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Methods: Using relevant search terms in PubMed, a list of original publications investi-
gating CDK4/6 in paediatric solid tumour types was identified based on relevancy criteria.
Each publication was annotated for the tumour type and categorised into separate proof-
of-concept (PoC) data modules. Based on rubrics, quality and experimental outcomes were
scored independently by two reviewers. A third reviewer evaluated and adjudicated score
discrepancies. Scores for each PoC module were averaged for each tumour type and visua-
lised in a heatmap matrix in the publicly available R2 data portal.

Results and conclusions: This CDK4/6 TAR, generated by analysis of 151 data entries from
71 publications, showed frequent genomic aberrations of CDK4/6 in rhabdomyosarcoma,
osteosarcoma, high-grade glioma, medulloblastoma, and neuroblastoma. However, a clear
correlation between CDK4/6 aberrations and compound efficacy is not coming forth from
the literature. Our analysis indicates that several paediatric indications would need
(further) preclinical evaluation to allow for better recommendations, especially regarding
the dependence of tumours on CDK4/6, predictive biomarkers, resistance mechanisms,
and combination strategies. Nevertheless, our TAR heatmap provides support for the rele-
vance of CDK4/6 inhibition in Ewing sarcoma, medulloblastoma, malignant peripheral
nerve sheath tumour and to a lesser extent neuroblastoma, rhabdomyosarcoma, rhabdoid
tumour and high-grade glioma. The interactive heatmap is accessible through R2
[r2platform.com/TAR/CDK4_6].

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Cancer remains the leading cause of disease-related
death in children and adolescents in Western Europe
[1]. Despite significant improvements in the overall
outcomes of some paediatric cancers over the last de-
cades, the discovery of novel, curative and less toxic
therapies is hampered by the rarity and heterogeneity of
these diseases (<1% of all cancers) [2]. Small patient
numbers and limited economic incentives complicate the
development of cancer-specific drugs for children.
However, global initiatives and recent changes in the
regulation, such as the Research to Accelerate Cures and
Equity for Children Act in the US and the obligatory
paediatric investigation plan in Europe, now oblige
companies to no longer ignore childhood cancers [3].
There certainly have been advances in the targeted
treatment of paediatric tumours in recent years [4],
though not as big as in adult cancer treatment,
compelling paediatric oncologists to turn to off-label use
of drugs approved for adults. This off-label use may not
only raise key ethical and legal concerns [5], but it also
precludes the systematic evaluation of drug efficacy.
This argues a strong case for the need to systematically
review proof-of-concept (PoC) preclinical data to match
paediatric tumour entities to the most promising thera-
peutic options. To address this, the target actionability
review (TAR) methodology [6] was previously estab-
lished as part of the innovative therapies for children
with cancer paediatric preclinical PoC platform (ITCC-
P4), an innovative medicines initiative 2-funded
public—private partnership between academic research
institutions and pharmaceutical companies [7]. In a pilot
TAR evaluating the MDM?2-TP53 pathway in primary
tumour data and preclinical models of paediatric

cancers, we demonstrated that the TAR methodology
provided the most comprehensive overview of available
preclinical data on targeting of MDM2 in paediatric
cancer to date [6]. To extend the TAR series within the
ITCC-P4 project, we applied the TAR methodology to
systematically review the published literature on CDK4/
6 and its inhibitors across a broad panel of 16 paediatric
solid and brain tumour types.

CDK4 and its homologue CDK6 are positive regu-
lators of cell cycle progression. Upon binding cyclin D,
the complex phosphorylates Rb protein, resulting in the
release of E2F transcription factors and the transcrip-
tion of genes involved in the G1/S transition. Currently,
three CDK4/6 inhibitors are approved by the FDA for
ER-positive, HER2-negative breast cancer: palbociclib,
ribociclib and abemaciclib. In addition, CDK4/6 inhi-
bition seems promising in other solid, as well as hae-
matological, adult cancers [8,9] and gains attention in
paediatric oncology. However, the systematic evaluation
of preclinical PoC data are currently still lacking for
CDK4/6 as a therapeutic target in paediatric tumours.

This TAR provides a comprehensive overview of the
available preclinical data on CDK4/6 in paediatric
cancers. By summarising and visualising the scores for
each tumour type as a heatmap, our review highlights
the strengths and gaps in the current preclinical
knowledge on CDK4/6 as a paediatric cancer target.

2. Methods

The TAR method was applied as described previously,
with four general steps: (1) extensive literature search for
papers on the therapeutic target + paediatric tumours of
interest, (2) critical evaluation and scoring of the papers,
(3) reviewer adjudication and (4) visualisation of PoC as
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Fig. 1. Overview of the methodology and the studies included in the CDK4/6 TAR. (a) Overview of the TAR methodology. Adapted with
permission from Schubert ez al. [6]. (b) Study selection process. (¢) Number of papers and entries per tumour entity. TAR, target

actionability review.

a heatmap (Fig. 1a) [6]. Briefly, the first and second re-
viewers searched PubMed for papers on CDK4/6 and
their inhibitors in paediatric solid and brain tumour
histologies. After reading the titles and abstracts of the
identified papers, the two reviewers agreed on a final list
of papers, which included all studies addressing at least
one critical appraisal question (CAQ) (Supplementary
Table 1). Both reviewers individually performed the full

assessment of these papers, i.e. determining the scores for
experimental quality and outcome (Tables 1 and 2) and
reporting the evidence in the online platform R2. Sub-
sequently, the two reviewers discussed scoring discrep-
ancies and agreed on the final scores. Blinded to these
scores, the third reviewer revised the same studies with
discordant scores, after which the adjudicated scores of
reviewer 1 + 2 and those of reviewer 3 were compared.
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Table 1
Rubric for scoring experimental quality.

Proof-of-concept module (PoC) Description

Scoring and criteria

PoC 1: CDK4 or CDK6 activation
in paediatric clinical series

Number of paediatric samples
Type of analysis

Methodology
Tumour cell viability
Biological pathway readout

PoC 2: tumour target
dependence in vitro

Model used
Tumour formation/growth
Biological pathway readout

PoC 3: tumour target
dependence in vivo

Number of cell lines
Measurement of PD markers
and/or phenotypic response

PoC 4: in vitro sensitivity to
compound/drug

PoC 5: in vivo activity of
compound/drug Measurement of PD markers

and/or phenotypic response

Confirmation of correlation
Patient selection

PoC 6: predictive biomarkers

Mechanism of resistance
Molecular analysis
Method to overcome resistance

PoC 7: resistance

PoC 8: combinations Concentrations tested

In vitro combination index values

In vivo combination

PoC 9: clinical trials (phase I-III) Compound tested

Patient cohort

Number and type of models used

3 n > 20 paediatric patient samples
>2 different methods OR next-generation sequencing

2 20 > n > 10 paediatric patient samples
>1 reliable method

1 n < 10 paediatric patient samples
1 method

3 Different methods to alter target expression in >3 cell lines
Phenotypic analysis of knockdown

2 Single method to alter target expression in <3 cell lines

Questionable alteration of gene expression

3 Transgenic mouse model or >2 different xenografts with

appropriate controls and/or different methods of genetic

modification in vivo (shRNA/CRISPR)

>2 different xenografts without appropriate control

1 xenograft model without appropriate control

5+ cell lines + >2 appropriate controls; validation

2-5 cell lines + >1 appropriate controls; validation

1 cell line and/or lack of control and/or validation

>2 xenograft models or 1 transgenic mouse model with

appropriate control; treatment with clinically relevant dose;

validation

2 1 xenograft model with appropriate control; treatment with
clinically relevant dose; validation

1 1 xenograft model OR use of supra-clinical dose levels; no
appropriate control or validation

3 Correlation molecularly confirmed in >2 models (e.g., silencing,
overexpression, etc.); patient selection

2 Correlation confirmed in one model

1 Correlation not confirmed

3 Reported resistance and comprehensive analysis and reversing/
overcoming resistance

2 Reported resistance and analysis of molecular changes
underlying/due to resistance

1 Only reporting resistance

3 >4 concentrations of each compound are tested (in vitro) and
synergy values calculated (e.g., CI); combination evaluated
in vivo

2 1-4 concentrations of each compound are tested (in vitro) and
synergy values calculated (e.g., CI); with or without evaluation
of combination in vivo

1 Only 1 concentration of each compound is tested; no evaluation
of combination in vivo

3 The drug targets only CDK4/6; patients <18 years with a
paediatric tumour

1 The drug has more targets (e.g., pan-CDK inhibitor); patients
>18 years with a paediatric tumour

—

W = N W =N

CI: combination index; strikethrough and underlined text indicate deviations from the original methodology as described in ref. 6.

The remaining discrepancies were resolved by the three
reviewers and the final heatmap was generated in R2
[r2platform.com/TAR/CDK4_6].

For this TAR, we made a few adjustments to the
standard methodology as defined in [6]. These changes
are underlined in the scoring tables for experimental
quality (Table 1) and experimental outcomes (Table 2).

3. Results

In this study, we applied the TAR methodology to
evaluate the potential actionability of CDK4/6 in pae-
diatric solid and brain tumours. To obtain a list of

papers that was as complete as possible with studies
addressing CDK4/6 or their respective inhibitors in
paediatric malignancies, we used only minimal key-
words as our search terms for PubMed (Table 3).
Using these search terms (search date: 24 November
2021), 394 unique papers were identified (Fig. 1b). Of
these, 18 (4.6%) were review papers and 30 (7.6%) were
case reports and thus excluded immediately. We further
filtered out 38 papers (9.6%) published before 2000,
based on our experience with previous TARs that older
publications typically used experimental techniques that
would score poorly on quality, thus having minimal
impact on the final heatmap. After reading the titles and
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Table 2

Rubric for scoring experimental outcomes.
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Proof-of-concept module (PoC)

Description

Scoring and criteria

PoC la: CDK4 or CDKG6 activation

Prevalence of CDK4 or CDK6 amplification,

3

More than 10% of the cohort with amplification/

in paediatric clinical series

gain or overexpression (OE)

PoC 1b: CDK4 or CDK6 activation

Expression of CDK4 or CDK6 (generally,

in paediatric clinical series

as determined by immunohistochemistry)

PoC 2: tumour target
dependence in vitro

PoC 3: tumour target
dependence in vivo
PoC 4: in vitro sensitivity

to compound/drug

PoC 5: in vivo activity of
compound/drug

PoC 6: predictive biomarkers

PoC 7: resistance

PoC 8: combinations

PoC 9: clinical trials

Level of dependency and phenotypic
recapitulation

Level of dependency and phenotypic

recapitulation

1Csy observed after 72hr exposure

In vivo tumour response

Correlation of biomarker status with the
anti-cancer activity of a targeted drug in
vitrolin vivo

Reported resistance with drug exposure

Synergy in combination testing at clinically
relevant dosages in relevant in vitro and/or
in vivo models

Phase 1

Phase 11

Phase I11

I—

gain/OE of either CDK4 or CDK6

Between 2-10% with amplification/gain/OE of
either CDK4 or CDK6

<2% of the cohort with amplification/gain/OE of
either CDK4 or CDK6

More than 10% of the cohort was positive for
CDK4 or CDK6

Between 2-10% of the cohort was positive for
CDK4 or CDK6

<2% of the cohort was positive for CDK4 or
CDK6

Full dependency (>75% cell death OR
transformation)

Partial dependency (<75% cell death OR altered
growth)

No dependency

Full dependency (CR) after knockdown/knockout
or transformation in GEMM

Partial dependency (<75% response)

No dependency

1C5p < 500 nM or < clinically relevant
concentration®

IC5p = 500—1500nM

ICs0 > 1500 nM

No activity (ICso > 10 pM)

Response comparable to PR/CR

Response comparable to SD

Very minor response (between SD and PD, slight
TGI)

No activity or clear PD, growth comparable to
control

A strong correlation (presence of biomarker results
in significantly different drug response)

A moderate correlation (presence of biomarker
results in different drug response, not significant)
No correlation (presence of biomarker does not
correlate with drug response)

Resistance reported at clinically relevant
concentration/dose and identification/description
of mechanism

Resistance reported with no mechanism

Strong synergy reported — combination index (CI)
<0.5

Moderate synergy/additive effect - CI 0.5—0.9
Very minor synergy/additive effect observed - CI
0.9—-1.1

No combination benefit

Toxicity profile was acceptable®, RP2D identified
and early efficacy observed

DLT was observed with still acceptable safety and
no efficacy was observed

Toxicity profile was not acceptable

The efficacy observed was greater than historical
ORR, DoR, and/or PFS and acceptable toxicity
Limited efficacy observed above the historical
ORR, DoR, and/or PFS and acceptable toxicity
No efficacy observed and/or unacceptable toxicity
Added efficacy over SOC in appropriate pivotal
trial with acceptable benefit/risk profile.The

new drug is now part of SOC.
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Table 2 (continued)

Proof-of-concept module (PoC) Description

Scoring and criteria

1 Added efficacy over SOC but new agent not part of
SOC, due to trial design issues and/or benefit/risk
assessment

-3 Insufficient efficacy in a pivotal trial

Amplification: >8 copies, based on next-generation sequencing (NGS) techniques, array CGH, FISH or Southern blotting; gain: 2,5—8 copies,
based on NGS techniques, array CGH, FISH or Southern blotting; overexpression: z-score >2 in the related cohort. If definitions are not clearly
mentioned in papers, it is assumed that the authors used similar definitions, CR: complete regression, the disappearance of tumour; PR: partial
regression, >30% decrease of tumour volume; SD: stable disease, neither PR nor PD criteria met; PD: progressive, disease, >20% increase of
tumour volume; TGI: tumour growth inhibition; criteria based on RECIST criteria [10]; underlined text indicates deviations from the original

methodology as, described in ref. 6.

RP2D: recommended phase 2 dose; DLT: dose-limiting toxicity; ORR: overall response rate; DoR: duration of response; PFS: progression-free
survival; SOC: standard-of-care, NB: if publications did not address the experimental outcomes according to these criteria, the outcomes were

estimated and scored based on this table.

# Clinically relevant concentration: the dose that corresponds to the maximum plasma concentrations reached in patients without signs of

toxicity.

® Toxicity profile is acceptable if adverse events are not life-threatening (no higher than Grade 3 based on the Common Terminology Criteria

for Adverse Events) [11].

Table 3
Search terms.

General search terms

“(histology[Title/Abstract]) AND (CDK4[Title/Abstract])”

# publications

“(histology[Title/Abstract]) AND (CDK6[Title/Abstract])” identified
“(histology[Title/Abstract]) AND (palbociclib[Title/Abstract])”
“(histology[Title/Abstract]) AND (ribociclib[Title/Abstract])”
“(histology[Title/Abstract]) AND (abemaciclib[Title/Abstract])”
Histologies  neuroblastoma (NBL) “neuroblastoma” 63
rhabdomyosarcoma (RMS) “rhabdomyosarcoma” 38
synovial sarcoma (SS) “synovial sarcoma” 8
malignant peripheral nerve “MPNST” 15
sheath tumour (MPNST)
Ewing sarcoma “Ewing” 20
Osteosarcoma “osteosarcoma” 141
atypical rhabdoid tumour (ATRT)/ “rhabdoid” 11
malignant rhabdoid tumour (MRT)
Wilms tumour (WT)/nephroblastoma “Wilms” 4
“nephroblastoma”
hepatoblastoma (HB) “hepatoblastoma” 5
inflammatory myofibroblastic tumour (IMT)  “inflammatory myofibroblastic tumor” 5
extracranial germ cell tumour (GCT) “germ cell tumor” 9
retinoblastoma (RB) “retinoblastoma” 5
high-grade glioma (HGG)/low-grade “glioma 45
glioma (LGG)
ependymoma (EPN) “ependymoma” 6
medulloblastoma (MB) “medulloblastoma” 38

& “AND (pediatric OR child)” was added to the search terms in an attempt to exclude papers on adult gliomas.

abstracts of the remaining 308 publications, another 199
papers were excluded. Most of these excluded studies
did not focus on CDK4/6 (inhibitors) or did not include
any paediatric patients. Finally, 109 papers (27.7%) were
left for a full assessment. 37 more papers were excluded
(reasons included adult-only patient cohorts, none of the
CAQs was addressed, the study used a non-targeted
compound or miRNA), resulting in 72 papers (152
data entries) that were scored. Of all data entries, 64
(42.1%) were discordant after the assessment by the first
two reviewers. Following the third reviewer’s assess-
ment, 40 (26.3%) data entries still had discrepant scores.
Subsequently, discrepancies were discussed between the
three reviewers and a consensus was reached for all data

entry scores. One additional paper was excluded because
it did not clearly fit one of the PoC modules, resulting in
a final heatmap with 151 data entries from 71 papers.
The TAR revealed that the most studied cancers were
osteosarcoma (OS), neuroblastoma (NBL), medullo-
blastoma (MB) and rhabdomyosarcoma (RMS),
whereas no relevant studies on CDK4/6 (inhibitors)
were found for hepatoblastoma (HB), inflammatory
myofibroblastic tumour (IMT), extracranial germ cell
tumour (GCT) and retinoblastoma (RB) (Fig. 1c). Only
six studies (8.5%) addressed more than one tumour en-
tity (Supplementary Figure la) and 13 studies (18.3%)
included one or more tumour subtypes (e.g., different
subtypes of MB) (Supplementary Figure 1b). The
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sensitivity of cell lines to CDK4/6 inhibition (PoC 4) was
the most studied module, with a total of 36 out of 151
entries (23.8% - 31 papers), closely followed by CDK4/6
amplification/gain/overexpression (PoC 1a) with 34 en-
tries (22.5% - 26 papers) (Fig. 2a). The final heatmap is
shown in Fig. 2b.

For PoC 1, we grouped target amplification, gain,
and overexpression into one module (PoC 1la) and
distinguished it from target protein expression (PoC 1b)
because studies of DNA/RNA typically show or imply
concomitant protein overexpression. OS was the entity
most frequently addressed in PoC la. However, out-
comes were contradictory, which may partly be caused
by mixed patient cohorts with both paediatric (<18
years) and adult cases. In such cases, we lowered the
quality scores of PoC 1 by one point to adjust for the
fact that adult cases may inflate the actual occurrence of
an aberration and consequently the scored outcome
[12,13]. CDK4 copy number variation frequencies of
~10% were reported by three next-generation
sequencing studies [14—16]. In RMS, CDK4 amplifica-
tion might be more frequent, especially in the alveolar
subtype (26.1%) as opposed to the embryonal subtype
(7.5%) [17—19]. For NBL, CDK4 amplification was
studied in larger cohorts (ranging from 82 to 628 pae-
diatric patients per study) but seems to be rare (<1.3%)
[20—22]. Nonetheless, elevated CDK4 levels were shown
to correlate with poor survival in NBL, which is why we
increased result scores to +1 [20]. Evidence from this
TAR suggests that amplification of CDK6 is more
frequent than CDK4 in brain tumours, contrary to solid
tumours [23]. Overall, overexpression of CDK4/6 seems

to be more frequent than gains, which are more frequent
than amplification. Moreover, CDK4 status was studied
almost 2.5 times more than CDK6 status. In summary,
there was strongest evidence (average score of >3)
supporting higher levels of CDK4/6 in RMS, malignant
peripheral nerve sheath tumour (MPNST), Wilms
tumour (WT), high-grade glioma (HGG) and low-grade
glioma (LGG).

12 entries (7.9%) were included for tumour target
dependence in vitro (PoC 2), compared to only three
(2.0%) for tumour target dependence in vivo (PoC 3);
two studies examined both. Eight papers addressed
CDK4 knockdown/knockout, as opposed to CDK6
knockdown in seven papers. Overall, quality scores for
PoC 2 were moderate due to the use of few cell lines,
single knockdown methods or the absence of rescue
experiments. While either knockdown resulted in
decreased cell viability and proliferation, as well as cell
cycle arrest and reduced levels of (phosphorylated) pRb,
one NBL study found that the effect was lower for
CDK6 knockdown [20]. The biggest effect, i.e. >75% cell
death upon CDK4 knockdown, was seen for ES and OS
[24,25].

Tumour target dependence in vivo (PoC 3) was only
studied in RMS (CDK4) and MB (CDK6). Mice
intramuscularly injected with RMS cells with inducible
CDK4 knockdown showed reduced tumour growth
compared to control mice [19]. Constitutive over-
expression of CDK6 in orthotopic MB xenografts (MB
subgroups were one SHH, one former PNET) led to
tumour development and shorter survival times [23],
whereas another study with transgenic models reported
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Fig. 2. Overview of the entries included in the CDK4/6 TAR. (a) Number of entries included per PoC module and tumour entity. (b)
Heatmap showing the average scores of all entries made for this CDK4/6 TAR. Numbers indicate the number of included publications.
Interactive versions of both figures are accessible through R2 [r2platform.com/TAR/CDK4_6]. PoC, proof-of-concept, TAR, target

actionability review.
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reduced tumour size and prolonged survival after Cre-
mediated homozygous CDK6 knockout [26]. The posi-
tive evidence for in vitro target dependence suggests that
OS and ES should be further evaluated in an in vivo
context. Notably, future studies should also aim to
evaluate tumour target dependence in other tumour
entities.

A total of 31 papers reported testing CDK4/6 in-
hibitors in vitro (PoC 4); 45.2% of these also included
in vivo studies. Palbociclib was the most studied com-
pound with 23 reports, whereas five studies tested
ribociclib and six abemaciclib. Of these, three studies
tested more than one CDK4/6 inhibitor. CDK4-specific
inhibitors CAS 546102-60-7 and fascaplysin were each
used in one study [27,28].

Palbociclib efficacy varied between studies addressing
the same entity. There were only three studies that used
more than five cell lines, reporting 1Csq values lower
than 500 nM in >10% of NBL and HGG cell lines
[29—31]. Atypical rhabdoid tumour/malignant rhabdoid
tumour (ATRT/MRT) cell lines were sensitive in three
studies that scored lower for quality due to the number
of cell lines used [32—34], whereas HGG cell lines
seemed rather insensitive [35,36]. For other tumour
types, results were mostly conflicting or only based on
one study. Ribociclib efficacy in vitro was studied in four
high-quality  studies, showing good responses
(ICso < 500 nM) in NBL [31,37] and ES [24] cell lines
but only moderate efficacy in RMS cells [19]. Abema-
ciclib treatment was mainly effective in ES [38], NBL
[31] and OS [39] cell lines. Two studies (in NBL and
EPN) showed superior efficacy of abemaciclib compared
with palbociclib or both other CDK4/6 inhibitors
[31,40]. Overall, the only entity that scored negatively
for PoC 4 is GCT, all other studied entities have average
scores between 0.8 (HGG) and 5.7 (ES). Most robust
results were seen for NBL, ES and HGG. Studies that
scored lower for quality may suggest that CDK4/6 in-
hibitors are less effective in these tumour entities, but
this could be explained by the low number of cell lines
included in these studies since we noticed that studies
with more cell lines typically also had higher result
scores. CDK4/6 inhibition may also be of value in
ATRT/MRT, SS, OS, MB and RMS.

The in vivo activity of CDK4/6 inhibitors (PoC 5) was
assessed by 19 papers, resulting in 20 entries (13.2%).
Again, palbociclib was the most studied with 12 papers,
followed by abemaciclib (3 studies) and ribociclib (3
studies); and one comparing palbociclib with abemaci-
clib. Palbociclib treatment (100—150 mg/kg/day orally)
resulted in complete remission in MB PDX models
(SHH and Group 3) [41]. High-quality studies demon-
strated stable disease (SD) in HGG K27M xenografts
[30] and MPNST [42]. Interestingly, in the latter study a
much lower dose, namely 25 mg/kg/day, was used. In
other tumour types, treatment with palbociclib only led
to growth inhibition. Ribociclib (75—250 mg/kg/daily)

gave the best response (SD) in RMS (ARMS PAX3)[19]
and ES [24], while abemaciclib treatment (50 mg/kg/
daily) led to SD only in ES [38]. A comparison of pal-
bociclib and abemaciclib treatment in an MB mouse
model revealed superior tumour growth-inhibiting po-
tential for palbociclib [26].

Overall, MB, MPNST, ES, RMS, ATRT/MRT and
HGG received average scores > 0 for in vivo (mouse)
studies (all SD with the exception of CR in MB SHH
and Group 3). Of these, only MB scored high (>3).
Other tumour types received either an average score of
0 due to conflicting results (NBL, RMS, ATRT/MRT
and HGG) or a negative score (OS and, based on a
single study, EPN).

Papers addressing biomarkers (PoC 6) or resistance
mechanisms (PoC 7) were limited, with only eight entries
(5.3%) and 2 entries (1.3%), respectively. While M YCN
amplification had biomarker potential for ribociclib
sensitivity in NBL, this was not the case for CDK4
levels, MDM2 levels or ALK, TP53, RBI or CDKN2A
mutations [31,43]. CDKN2A mutations did also not
correlate with CDK4/6 inhibitor sensitivity in RMS [44],
whereas knockdown of pl6INK4a (one of the genes
encoded by the CDKN2A locus) did significantly in-
crease the sensitivity of one MRT cell line to palbociclib
[32]. In OS, there is some evidence that pRb function
and CDK4 levels correlate with sensitivity [16,39]. In
ATRT cell lines, on the other hand, there was no cor-
relation with CDK4 but with cyclin D1 [34]. Addition-
ally, knockdown of RABL6A, a Ras-family oncogene,
reduced palbociclib sensitivity in three MPNST cell lines
[42]. A genome-scale open reading frame screen in two
ES cell lines showed that IGF1R overexpression occurs
after prolonged treatment with ribociclib, resulting in
increased resistance [45]. A genome-wide CRISPR
screen in two MB SHH cell lines identified RPL10 and
RPL23A as drivers of resistance upon prolonged treat-
ment with abemaciclib [46].

CDK4/6 inhibitors were combined with different
types of treatment: chemotherapy, radiation, other tar-
geted compounds and gene knockdown. In total, 25
entries (16.6%) were made for PoC §; eight combina-
tions were only tested in vitro and six only in vivo. Of the
chemotherapeutics combined with CDK4/6 inhibitors,
only doxorubicin showed some synergistic effects
[38,39,47]. The addition of radiotherapy to palbociclib
treatment was shown to be synergistic in ATRT, MB
and HGG [33,35,48,49]. The CDK4 inhibitor
CAS546102-60-7 strongly synergised with DZNep
(EZH2), MLN8054 (aurora kinase inhibitor) or borte-
zomib (protease inhibitor) in rhabdoid tumours [27].
Other synergistic combinations were CDK4/6
inhibitors + ALK inhibitors in NBL and RMS [44,50],
palbociclib + temsirolimus (mTOR inhibitor) in HGG
[36] and palbociclib + sorafenib (multikinase inhibitor)
in OS [51]. In addition, combined inhibition of CDK6
and HSD11B2, an enzyme that produces smoothened-
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activation lipids, was synergistic in MB SHH mouse
models [46]. Combined targeting of CDK4/6 and MEK
in NFI-mutant NBL [43], JQ1 in M YC-driven MB [52]
and CDK1/2/5/9 in MPNST [42] may also be of interest.

Our search identified three clinical studies, up to
phase II. The phase I trial for ribociclib included 15
NBL and 15 MRT patients (we excluded the only RMS
patient, as this would resemble a case study) and re-
ported a maximum tolerated dose of 470 mg/m? and a
recommended phase II dose (RP2D) of 350 mg/m?/
d [53]. Stable disease was reached in 7/15 NBL and 2/15
MRT patients. The same dose was used in phase I/II
trial with 10 newly diagnosed DIPG (HGG K27M
mutant) patients following radiotherapy [54]. Nine pa-
tients progressed and one patient discontinued treat-
ment after course 14. Both studies reported manageable
adverse events, with neutropenia being the most
frequent (up to 90%). The third trial was a phase 11
study examining palbociclib treatment in 34 patients
with grade 3 oligodendroglioma (HGG) >18 years of
age [55]. Given the age of the patients, this study
received a low quality score. Moreover, the study was
discontinued early owing to a lack of efficacy.

Overall, the results of this TAR reveal that extensive
preclinical work is still necessary to determine the rele-
vance of targeting CDK4/6 in paediatric cancers. In-
formation on CDK4/6 aberration frequencies is
unknown for ATRT/MRT, HB, IMT, GCT, RB and
EPN or based on a single publication in SS, MPNST,
ES, WT and LGG. The dependency of tumours on these
oncogenes is also barely investigated in paediatric can-
cers. Compound sensitivity should be (further)
addressed in all tumour types, especially in vivo, and
particularly in SS, WT, HB, IMT, GCT, RB, LGG and
EPN. Future studies should also focus more on the
identification of biomarkers and combinatorial
approaches.

4. Discussion

The goal of the ITCC-P4 consortium is to accelerate
evidence-driven paediatric cancer drug development by
prioritising drugs currently undergoing preclinical
investigation (or drugs repurposed from adult malig-
nancies) for clinical development in children suffering
from cancer. In this study, we applied the previously
established TAR methodology to evaluate the potential
actionability of CDK4/6 in paediatric solid and brain
tumours. Based on our experience of having a high
percentage of discordant scores between the two re-
viewers, we suggest to adapt the TAR methodology by
performing a ‘pilot adjudication’ after the first ten pa-
pers that are fully scored (Supplementary Figure 2). This
initial comparison will help in identifying pitfalls and
different approaches at an early stage, aligning the
scoring, and will ultimately result in fewer discordant
scores.

Evidence from this TAR suggests that CDK4/6 ab-
errations occur in RMS, OS, HGG and MB, and at
lower frequencies also in NBL. For most other in-
dications, our search strategy did not capture any or
more than one publication(s) reporting aberration fre-
quencies. Overexpression seems to occur more
frequently than gain or amplification of CDK4/6, sug-
gesting that other mechanisms may contribute to higher
levels. It is important to realise that lower incidence
rates of certain tumour types could possibly result in
smaller sample sizes, thus adding a bias to the quality
and the overall score of modules.

There is still a lot of uncertainty regarding the cor-
relation between higher CDK4/6 levels and drug sensi-
tivity. Four studies examined this correlation, but the
biomarker status of CDK4 could only be confirmed in
OS [16]. Cell lines included in PoC 4 and 5 had all sorts
of genetic backgrounds and the relatively low incidence
of CDK4/6 aberrations makes it difficult to draw con-
clusions. The ambiguous effect of CDK4/6, as well as
pl6/CDKN2A, was also reported in adult malignancies
[56—59]. As reviewed recently, CDK4/6 overexpression
or amplification even correlated with resistance in some
adult cancer models [57]. Our included studies suggest
only MYCN as putative biomarkers for CDK4/6 in-
hibitor sensitivity, indicating that further research on
biomarkers is needed to select the best patient cohort for
this intervention. Moreover, not only the dependency on
CDK4/6 overexpression but also its exact contribution
to the development or proliferation of tumours should
be further investigated.

Frequently, tumour entities which scored positively in
PoC 4 (in vitro sensitivity) scored negatively or at least
much lower in PoC 5 (in vivo sensitivity), as was the case
for NBL, RMS, ES, OS, ATRT/MRT, HGG and EPN.
These findings suggest that in vitro studies alone are not
always predictive of drug efficacy in vivo, highlighting
the necessity of in vivo studies. Based on the included
studies, CDK4/6 inhibition may be most promising in
MPNST, ES and MB (especially SHH and Group 3).
Clinical data showed that CDK4/6 inhibitors are toler-
ated at relatively high doses, with a maximum tolerated
dose of 470 mg/m? for ribociclib and an RP2D of
350 mg/m?, which are comparable to those in adults [53].
Moreover, ribociclib shows good central nervous system
penetration [60]. Therefore, entities that scored lower for
these modules (mainly NBL, RMS, ATRT/MRT and
HGQG) may also still benefit from CDK4/6 inhibition,
although secondary target inhibition should be exam-
ined and prevented. While two studies reported superior
in vitro efficacy of abemaciclib, assumptions on the most
efficient CDK4/6 inhibitor in vivo are not possible based
on the results of this TAR. However, the MAST study
(https://braid.stjude.org/masttour/), which was not
found using our search terms, shows that ribociclib
has superior efficacy over palbociclib in paediatric
solid cancers [61].
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That hardly any in vivo drug sensitivity studies or the
clinical trials were able to achieve a response better than
stable disease shows that combination therapies may be
necessary to achieve objective responses. Based on cur-
rent preclinical evidence, CDK4/6 inhibitors in combi-
nation with ALK inhibitors in ALK-driven tumours,
radiation therapy or chemotherapy (mainly doxoru-
bicin) should be prioritised for clinical development. The
combination of CDK4/6 inhibitors with chemotherapy
indeed shows clinical promise [62]. A key finding reveals
the mechanism by which CDK4/6 inhibitors impair re-
covery from DNA damage induced by chemotherapies
that require cycling cells for their activity, suggesting
that CDK4/6 inhibitors should be applied after and not
before cytotoxic chemotherapy [63]. Additionally, the
search for other tumour-specific genetic dependencies
that are synergistic with CDK4/6 inhibition should
continue.

All three CDK4/6 inhibitors are currently tested in
several paediatric clinical trials and included in different
precision medicine programs for children with CDK4/6
amplification or a homozygous loss of CDKN2A.
Several of these studies or programs use abemaciclib,
even though our results show that published preclinical
evidence for this drug is still sparse. This disproportion
may indicate that results with palbociclib/ribociclib are
sometimes extrapolated. Future (pre)clinical studies will
have to show whether extrapolation is appropriate,
especially given the broader target spectrum of abema-
ciclib [64].

For clinical trials to succeed, optimal target group
selection, taking the molecular status into account, is
pivotal. Unfortunately, the data from this TAR shows
that preclinical evidence for a positive biomarker status
of CDK4/6 aberrations and CDKN2A loss is still scarce
and contradictory. Their exact influence on CDK4/6
inhibitor sensitivity will need to be further addressed in
future studies. Given the complexity of cell cycle regu-
lation, future studies may also want to look at predictive
gene signatures instead of single gene biomarkers.

In conclusion, the heatmap generated from the
CDK4/6 TAR reveals that preclinical data are still
lacking for many paediatric tumour entities. Indicated
by < 2 publications, intensive work across all PoC data
modules is necessary for WT, HB, IMT, GCT, RB,
LGG and EPN, while for most other tumour types,
research should mainly focus on unravelling the
dependence of a tumour on CDK4/6 and the identifi-
cation of biomarkers, resistance mechanisms and com-
bination therapies. Researchers should also be
encouraged to differentiate between tumour subtypes
where this is applicable. Our data suggest that CDK4/6
inhibition might be most relevant for MPNST, ES and
MB (SHH and Group 3) patients, but patients with
NBL, RMS, ATRT/MRT and HGG may benefit from
this targeted treatment as well. Whether this is indeed
the case, will have to be addressed in future clinical

studies. The full TAR data is summarised in one pub-
licly accessible online application [r2platform.com/
TAR/CDK4_6], where all data can be interactively
explored and evaluated.

Author contributions

Nil A. Schubert: methodology, investigation, writing —
original draft, visualization Celine Y. Chen: investiga-
tion, writing — original draft Ana Rodriguez: method-
ology, investigation, writing — review & editing, project
administration Jan Koster: software, data curation,
writing — review & editing, visualization Michele
Dowless: investigation Stefan M. Pfister: supervision,
writing — review & editing David J. Shield: supervision
Louis F. Stancato: supervision, writing — review &
editing Gilles Vassal: supervision Hubert N. Caron:
methodology, supervision Marlinde L. van den Boo-
gaard: supervision, writing — review & editing Anton G.
Henssen: supervision, writing — review & editing Jan J.
Molenaar: methodology, supervision, writing — review
& editing.

Funding

This project has received funding from the Innovative
Medicines Initiative 2 Joint Undertaking under Grant
Agreement No 116064 (www.itccp4.eu). This Joint Un-
dertaking receives support from the European Union’s
Horizon 2020 research and innovation programme and
the European Federation of Pharmaceutical Industries
and Associations. In addition, this project has received
funding from the European Research Council (ERC)
under the European Union’s Horizon 2020 research and
innovation programme under grant agreement No.
716079 Predict and KiKa (Children Cancer-free Foun-
dation) grant 189. A.G.H. is supported by the Deutsche
Forschungsgemeinschaft (DFG, German Research
Foundation) — 398299703 and the European Research
Council (ERC) under the European Union’s Horizon
2020 research and innovation program (grant agreement
No. 949172).

Conflict of interest statement

The authors declare the following financial interests/
personal relationships which may be considered as po-
tential competing interests: MD and LFS are full-time
employees of Eli Lilly and Company. AR and HNC are
full-time employees of Hoffmann-La Roche. DJS is a
full-time employee of Pfizer. All remaining authors have
declared no conflicts of interest

Appendix A. Supplementary data

Supplementary data to this article can be found online
at https://doi.org/10.1016/j.ejca.2022.04.028.


http://r2platform.com/TAR/CDK4_6
http://r2platform.com/TAR/CDK4_6
https://doi.org/10.1016/j.ejca.2022.04.028

206

N.A. Schubert et al. | European Journal of Cancer 170 (2022) 196—208

References

[1] Syrimi E, Lewison G, Sullivan R, Kearns P. Analysis of global

pediatric cancer research and publications. J Glob Oncol 2020;
2020:9—18. https://doi.org/10.1200/JGO.19.00227.

[2] Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA

Cancer J Clin 2018;68:7—30. https://doi.org/10.3322/caac.21442.

[3] Penkov D, Tomasi P, Eichler I, Murphy D, Yao LP, Temeck J.

Pediatric medicine development: an overview and comparison of
regulatory processes in the European union and United States.
Ther Innov Regul Sci 2017;51:360. https://doi.org/10.
1177/2168479017696265.

[4] Butler E, Ludwig K, Pacenta HL, Klesse LJ, Watt TC, Laetsch TW.

Recent progress in the treatment of cancer in children. CA Cancer J
Clin 2021;71:315—32. https:/doi.org/10.3322/CAAC.21665.

[5] Lenk C, Duttge G. Ethical and legal framework and regulation

[10

(11

[12

[13

[14

(15

[16

]

]

for off-label use: European perspective. Therapeut Clin Risk
Manag 2014;10:537—46. https://doi.org/10.2147/TCRM.S40232.
Schubert NA, Lowery CD, Bergthold G, Koster J, Eleveld TF,
Rodriguez A, et al. Systematic target actionability reviews of
preclinical proof-of-concept papers to match targeted drugs to
paediatric cancers. Eur J Cancer 2020;130:168—81. https:
/ldoi.org/10.1016/j.ejca.2020.01.027.

Zwaan CM, Kearns P, Caron H, Verschuur A, Riccardi R,
Boos J, et al. The role of the “innovative therapies for children
with cancer” (ITCC) European consortium. Cancer Treat Rev
2010;36:328—34. https://doi.org/10.1016/j.ctrv.2010.02.008.

Du Q, Guo X, Wang M, Li Y, Sun X, Li Q. The application and
prospect of CDK4/6 inhibitors in malignant solid tumors. J
Hematol Oncol 2020;13:1—12. https://doi.org/10.1186/S13045-
020-00880-8. 131 2020.

R A, SN, SS,JC, M C. Cyclin-Dependent kinase inhibitors in
hematological malignancies-current understanding, (Pre-)Clinical
application and promising approaches. Cancers 2021;13. https:
/Idoi.org/10.3390/CANCERS13102497.

Therasse P, Arbuck SG, Eisenhauer EA, Wanders J, Kaplan RS,
Rubinstein L, et al. New guidelines to evaluate the response to
treatment in solid tumors. J Natl Cancer Inst 2000;92:205—16.
https://doi.org/10.1093/jnci/92.3.205.

U.S. Department of Health and Human Services (Organ-
ization/Institution). National Cancer Institute Common Termi-
nology Criteria for Adverse Events (CTCAE). 2017. Version 5.0.
Ma X, Liu Y, Liu Y, Alexandrov LB, Edmonson MN, Gawad C,
et al. Pan-cancer genome and transcriptome analyses of 1,699
paediatric leukaemias and solid tumours. Nature 2018;555:371—6.
https://doi.org/10.1038/nature25795.

Grobner SN, Worst BC, Weischenfeldt J, Buchhalter 1,
Kleinheinz K, Rudneva VA, et al. The landscape of genomic al-
terations across childhood cancers. Nature 2018;555:321—7. https:
/Idoi.org/10.1038/mature25480.

Suehara Y, Alex D, Bowman A, Middha S, Zehir A,
Chakravarty D, et al. Clinical genomic sequencing of pediatric
and adult osteosarcoma reveals distinct molecular subsets with
potentially targetable Alterations. Clin Cancer Res an Off J] Am
Assoc Cancer Res 2019;25:6346—56. https://doi.org/10.1158/1078-
0432.CCR-18-4032.

Guimaraes GM, Tesser-Gamba F, Petrilli AS,
Donato-Macedo CRP, Alves MTS, de Lima FT, et al. Molecular
profiling of osteosarcoma in children and adolescents from
different age groups using a next-generation sequencing panel.
Cancer Genet 2021;258—259:85—92. https://doi.org/10.1016/J.
CANCERGEN.2021.10.002.

Iwata S, Tatsumi Y, Yonemoto T, Araki A, Itami M, Kamoda H,
et al. CDK4 overexpression is a predictive biomarker for resis-
tance to conventional chemotherapy in patients with osteosar-
coma. Oncol Rep 2021;46:1—11. https://doi.org/10.3892/or.2021.
8086.

(171

(18]

[19]

(20]

(21]

(22]

(23]

[24]

(23]

[26]

(27]

(28]

[29]

(30]

(31]

Gordon AT, Brinkschmidt C, Anderson J, Coleman N, Dock-
horn-Dworniczak B, Pritchard-Jones K, et al. A novel and
consistent amplicon at 13q31 associated with alveolar rhabdo-
myosarcoma. Genes Chromosomes Cancer 2000;28:220—6. https:
/Idoi.org/10.1002/(SICT)1098-2264. 200006)28:2<220::AID-GCCl
1>3.0.CO;2-T.

Ragazzini P, Gamberi G, Pazzaglia L, Serra M, Magagnoli G,
Ponticelli F, et al. Amplification of CDK4, MDM2, SAS and GLI
genes in leiomyosarcoma, alveolar and embryonal rhabdomyo-
sarcoma. Histol Histopathol 2004;19:401—11. https://doi.org/10.
14670/HH-19.401.

Olanich ME, Sun W, Hewitt SM, Abdullaev Z, Pack SD,
Barr FG. CDK4 amplification reduces sensitivity to CDK4/6 in-
hibition in fusion-positive rhabdomyosarcoma. Clin Cancer Res
2015;21:4947—59. https://doi.org/10.1158/1078-0432.CCR-14-
2955.

Molenaar JJ, Ebus ME, Koster J, Van Sluis P, Van Noesel CIM,
Versteeg R, et al. Cyclin D1 and CDK4 activity contribute to the
undifferentiated phenotype in neuroblastoma. Cancer Res 2008;
68:2599—609. https://doi.org/10.1158/0008-5472.CAN-07-5032.
Molenaar JJ, Koster J, Ebus ME, van Sluis P, Westerhout EM, de
Preter K, et al. Copy number defects of Gl-cell cycle genes in
neuroblastoma are frequent and correlate with high expression of
E2F target genes and a poor prognosis. Genes Chromosomes
Cancer 2012;51:10—9. https://doi.org/10.1002/gcc.20926.
Amoroso L, Ognibene M, Morini M, Conte M, Di Cataldo A,
Tondo A, et al. Genomic coamplification of CDK4/MDM2/FRS2
is associated with very poor prognosis and atypical clinical fea-
tures in neuroblastoma patients. Genes Chromosomes Cancer
2020;59:277—85. https://doi.org/10.1002/gcc.22827.

Li M, Lockwood W, Ziclenska M, Northcott P, Ra YS,
Bouffet E, et al. Multiple CDK/CYCLIND genes are amplified in
medulloblastoma and supratentorial primitive neuroectodermal
brain tumor. Cancer Genet 2012;205:220—31.  https:
/ldoi.org/10.1016/j.cancergen.2012.03.002.

Kennedy AL, Vallurupalli M, Chen L, Crompton B, Cowley G,
Vazquez F, et al. Functional, chemical genomic, and super-
enhancer screening identify sensitivity to cyclin D1/CDK4
pathway inhibition in Ewing sarcoma. Oncotarget 2015;6:
30178—93. https://doi.org/10.18632/oncotarget.4903.

Zhou Y, Shen JK, Yu Z, Hornicek FJ, Kan Q, Duan Z.
Expression and therapeutic implications of cyclin-dependent ki-
nase 4 (CDK4) in osteosarcoma. Biochim Biophys Acta (BBA) -
Mol Basis Dis 2018;1864:1573—82. https://doi.org/10.1016/j.bba-
dis.2018.02.004.

Raleigh DR, Choksi PK, Krup AL, Mayer W, Santos N,
Reiter JF. Hedgehog signaling drives medulloblastoma growth via
CDK6. J Clin Invest 2018;128:120—4. https://doi.org/10.
1172/JC192710.

Moreno N, Kerl K. Preclinical evaluation of combined targeted
approaches in malignant rhabdoid tumors. Anticancer Res 2016;
36:3883—7.

Liu L, Wu J, Ong SS, Chen T. Cyclin-Dependent kinase 4
phosphorylates and positively regulates PAX3-FOXOI in human
alveolar rhabdomyosarcoma cells. PLoS One 2013;8. https:
/ldoi.org/10.1371/journal.pone.0058193.

Rihani A, Vandesompele J, Speleman F, Van Maerken T. Inhi-
bition of CDK4/6 as a novel therapeutic option for neuroblas-
toma. Cancer Cell Int 2015;15. https://doi.org/10.1186/s12935-
015-0224-y.

Sun Y, Sun Y, Yan K, Li Z, Xu C, Geng Y, et al. Potent anti-
tumor efficacy of palbociclib in treatment-naive H3.3K27M-
mutant diffuse intrinsic pontine glioma. EBioMedicine 2019;43:
171-9. https://doi.org/10.1016/j.ebiom.2019.04.043.

Schubert NA, Schild L, van Oirschot S, Keller KM, Alles LK,
Vernooij L, et al. Combined targeting of the p53 and pRb
pathway in neuroblastoma does not lead to synergistic responses.


https://doi.org/10.1200/JGO.19.00227
https://doi.org/10.3322/caac.21442
https://doi.org/10.1177/2168479017696265
https://doi.org/10.1177/2168479017696265
https://doi.org/10.3322/CAAC.21665
https://doi.org/10.2147/TCRM.S40232
https://doi.org/10.1016/j.ejca.2020.01.027
https://doi.org/10.1016/j.ejca.2020.01.027
https://doi.org/10.1016/j.ctrv.2010.02.008
https://doi.org/10.1186/S13045-020-00880-8
https://doi.org/10.1186/S13045-020-00880-8
https://doi.org/10.3390/CANCERS13102497
https://doi.org/10.3390/CANCERS13102497
https://doi.org/10.1093/jnci/92.3.205
http://refhub.elsevier.com/S0959-8049(22)00243-X/sref11
http://refhub.elsevier.com/S0959-8049(22)00243-X/sref11
http://refhub.elsevier.com/S0959-8049(22)00243-X/sref11
https://doi.org/10.1038/nature25795
https://doi.org/10.1038/nature25480
https://doi.org/10.1038/nature25480
https://doi.org/10.1158/1078-0432.CCR-18-4032
https://doi.org/10.1158/1078-0432.CCR-18-4032
https://doi.org/10.1016/J.CANCERGEN.2021.10.002
https://doi.org/10.1016/J.CANCERGEN.2021.10.002
https://doi.org/10.3892/or.2021.8086
https://doi.org/10.3892/or.2021.8086
https://doi.org/10.1002/(SICI)1098-2264
https://doi.org/10.1002/(SICI)1098-2264
https://doi.org/10.14670/HH-19.401
https://doi.org/10.14670/HH-19.401
https://doi.org/10.1158/1078-0432.CCR-14-2955
https://doi.org/10.1158/1078-0432.CCR-14-2955
https://doi.org/10.1158/0008-5472.CAN-07-5032
https://doi.org/10.1002/gcc.20926
https://doi.org/10.1002/gcc.22827
https://doi.org/10.1016/j.cancergen.2012.03.002
https://doi.org/10.1016/j.cancergen.2012.03.002
https://doi.org/10.18632/oncotarget.4903
https://doi.org/10.1016/j.bbadis.2018.02.004
https://doi.org/10.1016/j.bbadis.2018.02.004
https://doi.org/10.1172/JCI92710
https://doi.org/10.1172/JCI92710
http://refhub.elsevier.com/S0959-8049(22)00243-X/sref27
http://refhub.elsevier.com/S0959-8049(22)00243-X/sref27
http://refhub.elsevier.com/S0959-8049(22)00243-X/sref27
http://refhub.elsevier.com/S0959-8049(22)00243-X/sref27
https://doi.org/10.1371/journal.pone.0058193
https://doi.org/10.1371/journal.pone.0058193
https://doi.org/10.1186/s12935-015-0224-y
https://doi.org/10.1186/s12935-015-0224-y
https://doi.org/10.1016/j.ebiom.2019.04.043

(32]

33

]

[34]

35

]

[36]

[37

[38

[39

[40

[41

[42

[43

[44

]

]

|

N.A. Schubert et al. | European Journal of Cancer 170 (2022) 196—208

Eur J Cancer 2021;142:1-9. https://doi.org/10.1016/j.ejca.2020.10.
009.

Katsumi Y, Iehara T, Miyachi M, Yagyu S, Tsubai-Shimizu S,
Kikuchi K, et al. Sensitivity of malignant rhabdoid tumor cell
lines to PD 0332991 is inversely correlated with pl6 expression.
Biochem Biophys Res Commun 2011;413:62—8. https:
/ldoi.org/10.1016/j.bbrc.2011.08.047.

Hashizume R, Zhang A, Mueller S, Prados MD, Lulla RR,
Goldman S, et al. Inhibition of DNA damage repair by the
CDK4/6 inhibitor palbociclib delays irradiated intracranial
atypical teratoid rhabdoid tumor and glioblastoma xenograft
regrowth. Neuro Oncol 2016;18:1519—28. https://doi.org/10.
1093/neuonc/now106.

Xue Y, Zhu X, Meehan B, Venneti S, Martinez D, Morin G,
et al. SMARCBI loss induces druggable cyclin D1 deficiency via
upregulation of MIR17HG in atypical teratoid rhabdoid tu-
mors. J Pathol 2020;252:77—87. https://doi.org/10.1002/PATH.
5493.

Barton KL, Misuraca K, Cordero F, Dobrikova E, Min HD,
Gromeier M, et al. PD-0332991, a CDK4/6 inhibitor, significantly
prolongs survival in a genetically engineered mouse model of
brainstem glioma. PLoS One 2013;8. https:/doi.org/10.
1371/journal.pone.0077639.

Asby DJ, Killick-Cole CL, Boulter LJ, Singleton WGB, Asby CA,
Wyatt MJ, et al. Combined use of CDK4/6 and mTOR inhibitors
induce synergistic growth arrest of diffuse intrinsic pontine glioma
cells via mutual downregulation of mTORCI activity. Cancer
Manag Res 2018;10:3483—500. https://doi.org/10.2147/CMAR.
S167095.

Rader J, Russell MR, Hart LS, Nakazawa MS, Belcastro LT,
Martinez D, et al. Dual CDK4/CDK6 inhibition induces cell-
cycle arrest and senescence in neuroblastoma. Clin Cancer Res
2013;19:6173—82.  https://doi.org/10.1158/1078-0432.CCR-13-
1675.

Dowless M, Lowery CD, Shackleford T, Renschler M,
Stephens J, Flack R, et al. Abemaciclib is active in preclinical
models of Ewing sarcoma via multipronged regulation of cell
cycle, DNA methylation, and interferon pathway signaling. Clin
Cancer Res 2018;24:6028—39. https://doi.org/10.1158/1078-
0432.CCR-18-1256.

Wang D, Bao H. Abemaciclib is synergistic with doxorubicin in
osteosarcoma pre-clinical models via inhibition of CDK4/6-
Cyclin D-Rb pathway. Cancer Chemother Pharmacol 2022;89:
31—40. https://doi.org/10.1007/S00280-021-04363-6.

Liang ML, Chen CH, Liu YR, Huang MH, Lin YC, Wong TT,
et al. Abemaciclib, A selective CDK4/6 inhibitor, restricts the
growth of pediatric ependymomas. Cancers 2020;12:1—17. https:
/ldoi.org/10.3390/CANCERS12123597.

Cook Sangar ML, Genovesi LA, Nakamoto MW, Davis MJ,
Knobluagh SE, Ji P, et al. Inhibition of CDK4/6 by palbociclib
significantly extends survival in medulloblastoma patient-derived
xenograft mouse models. Clin Cancer Res 2017;23:5802—13.
https://doi.org/10.1158/1078-0432.CCR-16-2943.

Kohlmeyer JL, Kaemmer CA, Pulliam C, Maharjan CK,
Samayoa AM, Major HJ, et al. RABLO6A is an essential driver
of MPNSTs that negatively regulates the RB1 pathway and
sensitizes tumor cells to CDK4/6 inhibitors. Clin Cancer Res
2020;26:2997—3011. https://doi.org/10.1158/1078-0432.CCR-19-
2706.

Hart LS, Rader JA, Raman P, Batra V, Russell MR, Tsang M,
et al. Preclinical therapeutic synergy of MEK1/2 and CDK4/6
inhibition in neuroblastoma. Clin Cancer Res 2017;23:1785—96.
https://doi.org/10.1158/1078-0432.CCR-16-1131.

Stewart E, McEvoy J, Wang H, Chen X, Honnell V, Ocarz M,
et al. Identification of therapeutic targets in rhabdomyosarcoma
through integrated genomic, epigenomic, and proteomic analyses.
Cancer  Cell  2018;34:411—-26.  https://doi.org/10.1016/j.c-
cell.2018.07.012. el9.

[45] Guenther

[46

[47

[48

[49

[50]

[51

[52

[53

[54

[55

[56

[57

[58

207

LM, Dharia NV, Ross L, Conway A,
Robichaud AL, Catlett 2nd JL, et al. A combination CDK4/6
and IGFIR inhibitor strategy for ewing sarcoma. Clin Cancer
Res 2019;25:1343—57. https://doi.org/10.1158/1078-0432.CCR-
18-0372.

Daggubati V, Hochstelter J, Bommireddy A, Choudhury A,
Krup AL, Kaur P, et al. Smoothened-activating lipids drive
resistance to CDK4/6 inhibition in Hedgehog-associated medul-
loblastoma cells and preclinical models. J Clin Invest 2021;131.
https://doi.org/10.1172/JCI141171.

Gogolin S, Ehemann V, Becker G, Dreidax D, Bannert S, Nolte I,
et al. CDK4 inhibition restores G1-S arrest in MYCN-amplified
neuroblastoma cells in the context of doxorubicin-induced DNA
damage. Cell Cycle 2013;12:1091—104. https://doi.org/10.4161/cc.
24091.

Whiteway SL, Harris PS, Venkataraman S, Alimova I, Birks DK,
Donson AM, et al. Inhibition of cyclin-dependent kinase 6 sup-
presses cell proliferation and enhances radiation sensitivity in
medulloblastoma cells. J Neuro Oncol 2013;111:113—21. https:
/ldoi.org/10.1007/s11060-012-1000-7.

Lukoseviciute M, Maier H, Poulou-Sidiropoulou E, Rosendahl E,
Holzhauser S, Dalianis T, et al. Targeting PI3K, FGFR, CDK4/6
signaling pathways together with cytostatics and radiotherapy in
two medulloblastoma cell lines. Front Oncol 2021;11. https:
/ldoi.org/10.3389/FONC.2021.748657.

Wood AC, Krytska K, Ryles HT, Infarinato NR, Sano R,
Hansel TD, et al. Dual ALK and CDK4/6 inhibition demon-
strates synergy against neuroblastoma. Clin Cancer Res 2017;23:
2856—68. https://doi.org/10.1158/1078-0432.CCR-16-1114.
Higuchi T, Sugisawa N, Miyake K, Oshiro H, Yamamoto N,
Hayashi K, et al. Sorafenib and palbociclib combination regresses
a cisplatinum-resistant osteosarcoma in a PDOX mouse model.
Anticancer Res 2019;39:4079—84. https://doi.org/10.21873/anti-
canres.13565.

Bandopadhayay P, Piccioni F, O’'Rourke R, Ho P, Gonzalez EM,
Buchan G, et al. Neuronal differentiation and cell-cycle programs
mediate response to BET-bromodomain inhibition in MYC-
driven medulloblastoma. Nat Commun 2019;10. https:
//doi.org/10.1038/S41467-019-10307-9.

Geoerger B, Bourdeaut F, DuBois SG, Fischer M, Geller JI,
Gottardo NG, et al. A phase I study of the CDK4/6 inhibitor
ribociclib (LEEO11) in pediatric patients with malignant rhabdoid
tumors, neuroblastoma, and other solid tumors. Clin Cancer Res
2017;23:2433—41. https://doi.org/10.1158/1078-0432.CCR-16-
2898.

DeWire M, Fuller C, Hummel TR, Chow LML, Salloum R, de
Blank P, et al. A phase I/II study of ribociclib following radiation
therapy in children with newly diagnosed diffuse intrinsic pontine
glioma (DIPG). J Neuro Oncol 2020;149:511-22. https:
/Idoi.org/10.1007/S11060-020-03641-2.

Sepulveda-Sanchez JM, Gil-Gil M, Alonso-Garcia M, Vaz
Salgado MA, Vicente E, Mesia Barroso C, et al. Phase II trial of
palbociclib in recurrent retinoblastoma-positive anaplastic oligo-
dendroglioma: a study from the Spanish group for research in
neuro-oncology (geino). Targeted Oncol 2020;15:613—22. https:
/Idoi.org/10.1007/S11523-020-00754-6.

Yang C, Li Z, Bhatt T, Dickler M, Giri D, Scaltriti M, et al.
Acquired CDK6 amplification promotes breast cancer resistance
to CDK4/6 inhibitors and loss of ER signaling and dependence.
Oncogene 2017;36:2255—64. https://doi.org/10.1038/onc.2016.
379.

Alvarez-Fernandez M, Malumbres M. Mechanisms of sensitivity
and resistance to CDK4/6 inhibition. Cancer Cell 2020;37:
514-29. https://doi.org/10.1016/j.ccell.2020.03.010.

Pandey K, An HJ, Kim SK, Lee SA, Kim S, Lim SM, et al.
Molecular mechanisms of resistance to CDK4/6 inhibitors in
breast cancer: a review. Int J Cancer 2019;145:1179—88. https:
/ldoi.org/10.1002/ijc.32020.


https://doi.org/10.1016/j.ejca.2020.10.009
https://doi.org/10.1016/j.ejca.2020.10.009
https://doi.org/10.1016/j.bbrc.2011.08.047
https://doi.org/10.1016/j.bbrc.2011.08.047
https://doi.org/10.1093/neuonc/now106
https://doi.org/10.1093/neuonc/now106
https://doi.org/10.1002/PATH.5493
https://doi.org/10.1002/PATH.5493
https://doi.org/10.1371/journal.pone.0077639
https://doi.org/10.1371/journal.pone.0077639
https://doi.org/10.2147/CMAR.S167095
https://doi.org/10.2147/CMAR.S167095
https://doi.org/10.1158/1078-0432.CCR-13-1675
https://doi.org/10.1158/1078-0432.CCR-13-1675
https://doi.org/10.1158/1078-0432.CCR-18-1256
https://doi.org/10.1158/1078-0432.CCR-18-1256
https://doi.org/10.1007/S00280-021-04363-6
https://doi.org/10.3390/CANCERS12123597
https://doi.org/10.3390/CANCERS12123597
https://doi.org/10.1158/1078-0432.CCR-16-2943
https://doi.org/10.1158/1078-0432.CCR-19-2706
https://doi.org/10.1158/1078-0432.CCR-19-2706
https://doi.org/10.1158/1078-0432.CCR-16-1131
https://doi.org/10.1016/j.ccell.2018.07.012
https://doi.org/10.1016/j.ccell.2018.07.012
https://doi.org/10.1158/1078-0432.CCR-18-0372
https://doi.org/10.1158/1078-0432.CCR-18-0372
https://doi.org/10.1172/JCI141171
https://doi.org/10.4161/cc.24091
https://doi.org/10.4161/cc.24091
https://doi.org/10.1007/s11060-012-1000-7
https://doi.org/10.1007/s11060-012-1000-7
https://doi.org/10.3389/FONC.2021.748657
https://doi.org/10.3389/FONC.2021.748657
https://doi.org/10.1158/1078-0432.CCR-16-1114
https://doi.org/10.21873/anticanres.13565
https://doi.org/10.21873/anticanres.13565
https://doi.org/10.1038/S41467-019-10307-9
https://doi.org/10.1038/S41467-019-10307-9
https://doi.org/10.1158/1078-0432.CCR-16-2898
https://doi.org/10.1158/1078-0432.CCR-16-2898
https://doi.org/10.1007/S11060-020-03641-2
https://doi.org/10.1007/S11060-020-03641-2
https://doi.org/10.1007/S11523-020-00754-6
https://doi.org/10.1007/S11523-020-00754-6
https://doi.org/10.1038/onc.2016.379
https://doi.org/10.1038/onc.2016.379
https://doi.org/10.1016/j.ccell.2020.03.010
https://doi.org/10.1002/ijc.32020
https://doi.org/10.1002/ijc.32020

208 N.A. Schubert et al. | European Journal of Cancer 170 (2022) 196—208

[59] Cen L, Carlson BL, Schroeder MA, Ostrem JL, Kitange GJ,
Miladek AC, et al. P16-Cdk4-Rb axis controls sensitivity to a
cyclin-dependent kinase inhibitor PD0332991 in glioblastoma Mol Cancer Therapeut 2020;19:1575—88. https://doi.org/10.
xenograft cells. Neuro Oncol 2012;14:870—81. https: 1158/1535-7163.MCT-18-1161.

/ldoi.org/10.1093/neuonc/nos114. [63] Salvador-Barbero B, Alvarez-Fernandez M, Zapatero-Solana E,
Tien AC, Li J, Bao X, Derogatis A, Kim S, Mehta S, et al. A

[62] Roberts PJ, Kumarasamy V, Witkiewicz AK, Knudsen ES.
Chemotherapy and CDK4/6 inhibitors: unexpected bedfellows.

[60

phase 0 trial of ribociclib in recurrent glioblastoma patients
incorporating a tumor pharmacodynamic- and pharmacokinetic-
guided expansion cohort. Clin Cancer Res 2019;25:5777—86.
https://doi.org/10.1158/1078-0432.CCR-19-0133.

Stewart E, Federico SM, Chen X, Shelat AA, Bradley C,
Gordon B, et al. Orthotopic patient-derived xenografts of paedi-
atric solid tumours. Nature 2017;549:96—100. https://doi.org/10.
1038/nature23647.

El Bakkali A, Menéndez M del C, Lopez-Casas PP, et al. CDK4/6
inhibitors impair recovery from cytotoxic chemotherapy in
pancreatic adenocarcinoma. Cancer Cell 2020;37:340—53. https:
/ldoi.org/10.1016/j.ccell.2020.01.007. e6.

Hafner M, Mills CE, Walmsley CS, Juric D, Sorger
Correspondence PK. Multiomics profiling establishes the poly-
pharmacology of FDA-approved CDK4/6 inhibitors and the
potential for differential clinical activity. Cell Chem Biol 2019;26.
https://doi.org/10.1016/j.chembiol.2019.05.005.


https://doi.org/10.1093/neuonc/nos114
https://doi.org/10.1093/neuonc/nos114
https://doi.org/10.1158/1078-0432.CCR-19-0133
https://doi.org/10.1038/nature23647
https://doi.org/10.1038/nature23647
https://doi.org/10.1158/1535-7163.MCT-18-1161
https://doi.org/10.1158/1535-7163.MCT-18-1161
https://doi.org/10.1016/j.ccell.2020.01.007
https://doi.org/10.1016/j.ccell.2020.01.007
https://doi.org/10.1016/j.chembiol.2019.05.005

	Target actionability review to evaluate CDK4/6 as a therapeutic target in paediatric solid and brain tumours
	1. Introduction
	2. Methods
	3. Results
	4. Discussion
	Author contributions
	Funding
	Conflict of interest statement
	Conflict of interest statement
	Appendix A. Supplementary data
	References


