B, E, H, K, N).

Combining 0.5 and 1.0 µM MK‑1775 + BMN673 decreased 
confluence for all NB cell lines compared with PBS control 
(Fig. 5C, F, I, L, O).

Figure 1. WST‑1 viability assay in NB cell lines following treatment with CDK4/6 inhibitor PD and PI3K inhibitor BYL. Viability of SK‑N‑AS treated with 
(A) PD, BYL (B) and combination of PD and BYL (C), viability of SK‑N‑BE(2)‑C treated with PD (D), BYL (E) and combination of PD and BYL (F), viability 
of SK‑N‑DZ treated with PD (G), BYL (H) and combination of PD and BYL (I), viability of SK‑N‑FI treated with PD (J), BYL (K) and combination of PD 
and BYL (L) and viability of SK‑N‑SH treated with PD (M), BYL (N) and combination of PD and BYL (O) was measured by absorbance. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001 treatments compared with PBS each time point. NB, neuroblastoma; PD, PD‑0332991; BYL, BYL719.
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To summarize, combining PD‑0332991 + BYL719 or 
MK‑1775 + BMN673 tended to decrease cell confluence at 
lower doses compared with monotherapy. 

Cytotoxic effects of single and combined treatments of 
PD‑0332991, BYL719, BMN673 and MK‑1775. The cytotoxic 
effects of the drugs on SK‑N‑AS, SK‑N‑BE(2)‑C, SK‑N‑DZ, 
SK‑N‑FI and SK‑N‑SH were analyzed utilizing the Cytotox 
Red Reagent and IncuCyte S3 Live‑Cell Analysis System 
(Figs. S1 and S2).

Marked cytotoxicity was not observed in the NB lines 
after exposure to 1‑10 µM PD‑0332991 or BYL719, however, 
treatment with 10 µM PD‑0332991 induced slight cytotoxic 

effects in SK‑N‑FI and SK‑N‑SH cells (Fig. S1A, B, D, E, G, 
H, J, K, M, N).

When combining 10 µM PD‑0332991 + BYL719, cyto‑
toxicity was observed in almost all NB cell lines. Moreover, 
cytotoxicity was observed for SK‑N‑FI with all combinations 
of 1.0‑10.0 µM PD‑0332991 + BYL719 (Fig. S1C, F, I, L, O). 

Cytotoxic effects were observed with 0.5‑1.0 µM MK‑1775 
in SK‑N‑AS, S‑K‑N‑FI and SK‑N‑SH, but not SK‑N‑BE(2)‑C 
and SK‑N‑DZ cells (Fig. S2A, D, G, J, M). 

Cytotoxicity was observed with 0.5‑1.0 µM BMN673 in 
SK‑N‑SH but not any of the other cell lines (Fig. S2B, E, H, K, N).

Combined 0.5‑1.0 µM MK‑1775 + BMN673 tended to 
provide similar cytotoxic effects on the NB lines as 0.5‑1.0 µM 

Figure 2. WST‑1 viability assay in NB cell lines after treatment with WEE1 inhibitor MK and PARP inhibitor BMN. Viability of SK‑N‑AS treated with MK 
(A), BMN (B) and combination of MK and BMN (C), viability of SK‑N‑BE(2)‑C treated with MK (D), BMN (E) and combination of MK and BMN (F), 
viability of SK‑N‑DZ treated with MK (G), BMN (H) and combination of MK and BMN (I), viability of SK‑N‑FI treated with MK (J), BMN (K) and combina‑
tion of MK and BMN (L) and viability of SK‑N‑SH treated with MK (M), BMN (N) and combination of MK and BMN (O) was measured by absorbance 24, 
48 and 72 h. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. PBS control at each time point. NB, neuroblastoma; BMN, BMN673; MK, MK‑1775; WEE1, WEE1 
G2 checkpoint kinase; PARP, poly‑ADP‑ribose‑polymerase.
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MK‑1775 alone with moderate effects on SK‑N‑AS, S‑K‑N‑FI 
and SK‑N‑SH (Fig. S2C, F, I, L, O).  

To summarize, marked cytotoxic effects were shown only 
when using high doses of PD‑0332991 or MK‑1775. Moreover, 
although combining PD‑0332991 with BYL719 gave additive 
positive effects while combining MK‑1775 + BMN673 did not 
increase the cytotoxic effects compared with MK‑1775 alone.

Apoptotic effects on SK‑N‑AS, SK‑N‑BE(2)‑C, SK‑N‑DZ, 
SK‑N‑FI and SK‑N‑SH after single and combined treatments 
of PD‑0332991, BYL719, BMN673 and MK‑1775. Apoptotic 
effects on SK‑N‑AS, SK‑N‑BE(2)‑C, SK‑N‑DZ, SK‑N‑FI and 

SK‑N‑SH was analyzed using the Caspase‑3/7 Green Reagent in 
the IncuCyte S3 Live‑Cell Analysis System (Figs. S3 and S4). 
Slight apoptosis was observed only with 10 µM PD‑0332991 
in SK‑N‑DZ and SK‑N‑SH (Fig. S3A, D, G, J, M).

Marked apoptosis was not observed with 1‑10 µM BYL719 
in any of the NB lines (Fig. S3B, E, H, K, N).

When combining 1‑10 µM PD‑0332991 + BYL719, apop‑
tosis was observed in SK‑N‑DZ and 10 µM PD‑0332991 + 
BYL719 caused apoptosis in SK‑N‑FI and SK‑N‑BE(2)‑C cells 
(Fig. S3C, F, I, L, O). 

Apoptosis was observed in all NB lines at the highest dose 
(1 µM) of MK‑1775 (Fig. A, D, G, J, M). Apoptosis was also 
observed with 0.5‑1.0 µM BMN673 in SK‑N‑BE(2)‑C and 
SK‑N‑SH (Fig. S4B, E, H, K, N).

Combining 0.5‑1.0 µM MK‑1775 + BMN673 did not 
enhance the apoptotic effects compared with 0.5‑1.0 µM 
MK‑1775 or BMN673 alone (Fig. S4C, F, I, L, O).  

To summarize, MK‑1775 induced apoptosis in almost all 
NB lines, as did BMN673 in SK‑N‑BE(2)‑C and SK‑N‑SH 
cells. PD‑0332991 induced apoptosis only at high doses, 
whereas BYL719 did not induce apoptotic effects. Moreover, 
combining MK‑1775 + BMN673 did not increase the apoptotic 
effects compared with MK‑1775 or BMN673 alone. However, 
PD‑0332991 + BYL719 increased apoptosis in SK‑N‑BE(2)‑C, 
SK‑N‑DZ and SK‑N‑FI cells.

Cell cycle distribution after single and combined treatments 
with CDK4/6 and PI3K inhibitors PD‑0332991 and BYL719 
on SK‑N‑DZ and SK‑N‑SH and PARP and WEE1 inhibitors 
MK‑1775 and BMN673 on SK‑N‑BE(2)‑C and SK‑N‑AS. 
Effects on cell cycle distribution were examined in selected 
samples using FACS Novocyte machine and FlowJo software. 
Effects of single and combined PD‑0332991 and BYL719 
were analyzed for one sensitive and one resistant cell line, 
SK‑N‑DZ and SK‑N‑SH, respectively. Likewise, effects of 
single and combined MK‑1775 and BMN673 were analyzed 
for one sensitive and one resistant cell line, SK‑N‑BE(2)‑C and 
SK‑N‑AS, respectively.

Using either 5 or 10 µM PD‑0332991 increased the number 
of cells in G1 and decreased the numbers of cells in S phase 
for SK‑N‑DZ and SK‑N‑SH, while 5 and 10 µM BYL719 had 
no effect on the cell cycle of these NB lines (Fig. 6A and B). 
In addition, combining PD‑0332991 + BYL719 did not result 
in any notable changes in the cell cycle distribution compared 
with PD‑0332991 alone. 

Treatment with 0.5 and 1 µM MK‑1775 increased the 
number of cells in G1 and G2 and decreased the numbers of cells 
in S phase for SK‑N‑AS (Fig. 7A and B). For SK‑N‑BE(2)‑C, 
1 µM MK‑1775 notably decreased number of cells in G1 and 
increased number of cells in G2. In addition, 1 µM BMN673 
alone decreased the number of cells in G1 and increased the 
number of cells in G2 in both cell lines. Combining 1 µM 
MK‑1775 + BMN673 induced a notable increase in the number 
of cells in both G1 and G2 and a notable decrease in number of 
cells in S phase in both cell lines.

To summarize, upon combining MK‑1775 with BMN673 
additive effects were observed for both SK‑N‑BE(2)‑C and 
SK‑N‑AS cells, with large increases in the number of cells in 
G1 and G2 and a notable decrease in the numbers of cells in 
S phase. By contrast, following treatment with PD‑0332991 + 

Table I. IC50 based on WST‑1 viability assay following 
treatment with CDK4/6 PD‑0332991, WEE1 G2 checkpoint 
kinase MK‑1775 and poly‑ADP‑ribose‑polymerase inhibitor 
BMN‑673.

A, PD‑0332991

 IC50, µM 
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Cell line 24 h 48 h 72 h

SK‑N‑AS 12.7a 24.5a 11.5a

SK‑N‑BE(2)‑C 19.8a 0.1a 0.1a

SK‑N‑DZ 18.8a 3.9 2.3
SK‑N‑FI 1532a 26.4a 34.9a

SK‑N‑SH 5.0 2.3 2.1

B, MK‑1775

 IC50, µM 
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Cell line 24 h 48 h 72 h

SK‑N‑AS 1.5 0.3 0.3
SK‑N‑BE(2)‑C 1.3 1.0 1.0
SK‑N‑DZ 0.4 0.2 0.1
SK‑N‑FI 6.6 1.8 0.6
SK‑N‑SH 4.9 2.5 1.0

C, BMN673

 IC50, µM 
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Cell line 24 h 48 h 72 h

SK‑N‑AS 109.8a 174.5a 63.6
SK‑N‑BE(2)‑C 152.1a 20.4 7.1
SK‑N‑DZ 109.6a 621.2a 13.2
SK‑N‑FI 195.4a ‑ ‑
SK‑N‑SH 83.0 1.0 0.1

IC50 was determined from log concentrations effect curves in 
GraphPad Prism using non‑linear regression analysis. aExtrapolated 
value outside the tested concentration range. IC50, half‑maximal 
inhibitory concentration; ‑, not determined.
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BYL719, the effect was similar to using PD‑0332991 alone 
with a rise in the number of cells in G1 and a decrease in the 
number of cells in S phase.

Discussion

Here, the effects of CDK4/6, PI3K, WEE1 and PARP inhibi‑
tors PD‑0332991, BYL719, MK‑1775 and BMN673 alone 
or combined on NB cell lines SK‑N‑AS, SK‑N‑BE(2)‑C, 
SK‑N‑DZ, SK‑N‑FI and SK‑N‑SH were assessed. Briefly, all 
single inhibitor applications induced dose‑dependent decreases 
in viability and confluence in all NB lines and combining 
PD‑0332991 + BYL719 or BMN673 + MK‑1775 resulted in 
additive and synergistic effects in most NB lines. A slight 
cytotoxic effect was induced by high doses of PD‑0332991 
or MK‑1775 and apoptosis was induced in most NB cell lines 
by MK‑1775; apoptosis induced by PD‑0332991, BYL719 and 
BMN673 was cell line‑specific. In addition, effects on the 
cell cycle were examined in SK‑N‑DZ and SK‑N‑SH after 
single and combined PD‑0332991 and BYL719 applications 

and SK‑N‑BE(2)‑C and SK‑N‑AS after single and combined 
MK‑1775 and BMN673 treatment. Notably, while combining 
PD‑0332991 + BYL719 did not result in any notable effects on 
cell cycle, combining MK‑1775 + BMN673 showed a notable 
decrease in the number of cells in S phase for both cell lines.

As expected, single inhibitor applications induced 
dose‑dependent responses (12,13). Similarly, when combining 
CDK4/6 inhibitor PD‑0332991 + PI3K inhibitor BYL719, 
positive and synergistic effects on viability and conflu‑
ence were observed in almost all NB lines, consistent with 
pre‑clinical models using other types of tumor (28,29,40,41). 
However, SK‑N‑SH cell line showed mainly antagonistic, 
despite decreases in viability and cell confluence. This may 
be because SK‑N‑SH cell line was sensitive and lacked 
mutated p53 and it was difficult to observe further decreases 
in viability upon combination treatment, especially with doses 
that induced effects in more resistant cell lines. Our previous 
study showed that when combining PI3K and FGFR inhibitors 
in NB, MB and head and neck cancer cell lines, effects in cell 
lines that were particularly sensitive to one of the drugs were 

Figure 3. Effect of combined PI3K and CDK4/6 inhibitors WEE1 G2 checkpoint kinase and PARP inhibitors on neuroblastoma cell lines. Upon combination 
of BYL and PD, CIs were calculated by (A) highest single agent and (B) median effect method after 48 h. When combining MK together with BMN, CIs were 
calculated by (C) highest single agent and (D) median effect method after 48 h. CI>1.45 suggests antagonism, 0.75<CI>1.45 additive, and CI<0.75 synergistic 
effects. o indicates CI>2, which implies a negative combination effect. CI, combination index; PD, PD‑0332991; BYL, BYL719; BMN, BMN673; MK, 
MK‑1775; PARP, poly‑ADP‑ribose‑polymerase.
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not observed (10‑13,40,42). It is unknown why combining 
PD‑0332991 + BYL719 resulted in enhanced inhibition in 
SK‑N‑AS, SK‑N‑BE(2)‑C, SK‑N‑DZ and SK‑N‑FI, however 
all four cell lines have mutated p53. Moreover, SK‑N‑BE(2)‑C 
and SK‑N‑DZ have amplified MYCN. On the other hand, 
SK‑N‑SH with wild‑type p53 was also sensitive to treatments 
with both PD‑0332991 and BYL719 alone. 

WEE1 inhibitor MK‑1775 + PARP inhibitor BMN673 
induced some positive and synergistic effects on viability and 
confluence in SK‑N‑BE(2)‑C, SK‑N‑DZ, SK‑N‑FI, SK‑N‑SH 
cells, similar to what has been shown for advanced prostate 

and ovarian cancer (36,37). SK‑N‑AS and SK‑N‑DZ cells 
exhibited antagonistic effects; this could be because they were 
both sensitive to MK‑1775 but resistant to BMN673. 

Cytotoxicity and apoptosis were assessed. For PD‑0332991, 
only high dose treatment induced cytotoxicity and apoptosis in 
NB cell lines, while for BYL719 cytotoxic effects were not 
observed and combining the two did not markedly improve 
cytotoxic or apoptotic effects compared with PD‑0332991 
alone. However, when combining PD‑0332991 + BYL719 
in SK‑N‑BE(2)‑C, SK‑N‑DZ and SK‑N‑FI cells, enhanced 
apoptosis was observed. These data are similar to our 

Figure 4. Effect of PD and BYL on confluence of neuroblastoma cell lines. Confluence of SK‑N‑AS cells treated with PD (A), BYL (B) and combination of 
PD and BYL (C), confluence of SK‑N‑BE(2)‑C treated with PD (D), BYL (E) and combination of PD and BYL (F), confluence of SK‑N‑DZ treated with PD 
(G), BYL (H) and combination of PD and BYL (I), confluence of SK‑N‑FI treated with PD (J), BYL (K) and combination of PD and BYL (L) and confluence 
of SK‑N‑SH treated with PD (M), BYL (N) and combination of PD and BYL (O) was measured every 2 h up to 72 h after the treatment. Confluence indicates 
proliferation. BYL, BYL719; PD, PD‑0332991; CDK4/6, cyclin‑dependent kinase‑4/6; PI3K, phosphoinositide 3‑kinase.
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previous study on MB cell lines DAOY and UW228‑3, where 
PD‑0332991 exhibited a greater effect on both cytotoxicity 
and apoptosis (13). 

Similarly, while MK‑1775 induced both cytotoxicity and 
apoptosis in some NB cell lines, BMN673 did not show cyto‑
toxic and apoptotic effects and when combining them their 
effects were not enhanced. MK‑1775 induced cytotoxic effects 
in SK‑N‑AS, SK‑N‑FI and SK‑N‑SH, but these effects were 
not enhanced by the addition of BMN673 in any cell lines. 
Likewise, when analyzing apoptosis, no additive effect was 

observed upon combining MK‑1775 + BMN673 compared 
with single MK‑1775 treatment. To conclude, there were 
no additive effects on either cytotoxicity or apoptosis when 
combining MK‑1775 + BMN673.

PD‑0332991 increased the proportion of cells in G1 and 
limited the proportion of cells in S phase for SK‑N‑DZ and 
SK‑N‑SH, while using BYL719 alone had no effect on the cell 
cycle distribution of either NB line. MK‑1775 increased the 
proportion of cells in G1 and G2 and decreased the proportion 
of cells in S phase for SK‑N‑AS, effects on SK‑N‑BE(2)‑C 

Figure 5. Confluence of neuroblastoma cell lines following administration of MK and BMN. Confluence of SK‑N‑AS treated with (A) MK (A), BMN (B) and 
combination of MK and BMN (C), confluence of SK‑N‑BE(2)‑C treated with (D) MK, BMN (E) and combination of MK and BMN (F), confluence of SK‑N‑DZ 
treated with MK (G), BMN (H) and combination of MK and BMN (I), confluence of SK‑N‑FI treated with MK (J), BMN (K) and combination of MK and BMN 
(L) and confluence of SK‑N‑SH treated with MK (M), BMN (N) and combination of MK and BMN (O) was measured every 2 h up to 72 h after the treatment. 
Confluence denotes proliferation. BMN, BMN673; MK, MK‑1775; PARP, poly‑ADP‑ribose‑polymerase.
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were less pronounced. All the effects of using BMN673 alone 
were limited in comparison to MK‑1775, although an increase 

in numbers of cells in G2 was observed following treatment 
with BMN673 in both SK‑N‑AS and SK‑N‑BE(2)‑C. 

Figure 6. Cell cycle profiles of SK‑N‑DZ and SK‑N‑SH obtained by FACS analysis. Cell cycle distribution of (A) SK‑N‑DZ and (B) SK‑N‑SH NB cell 
lines treated with CDK4/6 and PI3K inhibitors PD and BYL for 48 h. BYL, BYL719; PD, PD‑0332991; CDK4/6, cyclin‑dependent kinase‑4/6; PI3K, phos‑
phoinositide 3‑kinase.

Figure 7. Cell cycle profiles of SK‑N‑AS and SK‑N‑BE(2)‑C obtained by FACS analysis. Cell cycle distribution of (A) SK‑N‑AS and (B) SK‑N‑BE(2)‑C 
neuroblastoma cell lines treated with WEE1 inhibitor MK‑1775 and PARP inhibitor BMN673 for 48 h. BMN, BMN673; MK, MK‑1775; WEE1, WEE1 G2 
checkpoint kinase; PARP, poly‑ADP‑ribose‑polymerase.
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The observation that both PD‑0332991 and MK‑1775 
increased the proportion of cells in G1 and limited the number 
of cells in S phase and that MK‑1775 can have effects on 
the cell cycle and mitosis by increasing the number of cells 
arresting in G2 is in line with previous data (43,44). Likewise, 
BMN673 has also been shown to induce cell cycle arrest (42). 

Notably, combining MK‑1775 + BMN673 in SK‑N‑BE(2)‑C 
and SK‑N‑AS cells resulted in a marked decrease in the number 
of cells in the S phase; higher doses resulted in a marked 
increase in the proportion of cells in G1 and G2. This may be 
due to the effects of BMN673, as previously described (45).  

The present study had limitations. Lower doses in combi‑
nation were not used when the NB lines were sensitive to one 
drug alone. However, if a cell line is sensitive to low doses 
of one inhibitor, combination therapies may not be needed. 
Furthermore, the present study did not investigate changes in 
pathways in relation to the molecular profile of each cell line. 
Another limitation of the present study was that all treatments 
were performed in vitro; studies on cells grown as spheroids 
and treatment in in vivo in mouse models will be performed 
in future. 

To summarize, PD‑0332991, BYL719, MK‑1775 and 
BMN673 gave dose dependent effects on viability the NB cell 
lines. Notably however, using combinations of PD‑0332991 
with BYL719 and combinations of MK‑1775 and BMN763 
gave additive and synergistic effects on the inhibition of 
viability compared with each drug alone. Inhibition of cell 
confluence tended to be more prominent when combining two 
drugs especially for some of the cell lines which tended to be 
relatively resistant to one drug alone. Enhanced cytotoxicity or 
apoptosis was not observed when combining PD‑0332991 + 
BYL719 or MK‑1775 + BMN673. BYL719 did not affect 
PD‑0332991‑induced changes in the cell cycle distribution. 
Notably, MK‑1775 + BMN673 resulted in a notable increase of 
cells in G1 and G2 and a marked decrease of cells in S phase. 

Altogether, the aforementioned data indicated that NB, 
similar to other tumor types, may be sensitive to single and 
combined treatment with CDK4/6, PI3K, PARP and WEE1 
inhibitors (40,41). It is unknown why some NB cell lines were 
more sensitive to some combinations. 

To conclude, combined treatment with either CDK4/6 and 
PI3K inhibitor PD‑0332991 + BYL719 or WEE1 and PARP 
inhibitors MK‑1775 + BMN673 synergistically decreased 
viability and cell confluence in most NB cell lines. These 
combinations did not have any marked effects on cytotoxicity 
or apoptosis. MK‑1775 + BMN673 resulted in marked effects 
on the cell cycle distribution compared with PD‑0332991 + 
BYL719 combination. The present data suggest that in the 
future, combinations of MK‑1775 + BMN673 or PD‑0332991 
and BYL719 could serve as a treatment of resilient or recur‑
rent NB. Further studies utilizing NB cell lines with specific 
molecular characteristics grown as spheroid cultures or in vivo 
models are required to determine the best drug combination 
for each cell line based on its molecular profile.
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