
1 
 

Combination Therapy using CDK4/6 Inhibitors for Cancer Treatment 

 

Abstract  
Neuroblastoma is an extracranial solid tumor located in the sympathetic nervous system and covers 5-

7% of the pediatric cancers. Clinical outcome differs greatly, as patients with low-risk disease have very 

high chances of survival, but patients with high-risk disease often have a poor prognosis. Multiple 

therapeutic agents are available for neuroblastoma, but partially due to limitations of pediatric cancer 

treatment, no optimal cure is found yet. Possible future therapeutics for pediatric high-risk 

neuroblastoma are Proteolysis Targeting Chimeras (PROTACs); molecular compounds designed to 

selectively degrade target proteins. Possible targets of these PROTACs are cell cycle regulators CDK4/6. 

Targeting CDK4/6 will lead to the cell cycle arrest, which result in the suppression of tumor growth. 

Currently, there are multiple clinically improved small molecule inhibitors for CDK4/6, which can be 

used in PROTACs design. A lot of research has been conducted in combining CDK4/6 inhibitors with 

other therapeutics, to obtain an synergistic effect and improve the clinical outcome for various 

cancers. In this review, therapeutics are discussed to provide an overview of very promising 

combinations that can be used in the future with CDK4/6 targeting PROTACs, for the treatment of high-

risk pediatric neuroblastoma.  

 

1. Introduction  

1.1. Pediatric Cancer 

Cancer is the dominant cause of death for children and adults worldwide, although pediatric cancer is 

rare compared to adult cancer (1). Adult cancer is a genetic disease that is often caused by an 

accumulation of unrepaired mutations that arise throughout life. These mutations can be caused by 

environmental factors or internal factors. There is a big overlap in mechanisms involved in cancer and 

ageing, including genomic instability, epigenetic changes and telomere attrition (1, 2). There are 

various tumor suppressor genes and oncogenes that can result in cancer when mutated. About 66% of 

the mutations that cause cancer are a result of environmental factors, which are therefore not likely 

to arise in children. However, of other mutations that are not associated with environmental factors, 

development of similar tumors and locations would be expected in children and adults, although that 

is not the case. Requirements for treatment also differs between children and adults. First, long term 

effects of treatments have a stronger impact on children than on adults (1). Secondly, there is a lack 

identifiable targets. Pediatric cancer is more often a disease of altered protein expression than of 

mutated proteins, meaning that that patients express a limited number of tumor-specific targets (1) 

(3). This can be an obstacle in using precision or personalized medicine that target mutationally 

malfunctioning pathways, an approach that is promising for cancer treatment (1). A lot of research is 

needed to understand the mechanisms of pediatric cancer in order to develop and improve treatment 

strategies (1).  

1.2. Neuroblastoma 

Neuroblastoma is an extracranial solid tumor, predominantly located in the adrenal medulla or 

elsewhere in the sympathetic nervous system (4). Worldwide, the occurrence of neuroblastoma at 

birth is one per 10.000, covering 5-7% of pediatric cancer types (4, 5). Around 30% of neuroblastoma 

cases arise during the first six months after birth, being the predominant cancer type for patients 

younger than one (4, 6). The location and stage of the tumor determines symptoms and clinical 

phenotypes (4, 7). Early symptoms are mostly nonspecific such as weight loss, fever and possibly acute 

pain caused by spontaneous bleedings of the tumor (4). Severe symptoms arise when the tumor gained 
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a critical size or has metastasized (4). The clinical outcome for stage 1 and 2 tumors shows a positive 

prognosis such as spontaneous regression, whereas high-stage tumors often result in a fatal outcome 

(8). Hallmarks of low-stage neuroblastoma tumors are multiple changes of chromosomal copy 

numbers, while high-stage tumors contain structural chromosomal defects (8). Gene mutations are 

infrequent in patients with neuroblastoma, making it hard to find efficient druggable targets (9). There 

is a wide genetic variation in neuroblastoma patients (10). In high risk neuroblastoma, recurrent 

somatic mutations in genes like ATRX, ALK and PTPN11, are found in less than 25% of high risk 

neuroblastoma patients. ALK is the oncogene that is mutated most frequently in pediatric 

neuroblastoma (11). Chromosomal alterations like 17q gain, 11q loss and MYCN amplification are 

found in around 90% of high risk neuroblastoma patients (10). MYCN is the most frequently amplified 

oncogene and a very important driver of neuroblastoma (12). In primary neuroblastomas, MYCN is 

amplified in 20% of the patients, and has a strong correlation to advanced staged neuroblastoma, a 

fast disease progression and a fatal outcome (4, 12).  

1.3. The Role of CDK4/6 in the Cell Cycle 

Neuroblastoma arises from sympathoadrenal lineage of neural crest cells, most likely due to 

malfunctioning of regulators in the G1-S transition within the cell cycle (13, 14, 15). Cyclin-dependent 

kinases (CDKs) are serine/threonine kinases which can be divided into a cell-cycle-related subfamily 

and a transcriptional subfamily (16). CDKs tightly regulate cell division via their essential role in the 

progression of the cell cycle into the G1, S, G2 and M phases (17). Cell cycle regulators that could be 

involved in neuroblastoma are CDK4, a member of the cell-cycle related subfamily, and CDK6, a 

member of both subfamilies (17, 13). CDK4/6 are key components in driving the cell cycle from the G1 

phase (prophase of DNA synthesis) into the S phase (DNA synthesis), although they play no dominant 

role in the rest of the cell cycle (18, 19). Pro-mitosis signaling through receptors, such as human 

epidermal growth factor receptor 2 (HER2), epidermal growth factor receptor (EGFR) and insulin-like 

growth factor receptor (IGFR), can activate multiple pathways such as the protein kinase signaling 

pathway PI3/AKT/mTOR and the RAS/MAPK pathway to increase expression of cyclin D (17, 20). 

Amplification or deregulated transcription of the CCND1 gene, can additionally cause deregulated 

cyclin D–CDK4/6 activity, since it encodes a cyclin D1 isoform (21). Additionally, when the locus 

CDKN2A is deactivated, there is no expression of p16INK4A , which inhibits the kinase activity of cyclin 

D–CDK4/6 (21). After an increase in expression of cyclin D, CDK4/6 and cyclin D form a complex that 

regulates phosphorylation of retinoblastoma protein (Rb) (17, 20). Phosphorylated Rb induces 

dissociation of transcription factor E2F, which in turn binds to DNA to promote gene expression of cell 

cycle transcription genes and to regulate DNA replication and cell division in the S phase (17, 20). When 

Rb remains unphosphorylated, cell cycle progression from G1 to S phase is arrested (22). There are 

multiple endogenous factors that can regulate cell proliferation by inhibiting components in this 

pathway (17). However, gain-of-function mutations in CDK4/6 or overexpression of CDK4/6 or cyclin D 

can lead to an uncontrolled cell cycle, possibly leading to the tumorigenesis in multiple cancers such 

as neuroblastoma (17).  

1.4. Small Molecule Inhibitors of CDK4/6 

Small molecule inhibitors (SMIs) are therapeutic agents of ≤500 Da that are often orally administered 

and used for cancer treatment. SMIs are used as targeted therapies to bind specific molecular targets 

intracellularly, extracellularly or on cell surfaces (17). Multiple SMIs targeting CDKs are developed and 

approved by the FDA, such as the selective CDK4/6 inhibitors ribociclib, abemaciclib and palbociclib; 

ATP-competitive inhibitors that form hydrogen bonds with the adenosine triphosphate (ATP)-binding 

sites of CDK4 and -6, since these sites are almost identical (17). Using CDK4/6 inhibitors, cell cycle 

progression can be arrested and lead to subsequent tumor growth suppression (Figure 1) (17).  
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Figure 1: Schematic illustration of signaling processes involved in G1-to-S-phase transition via the cyclin D – CDK4/6 
complex . The protein kinase signaling pathway PI3/AKT/mTOR gets activated by growth factors through HER2, EGFR and 
IGFR and induces binding of cyclin D to CDK4/6 to form a complex, which will lead to cell cycle progression via the activation 
of E2F transcription factor. CDK4/6 inhibitors arrest the cell cycle by inhibiting the CDK4/6 kinase function, leaving Rb 
unphosphorylated and E2F inactivated to induce gene transcription, leading to cell cycle arrest. Adjusted from (17).  

Ribociclib, abemaciclib and palbociclib have different dosing schedules, potencies, toxicities and 

pharmacokinetics (23). Although the three CDK4/6 inhibitors are widely used, the development of 

therapeutics with higher selectivity for CDK4/6, less side effects, improved efficacy and to overcome 

resistance continues (17, 24). 

1.5. PROTACs 

Proteolysis Targeting Chimeras (PROTACs) are molecular compounds designed to selectively degrade 

target proteins involved in various cancers, immune disorders, viral infections and neurodegenerative 

diseases (25, 24). PROTACs are a new field in small molecule therapy, introduced in 2001 by Sakamoto 

et al. (26). PROTACs are heterobifunctional molecules consisting of a ligand for target protein binding 

connected via a linker to a ligand, which recruits an E3 ubiquitin (E3) ligase (25). After ternary complex 

formation the E3 ligase induces ubiquitination of the target protein, which subsequently is degraded 

by the 26S proteasome; a component of the ubiquitin-proteasome system (UPS) (25, 24). Via a 

chemical knockdown strategy, PROTACs can regulate protein levels in living cells (Figure 2) (24).  

 

Figure 2: Schematic illustration of PROTACs mode of action. PROTACs consists of two ligands connected by a linker to bind 
to a target protein and an E3 ubiquitin ligase. After target protein binding, the E3 ligase induces ubiquitination of the target 
protein through an E2 enzyme, after which the target protein is fully degraded by the 26S proteasome. After target protein 
degradation, the PROTAC remains intact and can induce ubiquitination of the next target protein. Adjusted from (17). 
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There are numerous advantages of PROTACs compared to SMIs (27). SMIs only inhibit protein function, 

whereas PROTACs degrade complete target proteins, affecting both the enzymatic as the 

nonenzymatic functions (24). PROTACs often have an increased selectivity compared to frequently 

used SMIs and are re-usable after target protein degradation (24). PROTACs possess a catalyzing mode 

of action for protein degradation and low doses could possibly have a higher efficacy after entering 

the cell compared to SMIs (25). Treatment with lower doses reduces toxicity and decreases chances of 

adverse side effects (25). Complete degradation of target proteins prevents the continuous increase 

of target protein concentration as a resistance mechanism of drug resistant targets (25, 24, 28). The 

high sensitivity of PROTACs for drug resistant targets can provide a solution for the resistance to 

chemotherapeutics, which remains the predominant treatment for cancer (24). Currently, phase 1 and 

2 clinical trials are conducted for multiple PROTACs (29). Although PROTACs are a promising novel class 

of therapeutics for human diseases, some limitations need to be resolved (30). Using different linker 

lengths between a certain target ligand and E3 ligase ligand effects the degradation efficiency, a 

principle that needs further elucidation (30). Secondly, the selection of the E3 ligase ligand determines 

the target selectivity and degradation of target proteins. More research should be conducted to 

determine the suitable E3 ligase ligands per particular disease system (30). Also, the molecular weight 

of a PROTAC is relatively high, leading to inefficiencies with penetration into the cell (30). Finally, the 

tissue distribution, toxicity, bioavailability and pharmacokinetics should be further investigated (30). 

1.6. PROTACs targeting CDK4/6 

Various PROTACs have been designed targeting CDK4/6, resulting in cell cycle arrest and suppression 

of tumor growth (17, 22). These PROTACs are constructed using palbociclib ribociclib, abemaciclib or 

palbociclib as the ligand for targeted protein binding, of which the nitrogen atom of piperazine is used 

to link to an E3 ligase ligand via various linkers (Figure 3) (17). An E3 ligase ligand that has been used is 

pomalidomide, that binds to E3 ligase cereblon (22, 31). The spatial orientation of the E3 ligase and 

the target protein and the rigidity and length of the linker can influence the binding affinity of the 

PROTAC to CDK4/6 (32). Most studies have been conducted on combining pomalidomine and 

palbociclib with various linkers, although designs with ribociclib and abemaciclib have also been 

reported (17). The studies indicate that selective degradation of either CDK4 or CDK6 is possible, 

depending on the type of linker and inhibitor, whilst the individual SMIs do not possess this selectivity 

and would inhibit both kinases (17).  

Figure 3: PROTACs targeting CDK4/6, based on different CDK4/6 inhibitors palbociclib (a), ribociclib (b) and abemaciclib (c) 
are linked to E3 ligase ligand pomalidomine. Adjusted from (17). 

In this review, literature research has been performed to provide an overview of the current 

combination therapies using CDK4/6 inhibitors in cancer, particularly focusing on pediatric cancer and 

neuroblastoma. The aim for the future is to find novel synergistic combinations for neuroblastoma 

treatment in which CDK4/6 targeting PROTACs are combined with other therapies to improve the 

clinical outcome. In this overview combination therapies of CDK4/6 inhibitors with various 

therapeutics, such as inhibitors affecting endocrine systems, PI3K/AKT/mTOR pathway inhibitors, 

RAS/RAF/MEK/ERK pathway inhibitors, immunotherapeutics, chemotherapeutics and 

radiotherapeutics, will be discussed in several cancer models. The combinations described are 

summarized in Table 1.   
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2. Combination therapies with CDK4/6 inhibitors  

2.1. CDK4/6 inhibitors combined with endocrine therapy 

2.1.1 CDK 4/6 targeting combined with aromatase targeting  

A phase 2 study of Finn et al. showed that combination therapy using palbociclib with endocrine 

therapeutic letrozole resulted in a longer progression-free survival compared to letrozole treatment 

alone (33). Letrozole is an inhibitor of the enzyme aromatase, an enzyme that catalyzes the ultimate 

step in estrogen biosynthesis (34). Therefore, inhibition of aromatase leads to a decreased estrogen 

production (35, 34). Palbociclib and letrozole combination therapy exhibited a synergistic effect in 

women with advanced breast cancer, who are human epidermal growth factor receptor 2 (HER2)–

negative and estrogen receptor (ER)-positive (33). The phase 2 study was a double-blind study with 

progression-free survival as primary end point. Progression-free survival of patients treated with 

palbociclib and letrozole was 24.8 months (95% confidence interval (CI), compared to 14.5 months 

95% (CI) for patients treated with a placebo and letrozole. However, higher myelotoxic effects were 

observed for patients who received palbociclib and letrozole compared to placebo and letrozole (33). 

2.1.2 CDK 4/6 targeting combined with HER2 or ER targeting 

A preclinical study of Finn et al. examined palbociclib in combination with trastuzumab or tamoxifen 

in HER2-positive and in ER-positive breast cancer cells, respectively (36). Trastuzumab is a monoclonal 

antibody that targets HER2, whereas tamoxifen is an antiestrogenic therapeutic that antagonizes the 

ER (37, 38). Since CDK4/6 function is downstream of ER and HER2, the inhibition of CDK4/6 could be 

an interesting therapeutic approach (39). In vitro sensitivity to palbociclib was measured using 47 

human immortalized breast and breast cancer cell lines (36). Measuring dose-response curves, both 

trastuzumab and tamoxifen showed synergistic effects (with mean CI<1) combined with palbociclib in 

HER2-positive and ER-positive cells, respectively. Additionally, sensitivity to tamoxifen was enhanced 

by palbociclib in the tamoxifen resistant cell line MCF7. Conclusively, further clinical development of 

palbociclib combined with anti-HER2 or anti-estrogen therapy could bring a promising treatment 

strategy for ER- and HER2-positive breast cancer (36).  

2.1.3 CDK 4/6 targeting combined with HER2 targeting  
A preclinical study of Witkiewicz et al. investigated the effects of palbociclib in combination with the 

antibody drug conjugate trastuzumab emtansine (T-DM1) (39). T-DM1 consists of humanized antibody 

trastuzumab, which targets HER2, and is conjugated to DM1, a potent microtubule-poison (40). In cell 

lines with resistance to HER2 antagonists, cyclin D1 was overactivated and CDK4/6 inhibition showed 

an effective arrest of cell proliferation by targeting the common pathway (39). Hereafter, the 

combination of palbociclib and T-DM1 was tested in HER2-positive breast cancer xenografts. Since T-

DM1 shows high cytotoxicity, T-DM1 is clinically administered once per 21 days. This could give 

remaining tumor cells that survived T-DM1 treatment the opportunity to keep proliferating. 

Simultaneous inhibition of the cell cycle via a CDK4/6 inhibitor might overcome this problem. 

Witkiewicz et al. define mechanisms of action between drugs by immunoblotting and flow-cytometry 

and a long-term viability assessment. They show that T-DM1 induces suppression of the cell cycle in 

the S-phase, while palbociclib induces an arrest in the G1 phase. Combination of the two agents 

showed a hybrid profile of action, although inhibition by palbociclib was dominant compared to the 

inhibition by T-DM1. Immunoblot analysis showed that T-DM1 suppressed ERK phosphorylation, but it 

had no significant effect on E2F-regulated genes, indicating that palbociclib and T-DM1 have very 

different mechanisms of action and can therefore have additive effects on disease control. Cell viability 

studies showed that addition of palbociclib had no significant effect on the cytotoxicity mediated by T-

DM1. Conclusively, this study showed that treatment with palbociclib after initial T-DM1 treatment is 

successful in preventing tumor outgrowth (39).  
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2.1.4 CDK 4/6 targeting combined with ER and AKT targeting  

In a preclinical study of Alves et al., ER-positive breast cancer cells and xenografts were used to 

examine triple combination therapy, consisting of CDK4/6 inhibitor palbociclib, ER antagonist 

fulvestrant and pan-AKT kinase inhibitor capivasertib (AZD5363) (41). Ribociclib, abemaciclib and 

palbociclib are approved by the FDA to combine with endocrine therapeutic fulvestrant (41, 42). When 

palbociclib, fulvestrant and capivasertib are combined, cell lines show a decrease in tumor cell growth, 

and in xenografts decreased tumor progression and metastasis is observed (41). When resistance 

against palbociclib and fulvestrant therapy occurred, a switch to fulvestrant and capivasertib therapy 

did not prevent further tumor progression. However, when capivasertib was added to the palbociclib 

and fulvestrant therapy, tumor growth was significantly decreased. This study shows that when 

CDK4/6 and AKT are targeted, the PI3K/AKT/mTOR and cyclin D/CDK4-6/Rb pathways are efficiently 

inhibited. Therefore, this study suggests that the triple combination of palbociclib, fulvestrant and 

capivasertib is a possible treatment for cancers that relapse on therapies that use fulvestrant with or 

without CDK4/6 inhibitors (41). 

 

2.2. CDK4/6 targeting combined with PI3K/AKT/mTOR pathway inhibitors 

2.2.1 CDK4/6 targeting combined with IGF1R targeting  

Guenther et al. investigated possible targets and therapies to treat the pediatric solid tumor Ewing 

sarcoma (43). CDK4/6 inhibitors are possible therapeutics for treating Ewing sarcoma since CDK4 is an 

Ewing-selective dependency gene. Activation of insulin-like growth factor 1 receptor (IGF1R) in Ewing 

sarcoma is a mediator for the resistance against CDK4/6 inhibitors. In this study, combination therapy 

using ribociclib or palbociclib with IGF1R inhibitor AEW541 showed synergic effects in growth 

suppression and cell death in vitro and in vivo. In cells treated with the combination therapy, significant 

suppression of CDK1 and Cyclin B1 was found. Additionally, levels of phosphorylated Rb were 

significantly reduced compared to cells that were treated with ribociclib alone. In case of exclusive 

ribociclib treatment, an increase in cyclin D3 level was observed, which is a catalytic partner in CDK4/6 

activation. However, combination therapy of ribociclib or palbociclib with AEW541 showed re-

suppression of cyclin D3 levels. Next to alternative expression of cell cycle proteins, increased 

suppression of the PI3K/AKT/mTOR axis was observed. In comparison to treatment with each inhibitor 

alone, dual inhibitor treatment had a greater effect on suppressing phosphorylation of 4EBP1 and the 

S6 ribosomal protein, leading to accumulation of the beta subunit of PI3K and the upstream target p70 

S6 kinase. When cells were treated with ribociclib alone, an increase in AKT phosphorylation was 

observed. However, when cells were treated with AEW541 and ribociclib, the AKT activity was 

inhibited. Conclusively, the study of Guenther et al. suggested that the potential escape mechanism to 

CDK4/6 inhibition can be prevented by combining treatment with an IGF1R inhibitor (43). 

2.2.2 CDK4/6 targeting combined with TEK, CDK1/2/9, mTOR-targeting or demethylation agent 

A study of Gopalan et al. examined the effect of palbociclib combined with four inhibitors, individually, 

on tumor cell death, targeting different cellular pathways using non-small cell lung cancer (NSCLC) cell 

lines (44). Using p16-deficient NSCLS cell lines, MTS viability assays were conducted after treatment 

with palbociclib combined with and without inhibitors selumetinib (AZD6244), AZD5438, everolimus 

or decitabine. NSCLC cell lines showed a decrease in phosphorylated Rb after treatment with 

palbociclib compared to cells without treatment. Cell viability was decreased with 34% using 

palbociclib only. Selumetinib is a TEK inhibitor, which was administered to test a possible synthetic 

lethal interaction of CDK4 and K-Ras. MTS viability assays for palbociclib with selumetinib showed 

72.0% viability, indicating that this combination did not have a synergistic effect. AZD5438, an 

CDK1/2/9 inhibitor, was chosen since CDK1 and CDK2 are hypothesized to play a role in resistance to 
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CDK4/6 inhibitors. MTS viability assays for palbociclib with AZD5438 showed 96.6% viability, which did 

not confirm the hypothetic role of CDK1 and CDK2. Everolimus is an mTOR inhibitor, which could lead 

to an arrested upregulation of cyclin D1 and thereby suppress complex formation with CDK4/6. MTS 

viability assays for palbociclib with everolimus showed 46.4%, viability, with an p<0.02 for exclusive 

palbociclib treatment compared to combined treatment. In NSCLC, CDKN2A is often inactivated 

through hypermethylation. Therefore, decitabine, a demethylating agent, could indirectly activate 

CDKN2A, which will lead to an increased expression of the endogenous CDK4/6 inhibitor p16. MTS 

viability assays for palbociclib with decitabine showed 80.2% viability. Based on these results, inhibitor 

everolimus shows to be a promising agent to be used in combination with palbociclib for NSCLC 

treatment (44).  

2.2.3 CDK4/6 targeting combined with PI3K/mTOR or MEK1/2 targeting 

A study of Franco et al. indicated that the combination therapy of palbociclib with PI3K/mTOR inhibitor 

dactolisib (BEZ235), mTOR inhibitor AZD0855 or PI3K inhibitor apitolisib (GDC0980) has an additive 

effect in arresting the cell cycle in pancreatic ductal adenocarcinoma (45). Since cyclin D and CDK4/6 

activity is regulated by, among others, the PI3K/AKT/mTOR pathway, targeting a component of this 

pathway may result in increased cell cycle arrest. Using human pancreatic cancer cell line PL5, Franco 

et al. showed that there was resistance to individual treatment with palbociclib or PI3K/mTOR 

inhibitors. However, combining the two therapies resulted in an absolute arrest of the cell cycle. 

Decreased expression of cell cycle regulatory proteins cyclin D1, cyclin E1, CDK2 and cyclin A was 

measured. In treatment with palbociclib exclusively, phosphorylation of Rb was largely suppressed, 

however residual phosphorylation could be found. In combined treatment with one of the PI3K/mTOR 

inhibitors, the residual phosphorylation was suppressed, leading to complete cell cycle arrest. 

Additionally, the effect of mitogen-activated protein kinase kinases 1/2 (MEK1/2) inhibitor AZD8330 

combined with palbociclib was measured, showing significant difference in cell cycle arrest between 

monotherapy and combination therapy. Therefore, it can be suggested that combining CDK4/6 

inhibitors with PI3K/mTOR or MEK1/2 inhibitors has an synergisticc effect compared to single 

compound treatment (45).  

2.2.4 CDK4/6 targeting combined with MDM2 targeting  

Schubert et al. performed a preclinical study which combined abemaciclib and mouse double minute 

2 homolog (MDM2) inhibitor idasanutlin as a possible combination treatment for neuroblastoma (46). 

MDM2 is an E3 ubiquitin-protein ligase, which is overexpressed in 53% of neuroblastoma patients. 

MDM2 blocks the transcriptional activity of p53 and thereby its pro-apoptotic function. Therefore, 

overexpression of MDM2 can lead to uncontrolled cell division and tumor growth. Schubert et al. 

examined combination therapy using abemaciclib and idasanutlin looking at cell viability in 10 different 

cell lines, concluding that there was no synergic effect. In fact, abemaciclib reduced the pro-apoptotic 

effect of idasanutlin, indicating an antagonistic relationship. It was concluded that the combination of 

abemaciclib and idasanutlin did not lead to the desired synergistic effects (46).  

2.2.5 CDK4/6 targeting combined with ALK targeting  

In familiar pediatric neuroblastoma, the predominant mutated oncogene is anaplastic lymphoma 

kinase (ALK) (11). Wood et al. showed that combining ribociclib and ALK inhibitor ceritinib resulted in 

a synergistic effect on cell cycle arrest, growth inhibition and caspase-independent cell death. In 

neuroblastoma xenografts possessing ALK-F1245C and ALK-F1174L de novo resistance mutations, the 

combination therapy overcame ceritinib resistance and resulted in complete regression. When 

compared to single-agent ceritinib, the combination of ceritinib and ribociclib improved pALK 

inhibition in the NB-1643 (ALK R1275Q) cell line, and a comparable but less strong effect was shown in 

the NB-EBc1 and SH-SY5Y (ALK F1174L) cell lines. In a NB-1691 cell line with wild type ALK and amplified 
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CDK4, an synergistic effect was also measured. Additionally, ribociclib inhibited phosphorylation of Rb 

in all cell lines, whereas ceritinib alone had no effect on the phosphorylation of Rb in the NB-1691 cell 

line. However, in the NB-1643 cell line ceritinib decreased the Rb level and thereby phosphorylated 

Rb. When ceritinib was combined with ribociclib, a reduction of phosphorylated Rb levels occurred at 

lower doses. Ceritinib monotherapy resulted in a minor G1 arrest in the NB-1643 and SH-SY5Y cell 

lines, indicating that CDK4 and CDK6 are downstream of active ALK. Exclusive ribociclib treatment 

generated a more significant dose-dependent cell cycle arrest at the G1 phase, with concomitant 

reductions in the fraction of cells in the S, G2 and M phases. In all cell lines, combination therapy 

induced a larger accumulation in the G1 phase than either drug alone, suggesting that cytostasis may 

contribute to its in vitro synergy and efficacy. The plasma concentrations of ribociclib and ceritinib 

were not affected when administered as combination therapy. In conclusion, the results of Wood et 

al. show that combination therapy of ribociclib and ceritinib provides a synergistic effect on arresting 

tumor progression and, therefore, could serve as a possible therapy for neuroblastoma in the clinic 

(11).  

 

2.3. CDK4/6 targeting combined RAS/RAF/MEK/ERK pathway inhibitors 

2.3.1 CDK4/6 targeting combined with MEK1/2 targeting 

In a study of Hart et al., combination therapy was studied for patients with relapsed high risk 

neuroblastoma, who frequently show mutations that lead to an hyperactivated RAS-MAPK pathway 

and an increased sensitivity to MEK inhibition therapy (47). In this study, 22 genetically annotated 

human neuroblastoma cell lines were used to study the effect of combination therapy using ribociclib 

and binimetinib, a MEK1/2 inhibitor. The study showed that ribociclib and binimetinib have an 

inversely related sensitivity (r=-0.58, p=-0.009). In sporadic neuroblastoma, about 22% of the tumors 

possess amplification of MYCN, often predicting a bad prognosis (14). Expression and amplification of 

MYCN were related to binimetinib resistance and ribociclib sensitivity, whereas increased MAPK 

signaling was related to ribociclib resistance and binimetinib sensitivity. Administration of the 

combination therapy led to synergistic inhibition of cellular growth in all cell lines and tumor growth 

inhibition in multiple murine xenograft models. Upon termination of the treatment the cell cycle arrest 

showed to be reversible. The study of Hart et al. indicated that the combination of binimetinib and 

ribociclib can provide an effective therapy in relapsed high-risk neuroblastoma (47).  

2.3.2 CDK4/6 targeting combined with B-RAF targeting 

In a preclinical study of Yadav et al., a combination therapy using abemaciclib and vemurafenib, a 

V600E B-RAF inhibitor, was tested as a therapeutic strategy for melanoma patients presenting a V600E 

B-RAF mutation (48). RAF is an oncogenic serine-threonine protein kinase that plays a role in the MAPK 

pathway, which regulates cell growth (49). As a result of the activating V600E B-RAF mutation, patients 

have an overactivation of the MAPK pathway. When the MAPK pathway is malfunctioning, 

uncontrollable growth arises which may lead to cancer (49). Long term treatment with vemurafenib 

resulted in resistance after 5-7 months due to MAPK signaling reactivation, leading to an upregulation 

of cyclin D1 (48). In 38% of melanoma patients, CDKN2A deletions result in insufficient expression of 

P16INK4a, which is a tumor suppressor gene and a natural inhibitor of CDK4, leading to acceleration of 

the cell cycle. Administration of abemaciclib and vemurafenib showed additive tumor growth 

inhibition in vitro and in vivo, showing that combined therapy is effective to overcome resistance (48).  
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2.4. CDK4/6 targeting combined with immunotherapy 

2.4.1 CDK4/6 targeting combined with PD-1 targeting 

CDK4/6 inhibitors are capable of inducing an anti-tumor immune response (23). There are multiple 

possible responses, such as activation of effector T lymphocytes, increased antigen presentation of 

tumor cells, and an decreased proliferation of immunosuppressive regulatory T cells (50)(51). Rugo et 

al. conducted a phase Ib study for HR-positive and HER2-negative breast cancer combining abemaciclib 

with the humanized antibody pembrolizumab, which is used for cancer immunotherapy in multiple 

cancers (52). Pembrolizumab targets programmed cell death protein 1 (PD-1), an inhibitory T-cell 

surface receptor (53). Activation of PD-1 by its ligands leads to the suppression of T-cell activation (53). 

When pembrolizumab is administered PD-1 is blocked, meaning that T cell activation cannot be 

suppressed (53). Rugo et al. previously showed that in murine models for HR-positive and HER2-

negative breast cancer, abemaciclib and pembrolizumab had a synergistic effect on tumor 

immunogenicity and antitumor efficacy (52). Hereafter, a phase Ib study that was non-randomized, 

multicenter, multi-cohort, and open-label was conducted using breast cancer patients to characterize 

the safety. Prior to the administration of abemaciclib and/or pembrolizumab, patients had received 

one or two chemotherapy regimens. The study showed that there was a tolerable safety profile when 

combining the therapeutics. There was a higher rate of transaminase elevations measured for the 

combined therapy than for the individual therapies. Additionally, slightly higher overall survival, 

progression-free survival and objective response rates were measured in patients that received 

combined therapy compared to therapy with abemaciclib exclusively. This suggest that 

immunotherapy targeting PD-1 can be combined with CDK4/6 inhibitors to improve treatment of 

breast cancer (52).  

 

2.5. CDK4/6 targeting combined with chemotherapy  

2.5.1 CDK4/6 targeting combined with 5-FU or gemcitabine 

Franco et al. showed in a preclinical study that chemotherapeutic gemcitabine was antagonized when 

combined with palbociclib in pancreatic ductal adenocarcinoma cells (45). Gemcitabine is a cytotoxic 

drug approved as treatment for multiple cancers. Treatment with gemcitabine and palbociclib resulted 

in a reduced cell death compared to treatment with gemcitabine alone. However, when cells were 

treated with chemotherapeutic 5-fluururacil (5-FU) and palbociclib, no antagonization was detected 

and in some cell lines cooperative effects were measured. This variation in response could be due to 

the function of the E2F target genes thymidylate synthase (TS) and deoxycytidine kinase (DCK). When 

cells are treated with palbociclib, cells obtain lower TS levels. TS is the target of 5-FU, so lower levels 

of TS lead to increased drug sensitivity. Palbociclib treatment also leads to decreased DCK levels. 

However, since DCK is required for gemcitabine activation, the antagonistic relationship was observed. 

Conclusively, the mechanism of action of chemotherapeutics determines whether it is possible to 

combine it with CDK4/6 inhibitors. Chemotherapeutics that are dependent of cell cycle progression 

will be antagonized by CDK4/6 inhibitors. Besides chemotherapeutics, this was also indicated for 

palbociclib combined with anti-mitotic drugs such as PLK1 inhibitors (45). 

In another preclinical study, Gelbert et al. used gemcitabine combined with abemaciclib as a treatment 

to inhibit tumor growth (54). In calu-6 lung xenografts, both therapeutics showed tumor growth 

inhibition when administered separately, however subsequential or combined administration showed 

a more significant antitumor activity. When abemaciclib was administered to the calu-6 lung xenograft, 

no inhibition of Rb phosphorylation or cell cycle arrest was detected. However, when abemaciclib was 

combined with gemcitabine, the expression of Rb/E2F-regulated protein ribonucleotide reductase 

catalytic subunit M1 (RRM1) was significantly inhibited. RRM1 is a subunit of an enzyme that coverts 
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ribonucleotides into deoxyribonucleotides, and is a molecular target of gemcitabine (54, 55). RRM1 

expression is additionally known to be highly sensitive to phosphorylated Rb regulation (56). 

Chemosensitivity to gemcitabine, both in vitro and in vivo, is correlated with RRM1 expression. The 

study of Gebert et al. showed consistent results on the inhibition of RRM1 expression when 

gemcitabine and abemaciclib are combined (54). Conclusively, Gelbert et al. showed that in calu-6 lung 

xenograft tumors, combined abemaciclib and gemcitabine have an additive antitumor activity and an 

additive suppression of RRM1, while in absence of cell cycle arrest (54).  

2.5.3 CDK4/6 targeting combined with doxorubicin 

A preclinical study of Gogolin et al. used CDK4 inhibitor RO050124 and chemotherapeutic doxorubicin 

(doxo) as possible combination therapy for MYCN-amplified neuroblastoma (57). Genotoxic 

chemotherapies such as doxo are often used for the treatment of multiple cancers such as leukemia, 

lymphoma, carcinoma and neuroblastoma (58, 59, 60). In MYCN-amplified neuroblastoma, drug 

resistance leading to relapse is the predominant cause of death (57). Patients have increased levels of 

CDK4 as a result of MYCN overexpression, which leads to an increased competition between CDK2 and 

CDK4 for p21 binding. CDK2 is an important cell cycle regulator for the G1/S and S/G2 transition, and 

its function can be blocked through p21 binding (61, 62). When doxo is used to induce DNA damage, 

there is insufficient p21 to inhibit CDK2, resulting in increased CDK4 and CDK2 kinase activity and 

thereby an increase in cell proliferation. By using CDK4 inhibitor RO050124, arrest at the G1-S cell cycle 

checkpoint is partly restored, and cell viability is reduced. Twelve neuroblastoma cell lines were treated 

with doxo and/or RO050124 (57). The combination treatment resulted in increased G0 phase fractions 

or S phase fractions for nine and six cell lines, respectively. Compared to cell lines exclusively treated 

with doxo, G2/M fraction was reduced in cell lines treated with doxo and RO050124. Combination 

treatment had an additive effect on cell viability reduction in cell lines that had additional aberrations 

in the p53 pathway, while doxo treatment alone resulted in little cell death. Gogolin et al. indicated 

that combination treatment resulted in a G1-S arrest and not in cell death. Conclusively, after 

chemotherapy-induced DNA damage, the CDK4/cyclin D-phosphorylated Rb axis regulates cell cycle 

progression as an additive control next to the p53-p21 axis. CDK4 inhibition combined with 

chemotherapy therefore could be a future therapeutic for MYCN-amplified neuroblastoma (57).  

A preclinical study of McClendon et al. combined doxo with palbociclib as a possible treatment for 

triple negative breast cancer (TNBC) (58). A predominant determinant is the Rb tumor suppressor 

pathway in disease progression of TNBC. This study showed that doxo treatment combined with 

palbociclib exerted an additive cytotoxic effect on Rb-proficient cell lines in the short term. However, 

in the long term palbociclib antagonized doxo-mediated cytotoxicity. In Rb-deficient cells, palbociclib 

did not affect the therapeutic response of doxo. This indicated that the efficacy of chemotherapeutics 

and CDK4/6 inhibitors combined is dependent on the Rb pathway in TNBC (58). 

2.5.4 CDK4/6 targeting combined with carboplatin 

Carboplatin is a chemotherapeutic agent that can be used as therapy for multiple cancers such as, 

germ cell tumours, gynaecological cancers and thoracic cancers (63). A study of Roberts et al. studied 

carboplatin-induced myelosuppression in bone marrow in FVB/N wild-type mice after treatment with 

palbociclib, measuring complete blood cell counts (64). Hereafter, murine models with 

retinoblastoma-competent and -incompetent breast cancer were used to determine the antitumor 

activity of palbociclib alone or in combination with chemotherapy using carboplatin. In FVB/N wild-

type mice, there was a significant increase of hematocrit, platelet counts, myeloid cells and 

lymphocytes in mice treated with palbociclib and carboplatin combined, compared to mice that were 

treated with carboplatin exclusively (64). Murine models with retinoblastoma-competent breast 

cancer treated with palbociclib alone showed antitumor activity. However, combined therapy with 
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palbociclib and carboplatin showed a decrease in antitumor activity in retinoblastoma-incompetent 

models compared to mice exclusively treated with carboplatin. On the contrary, murine models with 

retinoblastoma-incompetent breast cancer were resistant to palbociclib and combined therapy of 

palbociclib and carboplatin showed no effect on tumor growth in vivo, compared to treatment with 

carboplatin treatment exclusively. The study of Roberts et al. concludes that in cancers that are 

CDK4/6-dependent, selective CDK4/6 inhibition may reduce the efficacy of chemotherapeutic 

medicines, of which the mechanism is dependent on cell cycle activity for proliferation. Therefore, not 

all tumors can be treated with chemotherapy and CDK4/6 inhibitors as a combination (64). 

 

2.6. CDK4/6 targeting combined with radiotherapy  

2.6.1 CDK4/6 targeting combined with radiotherapy  

Radioresistance is a common cause of radiotherapy failure and a characteristic of cancer stem cells 

(CSCs) (65). Shimura et al. used 82FR-31NR cells; isolated CSCs from human liver cells (HepG2 cells) 

and human glioblastoma (A172 cells), which show CSC properties and a strong tumorigenic potential, 

to analyze DNA damage response (65). After radiation-induced DNA damage, 82FR-31NR cells had 

efficient DNA repair and radioresistance due to activation of the AKT/cyclin D1 survival signaling 

pathway. In parental cells, radiation-induced DNA damage was persistent and did not activate the 

AKT/cyclin D1 pathway, which led to apoptosis. Inhibition of CDK4 was shown to be sufficient to 

overcome radioresistance in CSCs. Cdk4-I (CAS 546102-60-7) is a CDK4 inhibitor that suppresses the 

activity of the cyclin D1/CDK4 complex. Incidence of cell apoptosis was increased by combining Cdk4-I 

and radiation in 82FR-31NR cells. Therefore, Cyclin D1, CKD4 and AKT could potentially be used as drug 

targets to be combined with radiotherapy to overcome radioresistance in CSCs (65).  

2.6.2 CDK4/6 targeting with radiotherapy 

In a preclinical study of Hagen et al. radiotherapy was combined with palbociclib using breast cancer 

cells (66). During treatment of breast cancer, radioresistance often occurs, which is possibly due to 

malfunctioning of regulators within the G1 phase machinery. By inhibiting CDK4, phosphorylation of 

Bad Ser136 is decreased, which is a dominant factor in apoptosis and radioresistance. Treatment with 

palbociclib increased the sensitivity towards radiation-induced apoptosis, without significant 

alterations to DNA repair or cell cycle progression. Therefore, it is suggested that certain doses of 

CDK4/6 inhibitors that do not inhibit the cell cycle progression can be used combined with 

radiotherapy (66).  
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Table 1: Clinical and preclinical combination therapies with CDK4/6 SMIs in several cancer types.  

CDK4/6 

inhibitor 

Combined with Targets Disease Phase Result Date of 

publication 

Palbociclib  Letrozole Aromatase Breast Cancer Phase 2 Positive 2016-11-17 (33) 

Palbociclib  Trastuzumab  HER2  Breast Cancer Preclinical 
(in vitro) 

Positive 2009-11-29 (36) 

Palbociclib Tamoxifen ER Breast Cancer Preclinical 
(in vitro) 

Positive 2009-11-29 (36) 

Palbociclib T-DM1 HER2 Breast Cancer Preclinical 
(in vivo) 

Positive 2014-07 (39) 

Palbociclib Fulvestrant, 
capivasertib  
 

ER,  
AKT 

Breast Cancer  Preclinical 
(in vitro 
and in vivo) 

Positive  2021-08-25 (41) 

Ribociclib or 
Palbociclib 

AEW541 IGF1R Ewing  
Sarcoma 

Preclinical 
(in vitro 
and in vivo) 

Positive 2019-02-15 (43) 

Palbociclib Selumetinib 
(AZD 6244) 

MEK1/2 Non-Small Cell 
Lung Cancer 

Preclinical  
(in vitro) 

Negative 2013-04-10 (44) 

Palbociclib AZD 5438 CDK1/2/9 Non-Small Cell 
Lung Cancer 

Preclinical 
(in vitro) 

Negative 2013-04-10 (44) 

Palbociclib Everolimus  mTOR Non-Small Cell 
Lung Cancer 

Preclinical 
(in vitro) 

Positive 2013-04-10 (44) 

Palbociclib Decitabine  DNA Non-Small Cell 
Lung Cancer 

Preclinical 
(in vitro) 

Negative 2013-04-10 (44) 

Abemaciclib Idasanutilin MDM2 Neuroblastoma Preclinical 
(in vitro) 

Negative 2020-11-12 (46)  

Ribociclib Certinib ALK Neuroblastoma  Preclinical 
(in vivo) 
 
Phase I 

Positive 
 
 
Unknown 

2016-12-16 (11) 
 
Started 2016-07 

Palbociclib Dactociclib mTOR, PI3K Pancreatic Ductal 
Adenocarcinoma 

Preclinical 
(in vitro) 

Positive 2014-07-26 (45) 

Palbociclib AZD0855 mTOR Pancreatic Ductal 
Adenocarcinoma 

Preclinical 
(in vitro) 

Positive 2014-07-26 
(45) 

Palbociclib Apitolisib PI3K Pancreatic Ductal 
Adenocarcinoma 

Preclinical 
(in vitro) 

Positive 2014-07-26 (45) 

Palbociclib AZD8330 MEK1/2 Pancreatic Ductal 
Adenocarcinoma 

Preclinical 
(in vitro) 

Positive 2014-07-26 (45) 

Ribociclib Binimetinib MEK1/2 Neuroblastoma  Preclinical 
(in vitro) 
 
Phase Ib/II 

Positive 
 
 
Positive 

2016-10-11 (47)  
 
 
Started 2013-06 

Abemaciclib Vemurafenib B-RAF Melanoma Preclinical 
(in vitro 
and in vivo) 

Positive 2014-08-13 (48) 

Abemaciclib  Pembrolizumab  PD-1 Breast Cancer Phase Ib Positive 2020-05-20 (52) 

Palbociclib Gemcitabine DNA Pancreatic Ductal 
Adenocarcinoma 

Preclinical 
(in vitro) 

Negative 2014-07-26 
(45) 

Palbociclib 5-FU DNA Pancreatic Ductal 
Adenocarcinoma 

Preclinical 
(in vitro) 

Positive 2014-07-26 
(45) 
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Table 1: (continued).  

 
CDK4/6 
inhibitor 

 CDK4/6 inhibitor 

Combined with Targets Disease Phase Result Date of 
publication 

Abemaciclib Gemcitabine  DNA Lung cancer  Preclinical 
(in vivo) 

Positive 2014-06-13 (54)  

RO050124 Doxorubicin  DNA Neuroblastoma Preclinical 
(in vitro) 

Positive 2013-04-01 (57) 

Palbociclib Doxorubicin DNA Triple-Negative 
Breast Cancer 
(Rb-proficient) 

Preclinical 
(in vitro) 

Negative 2012-07-15 (58) 

Palbociclib Doxorubicin DNA Triple-Negative 
Breast Cancer 
(Rb-deficient) 

Preclinical 
(in vitro) 

Neutral 2012-07-15 (58) 

Palbociclib Carboplatin  DNA Breast Cancer 
(Rb-proficient) 

Preclinical 
(in vivo) 

Negative 2012-02-01 (64) 

Palbociclib Carboplatin  DNA Breast cancer 
(Rb-deficient) 

Preclinical Neutral 2012-02-01 (64) 

Cdk4-I by 
Calbiochem  

Radiotherapy DNA Cancer Stem Cells Preclinical 
(in vitro) 

Positive 2012-07-04 (65) 

Palbociclib Radiotherapy DNA Breast Cancer Preclinical 
(in vitro) 

Positive 2013-06-25 (66) 

 

3. Discussion  
A lot of research has been conducted combining CDK4/6 targeting with other therapies to improve 

anti-tumor activity in various types of cancer. In order to combine PROTACs with another therapeutic 

agent as a future treatment strategy for pediatric neuroblastoma  patients, various considerations 

should be made. Fox example, since a substantial number of pediatric neuroblastoma patients achieve 

long-term survival, radiotherapy is not frequently used, since it induces severe cellular damage (1, 67). 

This damage can lead to late adverse effects, such as growth abnormalities or diabetes mellitus (67). 

Secondly, altered protein expression is often the cause of pediatric cancer, whereas adult is often 

caused by mutated proteins, meaning that pediatric patients only express a small number of tumor-

specific targets. In this review, combination therapies have been described that target different 

pathways and/or systems, besides CDK4/6. Some of the described combinations are more likely to 

affect tumor progression in neuroblastoma than others as a result of the genomic background of 

neuroblastoma. Therefore, some might be worthwhile investigating in contrast to others. As previously 

mentioned, recurrent somatic mutations in genes like ATRX, ALK and PTPN11 are frequently found in 

high risk neuroblastoma patients, of which oncogene ALK is most frequently mutated (10, 11). 

Amplification of the oncogene MYCN is found in approximately 20% of neuroblastoma patients, and is 

strongly correlated to high risk-disease and poor clinical outcome (10, 6). Additionally, there are 

multiple growth factors, transcription factors and kinases known that play an important role in 

neuroblastoma.  

Most research on endocrine therapies combined with CDK4/6 inhibitors has been conducted focusing 

on breast cancer (33, 36, 39, 41). Considering that most of these therapies target HER2 or ER, which 

are not known to play a predominant role in pediatric neuroblastoma, it is not likely that one of the 

reported endocrine therapy combinations could have an additive effect for neuroblastoma treatment.  
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A strategy for anti-tumor therapy is targeting CDK4/6 together with the PI3K/AKT/mTOR pathway. Cell 

survival kinases that play a role in the cell survival pathways of multiple cancers including 

neuroblastoma are PI3K, FAK, AKT and ALK (68). AKT phosphorylation is more abundant in 

neuroblastoma cells compared to normal tissue, which correlates with an advanced stage of disease 

and amplification of the oncogene MYCN (45, 47). Cells with upregulated PI3K/AKT show less apoptosis 

compared to cells with normal PI3K/AKT levels (45). As previously described, the PI3K/AKT/mTOR 

pathway activates cyclin D to form a complex with CDK4/6 (Figure 1) (45). Targeting components of 

this pathway in combination with CDK4/6 inhibitors can lead to an enhanced effect, as is shown in a 

study described in 2.2.3, where PI3K/AKT/mTOR inhibitors dactociclib, AZD0855 and apitolisib were 

used in combination with palbociblib for pancreatic ductal adenocarcinoma (45). Targeting this 

pathway in neuroblastoma could possibly enhance the effect of CDK4/6 inhibitors, as it will suppress 

the same pathway and thereby encounter cells that could escape CDK4/6 inhibitors (45).  

Another interesting strategy is to target CDK4/6 together with MYCN, the dominant oncogene in 

neuroblastoma (69). There are no clinically approved inhibitors of MYCN, so only indirect targeting of 

MYCN is possible (69). MYCN is an unstable protein, of which its stability is regulated by multiple 

pathways. One of the main components that regulates MYCN stability is PI3K. PI3K can activate AKT, 

which can phosphorylate GSK3ß and thereby suppress the kinase activity of GSK3ß. Subsequentially, 

phosphorylation of MYCN-T58 is decreased, which is essential for targeted proteasome degradation. 

When PI3K is inhibited, MYCN is destabilized and tumor growth is suppressed (69). Additionally, 

activation of AKT by PI3K promotes cell growth and survival and is reported as a strong prognostic 

indicator of a lethal outcome in neuroblastoma patients (70). As described in 2.2.3, inhibition of PI3K 

combined with CDK4/6 inhibitors showed additive anti-tumor effects (45). This combination can be a 

very promising therapeutic strategy in neuroblastoma since the dominant oncogene MYCN is targeted 

indirectly, together with CDK4/6.  

Targeting the RAS/RAF/MEK/ERK pathway may also lead to an additive effect when combined with 

CDK4/6 inhibitors for neuroblastoma. As described in 2.3.1, B-RAF targeting combined with CDK4/6 

inibitors can lead to an additive effect. Somatic mutations in B-RAF, although rarely, have been found 

in neuroblastoma, indicating that combined CDK4/6 and B-RAF targeting could be an interesting 

strategy (12). Additionally, it is known that when extracellular signal-related kinase 1 (ERK1) is 

inhibited, tumor growth is arrested in neuroblastoma (71). ERK1 activity can be suppressed by using a 

MEK1/2 inhibitor (71). Studies described in 2.2.3 and 2.3.1, combined CDK4/6 inhibitors with MEK1/2 

inhibitors AZD8330 or binimetinib for pancreatic ductal adenocarcinoma and neuroblastoma, 

respectively (45)(47). Both studies have shown that the combination has a synergistic effect in their 

respective cancer models. A phase Ib/II clinical trial (n=102) has been started in June 2013, using oral 

ribociclib and binimetinib to treat NRAS-mutant melanoma patients (NCT01781572) (72). The 

maximum tolerated dose was the primary objective of phase Ib, and the evaluation of 

pharmacodynamics, efficacy and safety were secondary objectives. Results showed that the maximum 

tolerated dose was 600 mg ribociclib and 45 mg binimetinib for a 21 day cycle and 200 mg ribociclib 

and 45 mg binimetinib for a 28 day cycle (72). At these doses, treatment had a favorable efficacy and 

manageable safety profile for NRAS-mutant melanoma patients. Since the phase Ib/II clinical trial for 

NRAS-mutant melanoma patients showed promising results, binimetinib with ribociclib could be an 

effective combination therapy for neuroblastoma patients.   

An overarching strategy to affect the multiple pathways mentioned above, is to target anaplastic 

lymphoma kinase (ALK). ALK regulates the balance between cell differentiation and cell proliferation 

(14). Signaling of ALK in neuroblastoma goes through the RAS/RAF/MEK/ERK, PI3K/AKT/mTOR and 

JAK/STAT3 pathways (Figure 6), meaning that targeting ALK will suppress multiple pathways that are 
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known to play a role in tumorigenesis (9). ALK is expressed in tissues of the developing peripheral and 

central nervous system, whereas expression on other tissues is limited (9). Overexpression of ALK is 

often found in neuroblastoma and ALK amplification is highly associated with MYCN co-amplification 

(9). Germline mutations in ALK can lead to familial neuroblastomas (<2%), but mutations in ALK also 

occur in 10-15% of the sporadic neuroblastomas (5)(14). In neuroblastoma, PHOX2B was the first gene 

identified with a predisposition mutation (14). PHOX2B can directly regulate ALK gene expression, 

meaning that mutations in PHOX2B can additionally lead to disruption in the same pathways (14). In 

sporadic neuroblastoma, mutations in PHOX2B are relatively rare (14). However, somatic ALK 

activating mutations (6-10%) or a high level of gene amplifications (3-4%) are found frequently, 

indicating that ALK is a dominant oncogenic driver in neuroblastoma (14). Ceritinib is a second-

generation ALK inhibitor that is also a potent IGFR1 inhibitor, although less strongly (9). The study of 

Wood et al., as described in 2.2.5, showed that combining ribociclib and ceritinib resulted in an 

increased cytotoxicity in neuroblastoma cells with mutant ALK compared to wild-type cells (11). In ALK 

F1245Q and F1174L-mutant cell lines and patient-derived xenografts, complete tumor regression was 

observed when therapies were combined compared to delayed tumor growth as a result of single drug 

treatment (11). In July 2016, a phase I clinical trial (n=131) was started for relapsed or refractory 

neuroblastoma patients, combining ribociclib and ceritinib (NCT02780128) (9). This clinical trial is 

estimated to be completed in June 2024, no data has been published yet. Based on this information, a 

CDK4/6 inhibitor combined with an ALK inhibitor, such as ribociclib and ceritinib, could be a promising 

therapy for neuroblastoma, since multiple pathways are suppressed that contribute to an uncontrolled 

cell proliferation (9, 11).  

Another type of therapy that can be combined with CDK4/6 inhibitors is immunotherapy, which has 

no direct relation to the previously described PI3K/AKT/mTOR or RAS/RAF/MEK/ERK pathways. 

Immunotherapy targeting PD-1 with humanized antibody pembrolizumab and CDK4/6 targeting with 

abemaciclib has been studied by Rugo et al. as described in 2.4.1 (52). Combining these inhibitors 

showed promising results in a phase I clinical trial with breast cancer patients (52). Additionally, 

research has been conducted into PD-1 targeting in pediatric brain and solid tumors (73). When PD-1 

binds to programmed death-ligand 1 (PD-L1), it suppresses T-cell activation. There is growing evidence 

for PD-L1 expression in pediatric neuroblastoma, possibly associated with a lower survival rate (73). A 

phase I/II clinical trial (NCT02304458) is currently in progress, where PD-1 inhibitor nivolumab is used 

in 10 neuroblastoma patients (73). No results are reported yet, as the clinical trial is estimated to be 

completed in October 2022. Considering that PD-1 targeting with pembrolizumab shows positive 

results in a phase Ib clinical trials for breast cancer (52), and a phase I/II clinical trial is currently ongoing 

using nivolumab for neuroblastoma (73), immunotherapy targeting PD-1 can be a promising 

combination therapy with CDK4/6 inhibitors as parallel treatment for pediatric neuroblastoma. 

Additionally, using chemotherapy together with CDK4/6 inhibitors could be an efficient therapeutic 

strategy for neuroblastoma. Various chemotherapeutics, such as doxo, can be used for neuroblastoma 

treatment (57). In a study of Gogolin et al., described in 2.5.3, CDK4/6 inhibitor RO050124 was 

combined with doxo using neuroblastoma cell lines (57). An additive effect on cell viability reduction 

was observed when the therapies were combined compared to single drug treatment (57). Although 

RO050124 is not an approved agent for neuroblastoma, doxo combined with another approved 

CDK4/6 inhibitor may be promising. This is supported by other studies describing the combination of 

doxo with CDK4/6 inhibitor palbociclib showing synergy (58). Other described chemotherapeutic 

agents combined with CDK4/6 inhibitors, such as 5-FU and gemcitabine, are not used for 

neuroblastoma treatment (45). However, combining chemotherapy with CDK4/6 inhibitors could be a 

very efficient and promising combination therapy for neuroblastoma (58).   
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4. Conclusion  
Looking at therapeutic combinations with CDK4/6 inhibitors described in this review, multiple options 

seem highly promising as a strategy for neuroblastoma therapy. A possibility is to use an agent that is 

in line with the cell cycle pathways. In this case, ALK targeting seems highly promising, since it is at the 

top of multiple important signaling pathways, leading to an suppressed tumor growth. On top of that,  

ALK inhibition will suppress MYCN expression, one of the most dominant oncogenes of neuroblastoma. 

Supported by the fact that there is an ongoing clinical trial (NCT02780128) combining ALK and CDK4/6 

inhibition in neuroblastoma patients, targeting ALK combined with a CDK4/6 targeting PROTAC could 

be very promising. Another promising strategy would be to target PI3K, which indirectly targets MYCN 

by suppressing its stability. Combining a CDK4/6 targeting PROTAC with PI3K targeting therefore also 

seems highly effective, since the suppression of the main oncogenic driver MYCN will highly affect the 

prognosis. Thus, these findings provide an overview of highly promising combinations that can be 

made with CDK4/6 targeting PROTACs, to improve the treatment and prognosis for pediatric 

neuroblastoma patients. 

 

Figure 3: Signaling pathways activated by ALK. ALK signals though the JAK/STAT3, RAS/RAF/MEK/ERK, PI3k/AKT/mTOR -
pathways. Oncogene MYCN is also activated through ALK signaling. Adjusted from (9).  
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