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ABSTRACT
◥

For one-third of patients with pediatric cancer enrolled in precision
medicine programs, molecular profiling does not result in a thera-
peutic recommendation. To identify potential strategies for treating
these high-risk pediatric patients, we performed in vitro screening of
125 patient-derived samples against a library of 126 anticancer drugs.
Tumor cell expansion did not influence drug responses, and 82% of
the screens on expanded tumor cells were completed while the
patients were still under clinical care.High-throughput drug screening
(HTS) confirmed known associations between activating genomic
alterations in NTRK, BRAF, and ALK and responses to matching
targeted drugs. The in vitro results were further validated in patient-
derived xenograft models in vivo and were consistent with clinical
responses in treated patients. In addition, effective combinations
could be predicted by correlating sensitivity profiles between drugs.
Furthermore, molecular integration with HTS identified biomarkers
of sensitivity to WEE1 and MEK inhibition. Incorporating HTS into
precision medicine programs is a powerful tool to accelerate the
improved identification of effective biomarker-driven therapeutic
strategies for treating high-risk pediatric cancers.

Significance: Integrating HTS with molecular profiling is a
powerful tool for expanding precision medicine to support drug
treatment recommendations and broaden the therapeutic options
available to high-risk pediatric cancers.

Introduction
Currently, most precision medicine programs aim to molecularly

profile patients’ tumors to identify the drivers of their disease andmake

treatment recommendations based on these findings. Tumor molec-
ular profiling has identified actionable driver events in 34% to 87% of
pediatric cancers (1–11). Zero Childhood Cancer (ZERO), Australia’s
national childhood cancer precision medicine program, identified at
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least one genetic driver in 94%of the enrolled patients, while 71%of the
patients had a potentially druggable target (12). Although promising,
this still means that genomic analysis alone does not result in a targeted
treatment recommendation for one-third of the patients. Crucially,
the number of drivers for which therapeutic intervention has resulted
in significant clinical responses are limited. For example, CDK4/6
inhibitors such as palbociclib or ribociclib to target biallelic loss of
CDKN2A/B in high-risk pediatric cancers have shown minimal
clinical efficacy (13, 14). Tumor heterogeneity and the acquisition of
resistancemutations after treatment further complicate the translation
of tumor molecular characteristics into effective personalized treat-
ments (15, 16). A better understanding of the relationships between the
complex genomes and transcriptomes of cancer and responses to
targeted agents would help address these limitations.

Patient-derived in vitro tumor models that accurately recapitulate
the tumor characteristics have been successfully developed for
adult (17–19) and pediatric (20–23) cancers. These models can
support clinical treatment decision making and identify associations
between the molecular characteristics of a tumor and its drug sensi-
tivity profile. ZERO undertakes in vitro high-throughput drug screen-
ing (HTS) and in vivo drug efficacy testing in patient-derived xenograft
(PDX) models as an additional strategy for personalized treatment
identification, in conjunctionwith comprehensivemolecular profiling.
Recently, we published our pilot trial of in vitro HTS on patient-
derived samples and showed the clinical benefit (24).

In this study, we confirmknown associations between tumor drivers
and their inhibitors, but also highlight the need to improve our
understanding of molecular drug targets in pediatric cancer. Thus,
we also show that integrating the drug data with molecular profiling
can lead to the identification of novel predictive biomarkers. Our
in vitro drug testing pipeline confirms that drug efficacy profiles are
retained through in vitro or in vivo expansion of tumor cells and
responses are consistent with in vivo PDX models and clinical
responses in treated patients. In addition, we describe how we use
in vitro HTS on patient samples to identify potentially effective
combinations for individual patients.

Materials and Methods
Patient specimen procurement

The PRecISion Medicine (PRISM) clinical trial (NCT03336931)
was conducted as part of the Australian ZERO Childhood Cancer
program from September 2017 and was approved by the Hunter New
England Human Research Ethics Committee of the Hunter New
England Local Health District (reference no. 17/02/015/4.06). Patients
≤21 years old with suspected or confirmed diagnosis of a very rare or
high-risk malignancy and patients >21 years old with a suspected or
confirmed diagnosis of high-risk pediatric-type cancer could be
enrolled in the study, as described previously (12). Written informed
consent was obtained for each participant prior to inclusion in the
study. Fresh tumor tissues from biopsy or surgical resection were
processed formolecular profiling, as described previously (12), and the
establishment of patient-derived models for preclinical drug testing
(See Supplementary Materials and Methods).

Tissue dissociation and establishment of patient-derived
cultures

A Human Dissociation Kit (Miltenyi Biotec) was used to enzymat-
ically digest all extracranial primary tumor specimens or PDXs into
single-cell suspensions. Central nervous system (CNS) tumors were
dissociated as described previously (25). Tumor-type specific culture

media and supplements were used for maintaining and expanding
PDX or patient-derived cultures (Supplementary Fig. S1A). Media
were obtained from Life Technologies, growth factors from Jomar Life
Research, and other supplements from Invitrogen, unless stated
otherwise. Brain tumor cells were grown in 50% Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F12 (DMEM/F12) plus 50% Neu-
robasal-A Medium supplemented with 2 mmol/L GlutaMAX-I,
1 mmol/L Pyruvate, 100 mmol/L non-essential amino acids (NEAA),
10 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 1� antibiotic/antimycotic solution (AAS), 20 ng/mL basic
fibroblast growth factor (bFGF), and 20 ng/mL epidermal growth
factor (EGF) with or without 2 mg/mL Heparin, 10 ng/mL platelet-
derived growth factor (PDGF)-AA, and 10 ng/mL PDGF-BB. Neu-
roblastoma cells were grown in Iscove’s Modified Dulbecco’s Medium
(IMDM) supplemented with 20% (v/v) fetal bovine serum (FBS; Life
Technologies), 1� insulin-transferrin-selenium (ITS; Life Technol-
ogies), and 10 mg/mL gentamicin (Life Technologies), while dissoci-
ated cells from other solid tumor types were grown in Minimum
Essential Medium (MEM) a supplemented with 10% (v/v) FBS, 1�
ITS, 1� AAS, and 10 nmol/L Y-27632 (Selleck Chemicals). Cells from
hematologic malignancies were cultured in Roswell Park Memorial
Institute (RPMI) 1640Medium supplemented with 20% (v/v) FBS and
penicillin–streptomycin (lymphoma), Mononuclear Cell Medium
[acute myeloid leukemia (AML); PromoCell], StemSpan Serum-
Free Expansion Medium (SFEM) II supplemented with 1� StemSpan
CD34þ Expansion Supplement and 1� AAS (AML), AIM V Serum-
Free Medium on a layer of human telomerase reverse transcriptase-
immortalized mesenchymal stromal cells [MSC-hTERT cells; acute
lymphoblastic leukemia (ALL)], or AIM V Serum-Free Medium
supplemented with 10% GM-CSF (other hematologic malignancies;
Stem Cell Technologies). Cells were maintained at 37�C under 5%
CO2. See Supplementary Fig. S1A for the oxygen conditions used for
the different tumor types. CNS and neuroblastoma tumor cells were
expanded in conventional cell culture flasks. All other types of
extracranial solid tumor cells were initially grown in 96-well ultra-
low attachment (ULA)U-bottomplates for 14 to 21 days to prevent the
growth of nontumor cells. Cells were then collected and disaggregated
using Accutase (Sigma-Aldrich) before propagating in culture flasks
adherently. Cell viability and proliferation were evaluated by trypan
blue cell count throughout the expansion. No in vitro expansion was
conducted for lymphoma and leukemia cells. MSC-hTERT cells were
maintained inRPMI1640media supplementedwith 10%FBS andwere
plated in AIMV media overnight prior to seeding of leukemia cells.

In vitro HTS
Freshly dissociated or expanded tumor cells were seeded in 384- or

1,536-well plates as single-cell suspensions using theMultidropCombi
Reagent Dispenser (Thermo Fisher Scientific). ALL cells were seeded
on a layer of human telomerase reverse transcriptase-immortalized
bonemarrowmesenchymal stem(MSC-hTERT) cells (seeded 24hours
before). After 3 hours, one day or three days incubation, cells were
exposed to a drug library containing up to 126 drugs (MedChem
Express; Selleck Chemicals) approved or in (pre)clinical development
for pediatric cancer. Depending on material availability samples were
exposed to the full or a smaller version of the drug library (i.e., 56, 70,
111, or 112 drugs). Drugs were tested in duplicate and added in final
concentrations of 0.5 nmol/L–5 mmol/L (10-fold serial dilutions),
using the Hamilton STAR liquid handling robot or the Echo 550
acoustic liquid handler (Labcyte). Thonzonium bromide and DMSO
were included as positive andnegative control, respectively. Three days
after drug addition, metabolic activity was measured using the
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CellTiter-Glo Luminescent Cell Viability Assay (Promega). Drug
effects for ALL samples were measured using the CyQUANT Direct
Cell Proliferation Assay (Thermo Fisher Scientific) and the images
were captured using the Operetta (PerkinElmer). Data analysis was
performed using the ActivityBase (IDBS) software platform. Raw
values for each data point were converted into viabilities using the
following formula: ([readout value drug – average readout positive
controls]/[average readout negative controls – average readout pos-
itive controls]� 100%). Resulting cell viabilities were used to generate
dose–response curves using a four-parameter logistic function and to
calculate the area under the dose–response curve (AUC) and half-
maximal inhibitory concentrations (IC50) values. See Supplementary
Materials andMethods for a detailed description of the authentication
and validation of each sample for HTS.

In vivo efficacy studies
All animal studies were approved by the Animal Care and Ethics

Committee of UNSWSydney, approval numbers 17/101B, 19/82B and
20/82B. PDX tumor tissues were subcutaneously xenotransplanted in
recipient NSG mice. Tumor growth was monitored twice weekly by
digital caliper measurements, and when tumors reached a volume of
approximately 100 mm3, mice were randomized to vehicle control or
indicated single drugs or drug combinations. Mice were treated for up
to four weeks unless stated otherwise. Best responses were calculated
using the following formula: [(lowest measured tumor volume during
treatment/tumor volume at the start of treatment) � 1] � 100%.
Event-free survival (EFS) was calculated as described in ref. 26.
Xenografts from the vehicle control groups were used for authenti-
cation by STR profiling and validation by SNP profiling and cytopa-
thology examination. For the in vivo efficacy study in the HGG PDX
model (zcc116), tumor cells were injected intracranially, and on day 82
postinjection, mice were randomized to vehicle control or indicated
single drugs or drug combination. Mice were treated for up to four
weeks, and EFS was defined by 20% weight loss and/or lethargy. See
Supplementary Materials and Methods for the dosing schedules and
routes of administration for the in vivo tested drugs and drug
combinations.

Whole genome and RNA sequencing data
Of the 125 authenticated and validated samples that underwent

successful HTS, 98 hadmatching whole genome sequencing (WGS)þ
RNA sequencing (RNA-seq), 13 WGS only and 6 RNA-seq only. No
matching molecular profiling was available for the remaining samples.
To be considered a match the original sample needed to have come

from the patient’s same biomaterial. WGS and RNA-seq of tumor
biopsies have been performed as described in detail previously (12).
RNA-seq expression data used in the current study was reported in
transcripts per million (TPM), and WGS data were utilized to study
germline and somatic single-nucleotide variants and copy number
variations and to establish tumor ploidy. Normalized copy numbers
for a genewere calculated using the ratio of the actual copy number and
the corresponding tumor ploidy.

Gene expression correlation analysis with drug efficacy
Correlations with gene expression were analyzed for the top 50

drugs with the most varying AUC values for all nonhematologic
samples within our cohort with matching RNA-seq data (N ¼ 90)
based on the highest coefficient variations (CV). CV analysis was also
performed on the gene expression data in the 90-sample cohort, of
which, the top 75%most variable genes (N¼ 19,750) were then filtered
to only select genes for which TPM > 1 in ≥5 samples (N ¼ 14,865).
Pearson correlation analysis was performed between the log2-trans-
formed TPM values of these genes andAUC Z scores for each of the 50
drugs.

Gene set enrichment analysis
We performed gene set enrichment analysis (GSEA; software

version v4.2.1; ref. 27) using the Pearson correlation ranking metric
comparing gene expression against drug AUC Z score with 1000
permutations for both adavosertib and trametinib. For adavosertib,
gene ontology (GO), hallmark and curated gene sets enriched in
adavosertib sensitive solid tumor samples containing 15–1,500 genes
with a normalized enrichment score (NES) ≤ 2, list of >10%, and FDR
q value < 0.01 were used for further investigation and visualization
in Cytoscope (software version 3.8.2; ref. 28). For trametinib, GO
biological processes (GO:BP) gene sets containing 15–1,500 geneswith
an NES <0 were used for further analysis.

In vitro culture of SHEP-21N
MYCN dependency of adavosertib in neuroblastoma cells was

studied using the SHEP-21N cell line (RRID:CVCL_9812), which
expresses MYCN under a doxycycline repressible promoter (29).
SHEP-21N cells were kindly provided byM. Schwab. Cells were tested
for Mycoplasma using the MycoAlert Mycoplasma Detection Kit
(Lonza; negative result on 31/03/2023) and kept in culture for no
longer than one month after thawing. SHEP-21N cells were cultured
in RPMI medium 1640 (Gibco, #22400–089), supplemented with
10% FBS (Gibco, #10100147) and 1� of Antibiotic Antimycotic

Figure 1.
Drug response profiles are independent of tumor cell expansion. A,Workflow for in vitro HTS on tumor cells derived from patients enrolled in the ZERO childhood
cancer precision medicine program. HTS is performed on freshly dissociated tumor cells or tumor cells expanded by in vitro culturing and/or in vivo growth. Samples
are authenticated by STR profiling and validated by at least one of the following methods: SNP array, IHC, flow cytometry (FC) or, for screens on freshly dissociated
tumor cells only,WGS.B,Hematoxylin and eosin (H&E) staining of representative patient tumor samples (left) andmatching 3Dprimary cultures (middle), and IHCof
tumor markers in the 3D primary cultures (right). Tumor markers used: CD99 for Ewing sarcoma sample zcc38, inhibin for adrenocortical carcinoma (ACC) sample
zcc292, andWT1 forWilms tumor (WT) sample zcc384. Bottom images showKi67 staining results formatching tumor biopsy and 3Dprimary culture ofWT zcc384.C,
Cancer types and subtypes with successful in vitro HTS (N¼ 125). D, Number of patient-derived samples for main types of pediatric cancer that underwent in vitro
HTS. Percentages indicate samples for which HTS, authentication by STR profiling and validation by SNP array profiling, IHC, flow cytometry, orWGSwas successful.
E, Successful in vitro HTS on freshly dissociated and expanded samples highlighted by cancer types. F, Number of samples screened by different sized libraries and
the associated methodology used to generate the samples for HTS (i.e., fresh dissociation of tumor cells or in vitro and/or in vivo expansion of tumor cells). G,
Heatmap of the targeted drug response profiles across the 125-sample cohort. Drug response profiles were established by calculating the median AUC Z scores for
targeted drugs grouped according to MOA. Median AUC Z scores are represented by a color scale from blue (resistant) to red (sensitive). MOAs and tumor samples
are ordered by unsupervised hierarchical clustering. Top annotations indicate tumor type and type of sample. Tumor type key: brain tumors (BT), hematologic
malignancies (HM), neuroblastoma (NB), sarcoma tumors (SAR), solid other (SO). Cancer subtype key: diffuse midline glioma (DMG), high-grade glioma (HGG),
medulloblastoma (MB), B-precursor acute lymphoblastic leukemia (Pre-B-ALL), acute myeloid leukemia (AML), T-lymphoblastic leukemia (T-LBL), non-MYCN-
amplified (NonMYCNA), MYCN-amplified (MYCNA), alpha thalassemia/mental retardation syndrome X-linked (ATRX), Ewing sarcoma (ES), rhabdomyosarcoma
(RMS), osteosarcoma (OS), Wilms tumor (WT), adrenocortical carcinoma (ACC), malignant rhabdoid tumor (MRT).
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Solution (Sigma-Aldrich, #A5955). MYCN expression was suppressed
by 1 mg/mL doxycycline (Sigma-Aldrich #D3447) at least 72 hours
prior to the experiments. Cell densities for the experiments were
optimized separately for the MYCN-expressing SHEP-21N cells and
SHEP-21N cells in which MYCN was suppressed in the presence of
doxycycline (data not shown).

MYCN-dependent effects of adavosertib on neuroblastoma cell
viability

Untreated SHEP-21N cells (750 cells/well) and SHEP-21N cells
under doxycycline pressure for ≥3 days (1,000 cells/well) were seeded
in 384-well microplates (Greiner Bio-One, #781080) and incubated
overnight. Next, cells were exposed to 14.6 nmol/L to 15 mmol/L
adavosertib in 2-fold serial dilutions using the Tecan D300e Digital
Dispenser. DMSOand thonzoniumbromide (20mmol/L)were includ-
ed as negative and positive control, respectively. Readout was con-
ducted on days 1 and 3 after treatment initiation using the CellTiter-
Glo 2.0 Luminescent Cell Viability Assay (Promega) and the EnSpire
Alpha multimode plate reader (PerkinElmer) for luminescence detec-
tion. Cell viabilities were calculated as described for in vitro HTS and
dose–response curves were generated using GraphPad Prism (version
9.3.1). All experiments were conducted in triplicate in three indepen-
dent experiments. Each data point represents the mean � standard
deviation (SD). The DepMap GDSC dataset (https://depmap.org/
portal/; ref. 30) was utilized to explore the efficacy of adavosertib
(i.e., MK-1775) in an independent cohort. A one-sided Wilcoxon test
was performed to statistically compare the AUC (31) difference
between MYCN amplified (N ¼ 6) versus MYCN wild-type (N ¼
14) classical neuroblastoma cell lines.

In vitro flow cytometry
Untreated SHEP-21N cells (75,000 cells/well) and SHEP-21N cells

under doxycycline pressure for ≥3 days (100,000 cells/well) were seeded
in 6-well plates and incubated overnight. Cells were subsequently
treated with 1.88 mmol/L adavosertib or DMSO (control). Twenty-
four hours after treatment, cells were trypsinized and fixed with 70%
ethanol. Fixed cells were permeabilized with 0.5% Triton X-100 in 0.1%
BSA/PBS and incubated at room temperature for 30 minutes. Next, the
samples were stainedwith 25mg/mL propidium iodide (Sigma-Aldrich,
#P4864) in the presence of 2 mg/mL DNase-free RNase (Roche,
#11119915001) in 0.1% BSA/PBS. Cell-cycle analysis was performed
using the BDFACSCantoAFlowCytometer (BDBiosciences). Twenty-
five thousand viable single cells were gated, and the results were
analyzed by FlowJo 10.8.1 software (BD Biosciences).

In vitro Western blotting
The following anti-human primary monoclonal antibodies were

used: mouse MYCN (B8.4.B) (1:1,000, Santa Cruz Biotechnology: sc-
53993), mouse b-actin (AC-74; 1:10,000, Sigma: A2228), rabbit phos-
pho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP
(1:1,000, Cell Signaling Technology: #4370), rabbit p44/42 MAPK
(Erk1/2) (137F5) (1:1,000, Cell Signaling Technology: #4695), rabbit
phospho-Akt (Ser473) (193H12) (1:1,000, Cell Signaling Technology:
#4058), rabbit Akt (1:1,000, Cell Signaling Technology: #9272), rabbit
phospho-S6 ribosomal protein (Ser235/236) (1:1,000, Cell Signaling
Technology: #2211), mouse S6 ribosomal protein (54D2) (1:1,000, Cell
Signaling Technology: #2317), and rabbit b-actin (D6A8) (1:2,000,
Cell Signaling Technology: #8457). The following secondary antibo-
dies were used: HRP-linked sheep anti-mouse IgG (1:10,000, GE
Healthcare: NA931V), HRP-linked goat anti-rabbit IgG (7074p2)
(1:2,000, Cell Signaling Technology: #7074), and HRP-linked horse

anti-mouse IgG (1:2,000, Cell Signaling Technology: #7076). See
Supplementary Materials and Methods for a detailed protocol.

Statistical analysis
Statistical analyses were performed by either the Pearson correlation

coefficient test, theWilcoxon rank sum test for unpaired data followed
by the Benjamini–Hochberg (BH) procedure for multiple tests cor-
rection if needed, or the Kruskal–Wallis test followed by a post hoc
Dunn test for multiple groups comparison. Statistical differences
between in vivo event-free survival rates were calculated using
the Gehan–Breslow–Wilcoxon test. Statistical analysis was either
performed in R (version 4.0.3) or GraphPad Prism (version 9.1.0).
A P value below 0.05 was considered significant.

Data availability
The datasets used in this study that were previously published

are available from the European Genome-phenome Archive under
accession number EGAS00001004572 (https://ega-archive.org/stud
ies/EGAS00001004572) and EGAS00001007029 (https://ega-archive.
org/studies/EGAS00001007029). All other raw data generated in
this study are available upon request from the corresponding
author.

Results
Different tumor sample sources were equally evaluable and
informative following in vitro HTS

ZERO performs molecular profiling (WGS, RNA-seq, and meth-
ylation array) on high-risk childhood cancers (12). Our TARGET
pilot study showed that additional in vitro HTS and in vivo PDX
drug testing of the patient’s own tumor cells can also be performed
on patients with available fresh tumor tissue (24). We expanded this
platform nationally through ZERO’s national PRISM study. Here,
we present the results of patients that were enrolled in the PRISM
study between September 2017 and September 2022. In vitro HTS
was attempted for 169 tumor samples from 166 patients. A library
containing 126 drugs was utilized as they were either approved by
the Food and Drug Administration and/or Therapeutic and Goods
Administration or in late preclinical or early experimental trial
stages of development for pediatric cancer patients (Supplementary
Table S1). Tumor samples for HTS were generated by dissociation
of tumor biopsies into viable single cells, in vitro expansion of
dissociated tumor cells, in vivo expansion of tumor pieces, or in vivo
expansion followed by in vitro expansion of PDX-dissociated tu-
mor cells (Fig. 1A). Authentication was performed by STR pro-
filing to ensure sample identity (screened cells are from the original
patient). SNP array, morphologic assessment of hematoxylin and
eosin– and IHC-stained sections, flow cytometry (FC), or, for
screens on freshly dissociated tumor cells only, WGS was used to
validate tumor content and whether the screened cells matched
the original tumor (Fig. 1A and B; Supplementary Fig. S1B–S1E).
HTS was successfully undertaken for 125 of the 169 tumor samples
covering a wide spectrum of pediatric cancers: brain tumors,
hematologic malignancies, neuroblastoma, sarcoma, and other
solid tumors (Fig. 1C and D; Supplementary Table S2). Three
patients had two samples screened that were taken at different time
points before and/or after treatment initiation: a diagnosis and
relapse sample for one hematologic malignancy and two relapse
samples for one sarcoma and one brain tumor. The remaining
44 samples failed HTS (Fig. 1D). In 24 of these cases, they failed
due to the outgrowth of non-neoplastic cells during expansion of
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the dissociated tumor cells or the lack of tumor cells in the original
sample. Two samples failed authentication and the remaining 18
samples failed because of either poor-quality dose–response curves
caused by, for example, low luminescence values due to insufficient
cell numbers or variable viability of tumor cells in multi-well plates
independent of drug treatment (13/18), bacterial/fungal contami-
nation (3/18), or technical failure (2/18).

HTS on freshly dissociated tumor cells was done for 40 of 125 tumor
samples, representing all tumor groups (Fig. 1E). In 24 of these cases
cell numbers were sufficient to screen the full 126-compound library
(Fig. 1F). Of the remaining 85 samples, 83 were expanded in vitro or
in vivo only, with median expansion times of 112 and 92 days,
respectively (Supplementary Fig. S1F). Notably, 70 (82.4%) of the
expanded tumor samples completed successful HTS while the patient
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Figure 2.

Correlations between drug response profiles. Pearson correlation coefficient heatmap of the relationship between drug AUC Z scores across the 125-sample cohort.
Pearson r values are represented by a color scale from red (positive linear relationship) to blue (negative linear relationship). Chemotherapeutics (gray; top) and
targeted drugs (black; bottom) are ordered by unsupervised hierarchal cluster analysis using Euclidian distance. Drugs are annotated by their MOA.
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Figure 3.

In vitro PARP inhibitor responses correlate with in vivo responses and correlated drug response profiles identify effective combinations for individual samples.
A, AUC Z score correlations across the cohort between PARP inhibitors: olaparib versus veliparib (left), talazoparib versus veliparib (middle), and talazoparib
versus olaparib (right). (Continued on the following page.)
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was still alive. This suggests that HTS, even when it requires in vitro or
in vivo expansion, can still support clinical treatment decision making
for individual patients.

To assess whether the expansion of tumor cells influenced the
nature of observed drug responses, we performed unsupervised clus-
tering of the tumor samples based on their drug sensitivity profiles.
Drug sensitivity profiles were determined by establishing the area
under the dose–response curve (AUC) and calculating the AUC Z
score for each compound for eachmodel. The drugswere then grouped
according to mechanism of action (MOA), and median AUC Z scores
were calculated. For both targeted agents (Fig. 1G) and chemother-
apeutics (Supplementary Fig. S2A), there was no clear clustering of
drug responses with either of the four strategies used in generating the
samples for HTS. Importantly, a strong correlation was observed
between drug responses of freshly dissociated or in vivo expanded
cells from the same patient (Supplementary Fig. S2B). Taken together,
these data show that drug sensitivity is independent of the type of
tumor sample used for HTS.

Drug–drug sensitivity correlations identify potential effective
combination therapies

We next sought to determine whether drugs in the same class have
similar efficacy profiles, and to identify potential interactions between
different drug classes. Using a correlation analysis of AUC Z scores, we
identified 340 drug pairs from a possible 7,875 combinations that
had similar efficacy profiles across the cohort (r ≥ 0.6; Fig. 2; Sup-
plementary Table S3). In 114 of the 340 drug pairs involved agents
in the same class andmost of these cases shared the same target(s), such
as microtubule stabilizers in mitosis, DNA topoisomerase I and II
inhibitors in DNA replication, mTORC1 inhibitors in PI3K–AKT–
mTOR signaling and FGFR inhibitors in receptor tyrosine kinase
signaling.

Exceptions included PARP inhibitors, as exemplified by the mod-
erate AUC Z score correlations between veliparib and the other PARP
inhibitors olaparib (r ¼ 0.45) and talazoparib (r ¼ 0.43; Fig. 3A).
Veliparib, olaparib, and talazoparib are potent inhibitors of PARP1/2
catalytic activities, but have variable DNA entrapment potency, veli-
parib being the weakest and talazoparib the strongest (32, 33). Accord-
ingly, we observed that veliparib was the least and talazoparib themost
potent PARP inhibitor with the highest and lowest AUC values in our
cohort, respectively (Fig. 3B). Importantly, a very strong correlation
was observed between talazoparib AUC Z scores in vitro and effects on
event-free survival in vivo (Fig. 3C). Another exception was the only
moderate correlation between the efficacy profile of selumetinib
and the efficacy profiles of the other MEK inhibitors trametinib and
cobimetinib (r ¼ 0.56 for both), while a very strong AUC Z score
correlation was observed between trametinib and cobimetinib
(r ¼ 0.88; Supplementary Fig. S2C).

Unexpected strong correlations across the 125-sample cohort were
also observed between the efficacy profiles of some chemotherapeutic
drugs and targeted agents. For example, the chemotherapeutic SN-38,

the active metabolite of DNA topoisomerase I inhibitor irinotecan,
correlated with PARP inhibitor talazoparib (r ¼ 0.84), AURKA
inhibitor alisertib (r ¼ 0.79), and PLK1 inhibitor volasertib (r ¼
0.79; Supplementary Table S3). We used the correlation between
SN-38 and alisertib to assesswhether sensitivity to both drugs provided
a rationale for combination treatment. A malignant rhabdoid tumor
(MRT), a Wilms tumor, and neuroectodermal tumor (NET) sample
demonstrated in vitro sensitivity to SN-38 and alisertib (Fig. 3D).
Therefore, we performed in vivo drug testing on the matched PDXs
using either alisertib as a single agent, irinotecan plus temozolomide
or alisertib plus irinotecan and temozolomide, because of the clinical
experience with alisertib in combination with irinotecan plus
temozolomide in pediatric cancer treatment (34, 35). The combination
therapy resulted in an improvement in overall survival in all three
models (Fig. 3E; Supplementary Fig. S2D). Importantly, combining
alisertib with irinotecan plus temozolomide did not result in increased
toxicity, as shown by the limited changes in body weight for both
alisertib monotherapy and the triple combination (Supplementary
Fig. S2E). Results are in line with our previous observation that a
Wilms tumor patient with in vitro sensitivity to both talazoparib
and SN-38 responded to clinical combination treatment with
talazoparib and irinotecan (36) and suggest that correlating drug
sensitivity profiles identifies potential individualized drug combina-
tion strategies.

High-throughput drug testing more accurately reflects in vivo
responses than molecular markers

The most potent targeted agents with the lowest median AUC and
log2[IC50] values for the 125-sample cohort were: proteasome inhi-
bitors bortezomib, carfilzomib and ixazomib; CDK1/2/5/9 inhibitor
dinaciclib; pan-HDAC inhibitor panobinostat; andPI3K-AKT-mTOR
signaling inhibitors gedatolisib, TAK228, and vistusertib (Fig. 4A;
Supplementary Fig. S3A). We studied tumor-type specific sensitivity
or resistance to drugs by calculating the difference between average
AUC (Fig. 4B) and log2[IC50] (Supplementary Fig. S3B) Z scores of
each drug for samples of the same tumor type compared to the
remaining tumor samples. In keeping with their prioritization for
clinical trials (NCT03194932, NCT03236857, NCT04161885), vene-
toclax was significantly more effective against hematologic malignan-
cies compared with other types of pediatric cancer (Fig. 4B; Supple-
mentary Fig. S3B; Supplementary Table S4). Interestingly, sarcomas
were generally sensitive to ceritinib and crizotinib (Fig. 4B; Supple-
mentary Fig. S3B; Supplementary Table S4). Because no increased
sensitivity to the selective ALK inhibitor alectinib was observed, the
increased efficacy of ceritinib and crizotinib against sarcomas is most
likely the result of blocking targets other thanALK (i.e., IGF-1R and/or
InsR for ceritinib and c-Met and/or ROS1 for crizotinib).

Next, we examined correlations between pediatric cancer drivers
and drug sensitivity. As expected, larotrectinib (NTRK inhibitor) was
only effective in our sole high-grade glioma (HGG) sample that
harbored a KANK1-NTRK2 fusion with AUC and IC50 values of

(Continued.) B, Comparison of veliparib, olaparib, and talazoparib AUC values shows increased efficacy with increasing PARP DNA entrapment potency.
C, Correlation between in vitro talazoparib AUC Z scores and in vivo responses in matching PDX models as established by calculating T/C values for each model
using the following formula: [mediumEFS timeafter talazoparib treatment (¼T)]/[mediumEFS timewhenuntreated (¼C)].D,Correlation between theAUCZ scores
of AURKA inhibitor alisertib and irinotecan metabolite SN-38. Samples sensitive to both alisertib and SN-38 that are used for in vivo combination testing in D are
depicted in orange. E, In vivo effects of vehicle control (black), irinotecan plus temozolomide (green), monotherapy alisertib (blue), and alisertib in combination
with irinotecan plus temozolomide (red) in PDX models for MRT (left), Wilms tumor (middle), and neuroectodermal tumor (NET; right). Top graphs show
percentage change in tumor model for each PDX and bottom graphs show EFS. MRT, malignant rhabdoid tumor; WT, Wilms tumor; NET, neuroectodermal tumor.
� , P < 0.05; ���, P < 0.001; ���� , P < 0.0001. �, versus vehicle control; � , versus alisertib; � , versus irinotecan (IRN) plus temozolomide (TMZ).
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348 and 0.16 mmol/L, respectively, compared with AUC values >418
and IC50 values >0.84 mmol/L for all other models tested (Fig. 4C;
Supplementary Fig. S3C and S3D). Similarly, the BRAF inhibitors
dabrafenib and vemurafenib were most potent against the BRAF
V600E-mutant HGG and melanoma samples, and the ALK F1245I-
mutant neuroblastoma sample was among the samples most sensitive
to ALK-targeting inhibitors ceritinib and crizotinib (Fig. 4C; Supple-
mentary Fig. S3C and S3D). A HGG sample that harbored an EML4-
ALK fusionwas also tested anddid not respond toALK inhibition. This
was in line with the previously described observation that patients
harboring shorter EML4-ALK variants without parts of the tandem
atypical b-propeller (TAPE) domain ofEML4might be less sensitive to
ALK inhibition (37). Biomarker-driven positive responses to BRAF
and ALK inhibition in vitro were in accordance with positive in vivo
PDX responses (Fig. 4D and E) and clinical responses including the
HGG patient harboring the NTRK fusion (Supplementary Fig. S3E–
S3G). Finally, models responded significantly better to trametinib and
cobimetinib in the presence of alterations in the RAS–MAPKpathway,
including aberrations in oncogenes ALK, BRAF, KRAS, or NRAS
and/or tumor suppressor genes NF1 or PTPN11 (Fig. 4F; Supplemen-
tary Fig. S3H). In agreement with the moderate correlation with tra-
metinib and cobimetinib efficacy profiles (Supplementary Fig. S2C),
the difference in potency for samples with versus without RAS–MAPK
pathway alterations was less pronounced for selumetinib without
significant difference based on log2[IC50] values (Fig. 4F; Supplemen-
tary Fig. S3H).

Driver variants in PI3K–AKT–mTOR and cell-cycle signaling are
among the most frequently observed actionable events in pediatric
cancers, often leading to the recommendation of mTOR or CDK4/6
inhibitors as potential therapies (10, 12). Our data showed that
inhibitors of PI3K–AKT–mTOR signaling had varying AUC and
log2[IC50] Z scores across the 125-sample cohort, independent of the
presence of bona fide aberrations in PI3K–AKT–mTOR signaling
genes (PIK3CA, PIK3R1, PTEN, or TSC2; Fig. 5A; Supplementary
Fig. S4A and S4B). To validate this observation, the efficacy of the
clinically used mTORC1 inhibitor temsirolimus was tested in vivo in
matching PDX models for an insensitive osteosarcoma sample har-
boring a TSC2 mutation and a sensitive Ewing sarcoma sample
harboring a PIK3CA mutation. Although no significant effects on
best responses were observed in both PDX models (Supplementary
Fig. S4C), temsirolimus treatment significantly improved EFS in the
Ewing sarcoma and not the osteosarcomamodel (Fig. 5B). In vitro and
in vivo efficacies were consistent with the clinical observations in
matching patients who received temsirolimus plus temozolomide and

irinotecan backbone therapy where the TSC2-mutated osteosarcoma
patient had progressive disease and the PIK3CA-mutated Ewing
sarcoma patient had a partial response (Fig. 5C). Similar to PI3K–
AKT–mTOR pathway inhibition, sensitivity to the CDK4/6 inhibitors
ribociclib, palbociclib, and abemaciclib could not be predicted by the
presence or absence of CDKN2A/B deletions, CDK4 amplification, or
RB1 loss (Fig. 5D; Supplementary Fig. S4D and S4E). Together, these
results illustrate that tumor mutational and copy number profiles are
not always sufficient to predict all targeted drug responses, and that
tumor-agnostic approaches such as HTS can identify previously
unrecognized therapeutic susceptibilities.

Sensitivity to WEE1 inhibition is correlated with genes involved
in G2–M checkpoint and DNA replication

WEE1 inhibitor adavosertib showed a large coefficient of variation
(CV) using AUC Z scores across all nonhematologic samples in the
cohort, indicating that there is sufficient diversity of responders and
non-responders to potentially identify novel predictive biomarkers.
WEE1 is a key regulator of the G2–M transition and stalled replication
fork stabilization during S phase (38) and is a promising target for
personalized cancer treatment (39).

Adavosertib was tested against 63 nonhematologic tumor samples
with available matching RNA-seq data. Using Pearson correlation
coefficients between adavosertib AUC Z scores and log-transformed
gene expression values, we performed GSEA to study the biological
processes linked to adavosertib sensitivity. The most highly enriched
gene ontology biological processes (GO:BP) and hallmark gene sets
were G2–Mcheckpoint, (DNA-templated) DNA replication, organelle
fission, DNA metabolic process, and MYC targets version 1 (V1) and
version 2 (V2; Fig. 6A andB; Supplementary Fig. S5A; Supplementary
Table S5). Genes correlating with adavosertib sensitivity were also
enriched for targets of the MuvB (DREAM) multiprotein complex
(Fig. 6A), a known master regulator of cell cycle (40, 41).

Top 25 genes with the strongest association with adavosertib
efficacy included 24 negatively (r ≤ �0.48) and 1 positively (r ¼
0.49) correlated gene(s) predictive of sensitivity and resistance, respec-
tively (Fig. 6C; Supplementary Fig. S5B; Supplementary Table S6).
Clustering analysis showed no bias for specific tumor types (Fig. 6D).
Sixteen of the 24 genes predictive of adavosertib sensitivity are involved
in processes related to mitotic cell-cycle regulation and chromosome
organization (Fig. 6E). Further exploration of the biological inter-
connections to identify functional interactions of the 25-gene set using
Reactome revealed TP53, PLK1, CDK1, EP300, and CDC42 as key
linker nodes between WEE1 and the 25-gene set (Supplementary

Figure 4.
In vitro HTS on patient-derived tumor samples confirms known associations between drug sensitivity and driver aberrations. A, AUC distribution across all samples
for targeted drugs. Drugs are ordered frommost (left) to least (right) effective based on lowestmedian AUC, followed by lowest quartile AUC values. Colors indicate
the mechanism of action of each drug. B, Volcano plots of tumor type-specific sensitivity or resistance to drugs based on the AUC Z scores for each drug, using the
following formula: [averageAUC Z score for tumor type of interest]� [averageAUC Z score for the remaining cohort]. A difference in averageAUC Z score ≤0.5 and
adjusted P < 0.01 is considered relatively resistant (blue) and a difference in average AUC Z score > 0.5 and adjusted P < 0.01 is considered relatively sensitive (red).
Only significant targeted drugs are named in the figure. Circle size represents the number of samples within the given tumor type on which the indicated drug has
been tested. C, AUC values for TRK inhibitor larotrectinib sulfate, BRAF inhibitors dabrafenib and vemurafenib, and ALK inhibitors ceritinib, crizotinib, and alectinib
with samples harboring an NTRK fusion, BRAF V600E mutation, or ALK aberration (i.e., ALK F1245I mutation or EML4-ALK fusion) highlighted in red, respectively.
Arrows indicate the BRAF V600E–mutated HGG and ALK F1245I–mutated NB sample used for in vivo efficacy testing in D and E, respectively. D, In vivo effects of
vehicle control (saline; black), dabrafenibmonotherapy (green), trametinibmonotherapy (blue), and dabrafenib plus trametinib combination therapy (red) on EFS in
the matching HGG PDX model of the BRAF V600E–mutated sample with in vitro sensitivity to BRAF inhibition. E, In vivo effects of vehicle control (black) and ALK
inhibitors ceritinib (green), crizotinib (blue), alectinib (orange), and lorlatinib (red) in thematching NBPDXmodel of theALK F1245I–mutatedNB samplewith in vitro
sensitivity to ALK-targeting inhibitors. Left graph shows percentage change in tumor model for each PDX and right graph EFS. F, AUC values for MEK inhibitors
trametinib (left), cobimetinib (middle), and selumetinib (right) in samples with (colored) and without (gray) driver aberrations in RAS–MAPK signaling. Shapes of
the symbols indicate tumor type. Tumor type key: brain tumors (BT), hematologic malignancies (HM), neuroblastoma (NB), sarcoma tumors (SAR), solid other (SO).
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. �, versus vehicle control.

Drug Screening of Primary Tumor Cells Identifies Treatments

AACRJournals.org Cancer Res; 83(16) August 15, 2023 2725



A

D

mTORC1
inhibitor

PI3K
inhibitor

PI3K/mTOR
inhibitor

AKT
inhibitor

E
ve

ro
lim

us

S
iro

lim
us

Te
m

si
ro

lim
us

TA
K

22
8

V
is

tu
se

rti
b

A
lp

el
is

ib

B
up

ar
lis

ib

Id
el

al
is

ib

G
ed

at
ol

is
ib

P
ax

al
is

ib

V
ox

ta
lis

ib

A
fu

re
se

rti
b

M
K

-2
20

6
di

hy
dr

oc
hl

or
id

e

−4

−3

−2

−1

0

1

2

3

A
U

C
 Z

 s
co

re

PIK3CA  SNV activating
PIK3R1  SNV inactivating
PTEN  CNV loss
PTEN  SNV inactivating
TSC2  CNV loss
TSC2  SNV inactivating
PIK3CA  SNV activating +
PIK3R1  SNV inactivating
No aberration

Log2[IC50] Z score
−6

−4
−2
0

R
es

is
ta

nt
Se

ns
iti

ve
A

U
C

 Z
 s

co
re

R
es

is
ta

nt
Se

ns
iti

ve

CDK4/6
inhibitors

A
be

m
ac

ic
lib

m
es

yl
at

e

P
al

bo
ci

cl
ib

R
ib

oc
ic

lib

−3

−2

−1

0

1

2
CDKN2A/B  CNV loss
CDKN2A   CNV loss
CDKN2B   CNV loss
CDKN2A   SNV inactivating
CDK4   CNV amp
RB1    CNV loss
RB1    SNV inactivating
RB1    SNV inactivating +
   CNV loss
No aberration

Log2[IC50] Z score
−6

−4
−2
0

0 10 20 30 40 50
0

20

40

60

80

100

zcc43: Osteosarcoma (TSC2 mutation)

EFS (Days)

zcc43: Osteosarcoma (TSC2 mutation)
Treatment: Temsirolimus + chemotherapy

B

0 10 20 30 40 50
0

20

40

60

80

100

zcc59: Ewing sarcoma (PIK3CA mutation)

EFS (Days)

C

zcc59: Ewing sarcoma (PIK3CA mutation)
Treatment: Temsirolimus + chemotherapy

Before After

Progressive disease

Before After

Partial response

*

mTORC1/2
inhibitor

P
ro

ba
bi

lit
y 

of
 s

ur
vi

va
l

Control
Temsirolimus

P
ro

ba
bi

lit
y 

of
 s

ur
vi

va
l

Control
Temsirolimus

Mayoh et al.

Cancer Res; 83(16) August 15, 2023 CANCER RESEARCH2726



Fig. S6A). We looked for germline and somatic single nucleotide
variants (SNV), small insertions and deletions (InDels), and copy
number (CN) status in the 25-gene set, linker node genes and WEE1.
SNVs and InDels identified in our gene lists were independently
curated to assign pathogenicity status and those predicted to be benign
or likely benign were filtered out. TP53was the only gene with variants
considered to be pathogenic, which were present in 19 of the 59
samples with matching WGS data but was not associated with
adavosertib response (Supplementary Fig. S6B). There was no strong
correlation between adavosertib AUC Z scores and genomic altera-
tions of the 25-gene set, linker node genes and WEE1.

Interestingly, an adavosertib-sensitive neuroblastoma sample with
MYCN amplification did not conform to the expression profile of the
25-gene set (Supplementary Fig. S6B). When we compared neuro-
blastoma samples with and withoutMYCN amplification or activating
MYCN mutations, those with MYCN aberrations had significantly
lower AUC and log2[IC50] values (P ¼ 0.016 and 0.024, respectively)
when treated with adavosertib (Supplementary Fig. S6C). This obser-
vation was validated using the publicly available Genomics of Drug
Sensitivity in Cancer project database (Supplementary Fig. S6D).
MYCN dependency was further explored using the human neuro-
blastoma cell line SHEP-21N, which expresses high levels of MYCN
under a doxycycline repressible promoter (29). MYCN repression in
SHEP-21N cells diminished adavosertib effects on cell viability
(Fig. 6F), resulting in significantly higher AUC and log2[IC50] values
(Fig. 6G). Adavosertib caused a shift from the G1 phase to the G2–M
phase checkpoint of the cell cycle (Supplementary Fig. S6E). In line
with the higher proliferation rate observed in SHEP-21N with MYCN
on versus MYCN off (Supplementary Fig. S6F), adavosertib-induced
G2–M phase cell-cycle arrest was most pronounced in SHEP-21N
cells expressing high levels of MYCN. Supported by the observed
enrichment of hallmarksMYC targets versions 1 and 2 in adavosertib-
sensitive samples, this suggests the potential efficacy of adavosertib
in tumors with MYCN amplification or activating mutations. Taken
together, the activation of MYCN in neuroblastoma is a potential
biomarker of WEE1 inhibitor efficacy.

MEK inhibitor efficacy is associated with alterations in PI3K
signaling

Our data showed that trametinib had efficacy in HTS of WT, HGG,
and diffuse midline glioma (DMG), which do not harbor bona fide
driver mutations or CN alterations in RAS–MAPK signaling (Sup-
plementary Fig. S7; Fig 4F). We took advantage of the HTS of CNS
tumors in which no tumor content was present as negative controls to
compare the AUC and log2[IC50] values of trametinib in HGG and
DMGsamples. Significantly higher trametinib efficacy was observed in
tumors compared to controls (Fig. 7A). To understand the unexpected
trametinib responses, we looked for CN and SNV alterations in amore
extensive network of RAS–MAPK signaling genes. Only weak correla-
tions between trametinib AUCZ scores and normalized copy numbers

ofNTRK1 (r¼�0.36),MET (r¼�0.24),ALK (r¼�0.22), and EGFR
(r ¼ �0.21) were identified. In line with this, GSEA did not identify
enrichment for RAS–MAPK signaling in sensitive samples (Fig. 7B;
Supplementary Table S7). We also studied links with alterations in
PI3K–AKT–mTOR signaling because of the cross-talk between RAS–
MAPK and PI3K–AKT–mTOR signaling (42). Three of the five most
sensitive glioma samples harbor a heterozygous PIK3R1 mutation, of
which, two samples have an additional gain in AKT3 and/or activating
mutation in PIK3CA (Supplementary Fig. S7). A fourth glioma sample
harboring a biallelic PIK3R1 mutation was less sensitive. Further
investigation showed increased activity of AKT but not ribosomal
protein S6K (a negative feedback regulator) in glioma cells with versus
without PIK3R1, PIK3CA, and/orAKT3 genomic alterations (Fig. 7C),
thus confirming PI3K–AKT–mTOR pathway activation. Although
PIK3R1 mutations were distinct from nSH2 domain mutations
associated with neomorphic activated RAS–MAPK signaling and
increased sensitivity to MEK inhibition (Fig. 7D; ref. 43), higher
phosphorylated ERK levels were observed in glioma cells harboring
genomic PI3Kpathway alterations comparedwith the earlier discussed
BRAF V600E–harboring HGG sample (Fig. 7C). ERK phosphoryla-
tion was inhibited upon trametinib treatment. No enrichment of gene
sets related to active PI3K signaling was observed in trametinib-
sensitive solid tumor samples (Fig. 7B; Supplementary Table S7).
These results suggest that sensitivity of brain tumor samples to MEK
inhibition is potentially linked to genomic alterations inPI3K signaling
but require further functional validation.

Discussion
This study demonstrates the potential contribution in vitro HTS

embedded in a personalized medicine program can make to clinical
treatment decision making. We confirmed that drug response profiles
are independent of the methodology used to obtain material for
screening (freshly dissociated cells versus in vitro or in vivo expanded
cells). Moreover, in vitro responses could be achieved within
timeframes that permitted data being made available to treating
clinicians. In well-established indications, such as NTRK fusions and
BRAF mutations, the in vitro responses were entirely consistent with
responses in matching PDX models and patients. Excitingly, by
applying our novel methodology that uses drug responses as a starting
point, we provide new biological insights into drug responses, which,
when validated, can be utilized for prediction of favorable clinical
responses, or identifying non-responders.

We previously showed that in vitro and in vivo drug testing is
an effective strategy to identify treatments for pediatric cancer
patients independently from molecular profiles (24). A key chal-
lenge is doing this in a clinically relevant timeframe. The most time-
efficient method is using freshly dissociated tumor cells to perform
HTS, relate this to the contemporaneous molecular profiling, and
inform treating clinicians using both sets of data. However, in many

Figure 5.
Sensitivity to mTORC1 and CDK4/6 inhibitors is not predicted by clinically applied predictive biomarkers. A, Dot plots of the AUC Z scores of PI3K-AKT-mTOR
inhibitors for sampleswith (colored) andwithout (gray) bonafidegenomic alterations in PI3K–AKT–mTOR signaling. Arrows indicate the sarcoma samples harboring
a TSC2mutation (green arrow; average sensitivity to temsirolimus) and aPIK3CAmutation (purple arrow; high sensitivity to temsirolimus) used for in vivo and clinical
validation inB andC, respectively.B, In vivo effects of temsirolimus on EFS inmatching sarcomaPDXmodels for the two sarcoma samples indicated inA (N¼4mice/
treatment arm). C, Observed responses for temsirolimus addition to backbone chemotherapy (irinotecan plus temozolomide) in matching sarcoma patients. Top
images, 18F-FDG PET/CT images demonstrating progressive disease in the anterior chest wall of the patient with a TSC2-mutated osteosarcoma. Bottom images,
computed tomography (CT) scans of the chest demonstrating partial regression of pleural metastases in the patient with a PIK3CA-mutated Ewing sarcoma.D, Dot
plots of CDK4/6 inhibitors for sampleswith (colored) andwithout (gray) bonafidegenomic alterations in cell-cycle regulation. Dot sizes inA andD indicate log2[IC50]
Z score values. � , P < 0.05.
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Integrative analysis identifies novel biomarkers predictive of adavosertib efficacy.A,GSEA enrichment plots for top enriched hallmark, GO biological processes (GO:
BP), and curated gene sets for the positively correlating geneswith adavosertib efficacy. Gene sets enriched among the genes for which log2[TPM] values negatively
correlated with adavosertib AUC Z scores (high expression correlates with increased efficacy) with FDR q value < 0.01, list > 10%, and NES ≤ �2 were selected as
most relevant. Genes with |r| ≥ 0.3 are highlighted in the barcode regions. B, Clustering of the MSigDB GO:BP gene sets enriched in the adavosertib-sensitive
nonhematologic tumor samples with FDR q value < 0.01, list > 10%, and NES ≤ �2. (Continued on the following page.)
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cases, in vitro or in vivo expansion prior to HTS was required due to
limited tumor material. Although patient-derived cells and PDXs
have been shown to recapitulate the molecular and phenotypic
features of tumors (17, 44, 45), the concern is this may introduce
variables that may influence drug responses and limit the relevance
of the drug screen data. Our finding that drug responses were
consistent across the different methodologies used is important as
this means that HTS can be performed on more tumor samples. In
addition, this is relevant as 82% of the screens on expanded tumor
cells were completed while the patient was still alive, and HTS
results could be used to guide clinical decision making.

Although we have previously shown that HTS can identify potential
therapeutic responses not identified using genomic and transcriptomic
analyses alone (24), our experience with ZERO has shown that
clinicians are hesitant to recommend treatment based solely on HTS
data without molecular features supporting the drug response. Our
results demonstrate that HTS on patient samples validate known
gene–drug interactions, such as larotrectinib sensitivity associated
with a KANK1–NTRK2 fusion (46), or dabrafenib and vemurafenib
sensitivity in pediatric tumors that harbor BRAF V600E muta-
tions (47, 48). The corollary of this is that in vitro drug screening
provides an unprecedented opportunity to explore the biology of drug
responses, particularly when biomarkers are not well established or
potentially misleading. For example, cell-cycle aberrations such as loss
of CDKN2A/B and PI3K–AKT–mTOR signaling pathway aberrations
are themost common alterations in pediatric cancer genomes (10, 12).
However, inhibitors such as palbociclib and ribociclib and mTORC1
inhibitors such as everolimus and sirolimus are yet to have significant
clinical impact in pediatric cancer (13, 14, 49, 50). We observed
significant responses to CDK4/6 and PI3K–AKT–mTOR pathway
inhibitors in a subset of samples without variants in cell cycle or
PI3K–AKT–mTOR signaling genes. Importantly, in vitro sensitivity or
resistance of tumor samples with aberrations in PI3K–AKT–mTOR
signaling genes to mTORC1 inhibition was consistent with matched
in vivo and clinical responses. Further data from in vitro drug testing
programs, with follow-up of clinical responses to HTS treatment
recommendations will be required to determine how well in vitro
screens match clinical utility. In the shorter term, inclusion of in vitro
drug assays to support targeting a genomic feature provides powerful
evidence to support drug treatment recommendations.

We have used the HTS response data to highlight several associa-
tions between genomic features in high-risk pediatric cancer and
drug responses, which are not currently clinically applied, but which
could potentially improve patient selection. For example, we identified
MYCN activation as a potential predictive biomarker for adavosertib
efficacy in neuroblastoma. This is in line with the previously reported
observation that neuroblastoma cells homozygous for MYCN were
more sensitive to adavosertib compared to neuroblastoma cells

heterozygous for the oncogene (51). The 25-gene signature of sensi-
tivity to adavosertib (Fig. 6C) is independent ofMYCN activation, but
requires much more extensive validation before it could be employed
to select patients for this treatment. Also, sensitivity to MEK1/2
inhibitor trametinib in a subset of HGG and DMG samples is
potentially associated with PIK3R1 mutations and/or AKT3 CN gain,
consistent with the previous observation that a N564D mutation in
PIK3R1 confers in vitro sensitivity to trametinib in a patient-derived
diffuse intrinsic pontine glioma model (52). With the availability of
MEK inhibitors with improved blood–brain barrier (BBB) permeabil-
ity, such as pimasertib, the latter finding opens new avenues for the
development of biomarker-driven trials involving MEK inhibitors to
improve outcomes for challenging tumor types such as HGG and
DMG. Each of these examples provide evidence that utilizing HTS
alongside genomic and transcriptomic analysis can lead to better
predictive biomarkers, which are validated ultimately by clinical
follow-up.

Single-agent therapy is rarely efficacious in achieving adequate
responses due to genetic intratumor heterogeneity or acquired resis-
tance (53). A critical challenge for HTS programs is to identify
combination therapies that can be matched to individual tumors or
tumor genomic profiles. The availability of limited tumor material for
preclinical drug testing and the need to obtain results in a clinically
relevant timeframe makes it all but impossible to test all drug combi-
nations.Wedevised a potentialmethodology to tackle this challenge by
using correlations between the efficacy profiles of single agents to
identify drugs with different MOAs but similar activity across our
cohort. Although we validated a successful combination of SN-38 and
alisertib through this approach, further studies are required to test the
hypothesis that sensitivity to two single agents can be used to identify
effective drug combinations for individual patients. This kind of
innovative approach can provide a rationale for selection of preclinical
combination testing.

In conclusion, we have shown the value of incorporating HTS
into precision medicine programs to broaden therapeutic options
available to high-risk pediatric cancers. Importantly, this is feasible
while patients are currently undergoing clinical management.
Expanding from our TARGET pilot study (24) to the PRISM
clinical trial, we showed the sustainability of such an approach,
which can be a valuable asset to the health care system. Further-
more, our findings explore and integrate the interplay between
complementary drug screening and molecular profiling data, which
provides a higher level of clinical confidence in treatment recom-
mendations. Therefore, by expanding cohorts through global pedi-
atric precision medicine programs, this will develop a rich source of
data that will provide additional power and confidence to better
identify biomarkers of drug response and more effective combina-
tion therapies can be identified and trialed.

(Continued.) Nodes are grouped and colored based on same or similar functional indication and their size indicates the NES. The two largest clusters are shown.
C, Twenty-five top correlating genes with adavosertib efficacy based on Pearson correlation coefficient between adavosertib AUC Z scores and gene log2[TPM]
values across the 63-sample tumor cohort. Negatively (high expression correlates with sensitivity) and positively (high expression correlates with resistance)
correlating genes with P < 0.01 are indicated in red and blue, respectively. D, Principal component (PC) analysis of the adavosertib response based on AUC Z score
with red being relatively sensitive and blue relatively resistant. Shapes of the symbols indicate tumor type. E, Twenty top GO, hallmark, and KEGG gene sets
identified from the 25-gene set shown in C correlating with adavosertib efficacy (FDR q value < 0.01). Blue, GO biological process; black, GO cellular component;
green, hallmark. F, Adavosertib dose–response curves for SHEP-21N neuroblastoma cells with MYCN on [green;�doxycycline (Dox)] versus MYCN off (red;þDox).
Effects on cell viability were established after 24-hour treatment in four independent experiments with three technical replicates in each experiment. Dots
indicate the average cell viabilities� SD and lines represent the fitted dose-response curves using nonlinear regression.Western blot on top showsMYCN repression
upon doxycycline treatment after 0, 24, and 96 hours.G,Adavosertib AUC (left) and log2[IC50] (right) values in SHEP-21Nneuroblastoma cellswithMYCNoff (�Dox)
versus MYCN on (þDox) after 24-hour treatment. Horizontal lines indicate median values. Tumor type key: brain tumors (BT), neuroblastoma (NB), sarcoma
tumors (SAR), solid other (SO). � , P < 0.05.
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Figure 7.

PIK3R1 mutations predict sensitivity in pediatric HGG and DMG samples to MEK inhibition. A, Trametinib AUC (left) and log2[IC50] (right) values for noncancerous
brain samples versus pediatric HGG and DMG samples without bona fide alterations in RAS–MAPK signaling. Horizontal lines represent median values. B, GSEA of
MSigDB GO:BP gene sets on the genes positively correlated with trametinib sensitivity (NES < 0). Dot size indicates NES and dots above the dotted line (FDR q value
>0.01) are not significant. Biological processes associatedwith RAS–MAPK and PI3K signaling are highlighted in red and orange, respectively.C,Activation status of
RAS–MAPK and PI3K signaling pathways in trametinib-sensitive DMG samples zcc372 and zcc135 harboring a PIK3R1 mutation. DMG sample zcc135 harbors an
additional activating mutation in PIK3CA and both DMG samples zcc372 and zcc135 harbor gain of AKT3. RAS–MAPK and PI3K pathway activation was established
after 40-minute treatment with DMSO (¼ baseline levels) or 50 nmol/L trametinib by Western blot analysis of phosphorylated and total levels of ERK1/2 and AKT
and S6K, respectively. Trametinib-sensitive DMG sample zcc116 harboring a BRAF V600E mutation and trametinib-insensitive DMG sample zcc92 without bona
fide alterations in RAS–MAPK or PI3K signaling have been included as controls. b-Actin was used as loading control. The color of the crosses indicates the sensitivity
of the sample to trametinib. Red, sensitive; blue, insensitive. D, Lollipop diagram of the PIK3R1 mutations in brain tumors in our cohort (indicated in black) that
are associated with trametinib sensitivity. nSH2 domain mutations associated with neomorphic-activated RAS–MAPK signaling and increased sensitivity to MEK
inhibition are indicated in gray. Genome coordinates are in hg19.
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