10
11

12
13

14

15
16

17

18

19
20

21
22

23

24

25

Precision medicine in pediatric oncology: lessons learned

and next steps

*Rajen J. Mody, MBBS, MS" 2 *John R. Prensner, MD, PhD?, Jessica Everett, MS>*, D. Williams

Parsons, MD, Ph.D.S’G, Arul M. Chinnaiyan, MD, PhD* "8

Affiliations:

1.

Department of Pediatrics, University of Michigan Medical School, Ann Arbor, Michigan
48109

Comprehensive Cancer Center, University of Michigan Medical School, Ann Arbor,
Michigan 48109

Department of Pediatrics, Boston Children’s Hospital, Boston, Massachusetts 02115

Department of Internal Medicine, University of Michigan Medical School, Ann Arbor,
Michigan 48109

Department of Pediatrics, Baylor College of Medicine, Houston, TX 77030,
Texas Children’s Cancer Center, Baylor College of Medicine, Houston, TX 77030

Department of Pathology and Michigan Center for Translational Pathology (MCTP),
University'of Michigan Medical School, Ann Arbor, Michigan 48109

Howard Hughes Medical Institute, University of Michigan Medical School, Ann Arbor,
Michigan48109

* Co-first authorship

This is the authior manuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/pbc.26288.

This article is protected by copyright. All rights reserved.


http://dx.doi.org/10.1002/pbc.26288
http://dx.doi.org/10.1002/pbc.26288
http://dx.doi.org/10.1002/pbc.26288

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Key Words: Precision medicine, oncology, next generation sequencing, targeted therapy

Brief running title: Precision medicine in pediatric oncology

Address correspondence to:

Rajen Mody, M.B.B.S., MS

David G. Diekinson Collegiate Professor in Pediatrics

Director, Rediatric \Phase-I and Experimental Therapeutics Program
University Of Michigan

D4207 Medical Professional Building, BOX 5718

Ann Arbor, MIT 48109-5718

Phone: 734-764-7126

Fax: 734-615-0464

rmody@umichred

Word Count: Abstract — 99, Main text — 5447
Number.oftables: 3

Number of figures: 3

Abstract

The maturation of genomic technologies has enabled new discoveries in disease pathogenesis as well
as new appreaches;to patient care. In pediatric oncology, patients may now receive individualized
genomic analysissto identify molecular aberrations of relevance for diagnosis and/or treatment. In this
context, several recent clinical studies have begun to explore the feasibility and utility of genomics-

driven precision‘medicine. Here, we review the major developments in this field, discuss current
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limitations, and explore aspects of the clinical implementation of precision medicine which lack

consensus. Lastly, we discuss ongoing scientific efforts in this arena, which may yield future clinical

1

applications.

r Manuscrip

Introduct

O

Medicine society: the precision medicine era

h

Precisio icine is broadly defined by the National Institutes of Health as “an emerging approach

for disease treatment and prevention that takes into account individual variability in genes,

L

environment, and lifestyle for each person.” The Obama administration’s January 2015
announ f the Precision Medicine Initiative (PMI) takes a step forward in efforts to move

precision medicine into clinical practice[1]. With $215 million in planned funding for fiscal year
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2016, the PMI aims to leverage next generation sequencing capabilities, improved biospecimen
analytics, and tools for management of large data sets, to generate outcome data that will facilitate
movement from the research realm into clinical care. Recently, the Obama campaign’s National
Cancer Moenshot Initiative, announced during the 2016 State of the Union address and motivated by
the deathi of:-VicesPresident Joseph Biden’s son to brain cancer, is now expanding governmental

involvement andsfinancial support upwards of $4 billion[2].

Indeed, across mudtiple disciplines, the widespread utilization of high-throughput genomic
technologies has enabled more detailed clinical characterization and management according to
genomic knowledge. In pulmonology, cystic fibrosis patients with the pathogenic CFTR G551D
mutation preferentially respond to the drug ivacaftor[3]. Cardiovascular medicine has 12 drugs with
pharmacoggénetic labeling from the FDA, and genotype data is helping to better predict risk for
cardiovascular disease and characterize disease subtypes. Identification of patients with mutations
linked to familial hypercholesterolemia, arrhythmias, and cardiomyopathies creates opportunities for
prevention of myocardial infarction and sudden cardiac death[4]. Researchers in gastroenterology are
using precision medicine tools to improve biomarkers for numerous diseases and are interrogating the
microbiomeenvironment in GI disease. In the intensive care unit, researchers have begun to define
clinically-feasible assays to rapidly detect sepsis through accumulation of specific metabolites in

blood[5].

Precision medicine,and cancer

While the toolssof precision medicine are being applied broadly, cancer has been at the vanguard of
these effortsi(Figure 1), and near-term goals of the PMI are most accessible in oncology. The

emergence of biomarker-driven targeted therapies is already a reality for some oncology patients.
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Thus, lung cancer patients with EGFR alterations receive EGFR-targeting therapies[6], whereas those
with ALK alterations receive ALK-targeting therapies[7]. Furthermore, as molecular subclasses of
cancer are established, clinical study design has adapted accordingly, moving towards umbrella-
designs or biomarker-driven study where patients are enrolled based upon molecular features. The
NationalxCaneersdnstitute (NCI), which is leading the Moonshot Initiative efforts, has outlined several
areas of focusiforrongoing oncology PMI research and implementation: expanding clinical study,
enhancing drug discovery and development, developing new cell line models, furthering the promise
of immunotherapys and improving early detection and prevention through vaccines, chemoprevention,
and biomarker diScovery[2]. Moreover, pediatric cancer has been emphasized as a specific target area

for advancing precision medicine into clinical care.

Early Clinical Studies in pediatric oncology

At diagnesisgpediatric cancer patients tend to have lower rates of mutation across their genomes when
compared againstall adult cancers[8-10]. By contrast, pediatric tumors that are treatment-refractory
and recurrent generally have higher mutation rates, more comparable to adult tumors[11-13]. These
data can begused to support claims that, at diagnosis, there may be less molecular complexity per
individual canees, which may enable efficacy for targeted agents by decreasing the number of altered
cellular pathwaysgas well as the claim that there are generally few recurrently mutated targetable
genes in pediatric cancers, which may limit the availability and use of some targeted agents. The
relative paucity of targetable mutations in pediatrics is compounded by limited access to newer
targeted therapeutic agents due to availability of fewer pediatric clinical studies and smaller number

of eligible patients for each study.
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Despite these challenges, initial pilot studies of genomic medicine in pediatric oncology have been
both fruitful and encouraging (Figure 2), with several major conclusions. First, although pediatric
tumors typically lack frequent targetable kinase alterations such as those in common adult cancers
such as lung (EGER) or breast cancer (HER?2), pediatric tumors appear to be enriched for targetable
gene fusionsmSecond, there has been a surprising frequency of rare mutations in actionable genes in
unexpecteditumoritypes[14]. Third, the studies have re-emphasized importance of pathogenic
germline mutations in pediatric cancers, even among patients lacking a notable family history of
cancer. Finally gthere have been notable cases of patients with a change in diagnosis or risk

stratification"due to genomic aberrations discovered on molecular testing.

Below, we summarize the early findings from three key pediatric precision oncology studies,
including two from the NHGRI and NCI-funded Clinical Sequencing Exploratory Research (CSER)
program[15-17](Table 1). All of these studies are still ongoing and we will await the results of a
larger, more definitive cohort in the future. For readers less familiar with genome sequencing
technologies, we.have included an Appendix S1 which details the basic modalities, their pros and

cons, and their compatibility with different biospecimen types.

PEDS-MIONCOSEQ

The University"ofMichigan Pediatric Michigan Oncology Sequencing (PEDS-MIONCOSEQ)
study[15] 15’ based upon their earlier adult sequencing efforts[18]. The results from the first 102
patients enrolled on PEDS-MIONCOSEQ have now been reported|15]. Primary study population
included pediatric'and young adult cancer patients with refractory, relapsed disease while 20% cases
included hadmmewly diagnosed high-risk or rare disease, all of whom had undergone extensive testing

by available standard of care testing. Majority of these patients had either failed or had no proven
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therapeutic options available to them and were looking for novel therapies. This was the only
pediatric study, which included all subtypes of pediatric malignancies including hematopoietic, brain
and solid tumors. Ninety-one patients underwent genomic analyses with whole exome sequencing
(WES) of tumor and germline DNA as well as RNA sequencing of tumor RNA. Clinical decision-
makingmwassmadesthrough a multidisciplinary tumor board and patient follow up was updated
quarterly. Typicaltturn-around time and cost estimates were 54 days and $6000, respectively. Overall,
42 patients (46%) had a potentially actionable findings, most of which were not detected by standard
diagnostic testsdhat did not include sequencing. The actionable findings included 9 patients with
germline findings; 10 patients with an actionable gene fusion found via RNA-seq, and two patients
who had their diagnosis changed. Twenty three patients had an individualized care decision made
based upon sequeneing results, which included 14 patients receiving different therapies, 9 patients
with genetic ¢ounseling, and 1 patient with both. Nine of 14 patients with a change in management

had a clinical response lasting more than 6 months in duration.

BASIC3

Data have been reported for the first 150 children with solid and brain tumors enrolled on the Baylor
College of Medicine Advancing Sequencing in Childhood Cancer Care (BASIC3) study[16]. All
patients underwent germline WES and those with available tumor (121/150; 81%) also underwent
tumor WES. Unique among pediatric studies to date, the BASIC3 study included only newly-
diagnosed, untreated patients. The clinical relevance of sequencing findings was described using a
standardized scale defined by the study investigators. In total 47/121 (39%) patients who underwent
both tumorand,getmline sequencing were considered to have a potentially clinically-relevant finding.
4/121 (3%).of patients harbored a category | somatic mutation (i.e. known pathogenic in that disease),
and 29/121 (24%)had a category Il somatic mutation (i.e. a gene of potential clinical relevance,

including known targetable genes). 15/150 patients (10%) undergoing germline sequencing had a
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diagnostic germline finding related to their phenotype (cancer and/or other diseases), including 13
(8.6%) with pathogenic or likely pathogenic mutations in known cancer susceptibility genes. No

patients were treated with molecularly targeted agents based on study results.

iCat

The Individualized Cancer Therapy (iCat) study is a multi-institutional effort coordinated through
Dana-Farber/Boston Children’s Hospital[19], with results of sequencing of 101 extra-cranial solid
tumor patients reported, including 80% with recurrent or refractory disease looking for novel
therapeutic options. Molecular profiling was completed on tumor tissue DNA for 89 patients.
Molecular profiling was performed with a heterogeneous variety of techniques: 13 patients via
OncoMap alone (a Sequenom assay for 41 genes), 27 patients by OncoMap and array comparative
genomic hybridization (aCGH), 25 patients by OncoPanel (targeted Illumina sequencing for 275
genes andy9lgintrons for rearrangements) and aCGH, and 24 patients by OncoPanel alone. Clinical
recommendations:were based on consensus opinion with members of the multidisciplinary panel
ranking potential findings on a 1 (strongest) to 5 (weakest) scale. In total, 31% of patients received
iCat recommendations and 43% patients were judged to have findings of clinical significance,
including frequent focal copy number alterations (20), the majority of which were MYC/MYCN
amplifications detectable by conventional methods. Three patients (3%) were treated with targeted
therapies based upon study findings, but there were no objective responses. Three patients had a

change in disease diagnosis based upon tumor profiling.

INFORM
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The Individualized Therapy for Relapsed Malignancies in Childhood (INFORM) study is a multi-
institutional German effort coordinated through the German Cancer Research Center (DKFZ)[20].
Fifty seven'patients were enrolled (50 relapsed/refractory and 7 primary patients), of whom 52
received molecular profiling. Molecular profiling was performed with WES and RNA-seq. Low-
coverager wholesgenome sequencing (WGS) was used for copy number events; DNA methylation and
gene expressiommicroarrays were also performed. Typical turn-around time and cost estimates were
28 days and [ 17000 (~$8000), respectively. Clinical recommendations were based on a standardized,
seven-step seoringalgorithm to prioritize molecular targets. In total, 26 patients (50%) had a
clinically-relevant finding (limited to fusions, gene expression, copy number and mutations/indels;
DNA methylation was not directly used). Two (4%) patients had a germline finding which supported
a cancer predisposition syndrome. Ten (19%) patients had treatments altered based upon molecular
findings, includingitwo (4%) patients who had prolonged tumor response >6 months. Five (10%)

patients had a change in diagnosis based upon tumor profiling.

Lesson$ fromytheearly studies

There are s@veral important issues highlighted by these studies. First, clinical genomic analysis has
the potentialstoridentify potentially clinically relevant alterations in a substantial fraction of
pediatric caneerpatients as demonstrated by all three studies. Second, both the tumor and
germline alterations identified in these studies target a diverse set of genes, including many
which wene not previously known to be associated with the patient's cancer type or in pediatric

cancer, emiphasizing the potential yield of genome-scale testing for these patients.

Third, the PEDS=MIONCOSEQ and INFORM studies demonstrates the utility of RNA-seq to identify

actionable gene fusions. In the PEDS-MIONCOSEQ study, 33 of 91 patients had a driver gene
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fusion, 10 of which were actionable. In the INFORM study, 5 of 52 patients had an actionable gene
fusion. While the iCat study attempted to identify translocations via DNA sequencing of targeted
introns, this'method was not particularly effective. Only 1 targetable translocation was found, which
is surprising given that the iCat study had very high proportion of sarcomas patients (n = 61). By
contrastpthesPEDS=MIONCOSEQ and INFORM studies had directly targetable fusions in 5 of 44
sarcoma patieéntsm=Eourth, there were 10 patients collectively in the iCat, PEDS-MIONCOSEQ, and
INFORM studies whose diagnosis was changed by tumor profiling, which is significant given the
detailed pathologie,review each patient had as part of clinical evaluation, including many of the
refractory patients'being reviewed by more than one treating center before enrollment on these

studies.

Fifth, the PEDS-MIONCOSEQ, INFORM and iCat studies demonstrated the potential utility of
genomics to guide selection of targeted therapies. While the PEDS-MIONCOSEQ and INFORM
studies demonstrated that a small set of patients (n=9 (10%) and 2 (4%), respectively) had a clinical
responsgfollowing initiation of a targeted therapy, iCat study failed to show objective responses in
their patient population (n=3). The difference most likely is due to biological nature of malignancies
and genomiclesion'being targeted. PEDS-MIONCOSEQ and INFORM responders included patients
with SNV or actionable fusion in hematological malignancies and actionable fusions in solid tumors,
which historically have shown to be more responsive to single agent targeted therapy. In comparison,
all three iCatypatients who were treated based on study recommendations were refractory solid tumor
patients with-mutations in FGF, PI3K and ALK pathway and were treated with a single agent targeted
therapy. These differential responses to single agent targeted therapy highlights the importance of
optimal patient selection, role of RNA-Seq in genomic analysis of pediatric patients and role of multi-
agent targeted therapy for the hardest to treat refractory solid tumors. In contrast, the BASIC3 study
highlights spectrum of genomic changes in newly diagnosed and untreated patients but did not require
10
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change in management based on study results, as it would ethically and logistically very challenging

to integrate targeted therapy in combination with or instead of standard frontline therapy.

Lastly, these studies highlight the prevalence of pathogenic germline mutations: roughly 10% in both
PEDS-MIONCOSEQ and BASIC3, and 4% in INFORM, while iCat study did not specifically address
germline mutationsy These data are consistent with recent data from the Pediatric Cancer Genome
Project (PCGP), a collaboration between St Jude and Washington University with a goal to
characterizeypediatric cancer genomes[21]. By analyzing germline sequencing data of 1120 patients
for 60 known cancer predisposition genes, the PCGP found that there was an overall 8.5% prevalence
of likely pathogenic variants in the germline of pediatric cancer patients[14]. In addition, almost half
of these patients with pathogenic variants in both PEDS-MIONCOSEQ and PCGP studies had no
significant family history. This information is of great significance to providers caring for patients as
well as for their families, as most of these parents and siblings are in relatively younger age group and

would benefitifzom early screening.

Molecular targets.in pediatric cancers:

While molecular targets in adult tumors have been the focus of most pharmaceutical efforts[22],
pediatric patientsthave largely not yet benefited from these due to limited overlap with molecular
events drivingradult tumors, small number of patients and safety concerns in young children.
However, this is beginning to change as we start to catalogue actionable events driving pediatric
tumors through precision oncology studies discussed earlier and other efforts[9,11,21,23]. A selection

of most commen'molecular events and targeted agents are detailed in Table 2[24-46].
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Extending the utility of drugs initially developed for adult cancers and repurposing them for pediatric
tumors sharing the same target have become a major source of new clinical studies for pediatrics, and
there are several particularly notable examples. First, crizotinib, initially promoted in ALK fusion-
positive lung cancers[47], has demonstrated impressive responses in patients with a variety of
molecular aberrations (4LK, NTRK1/2/3, and ROS1 translocations) as well as in different tumor types
e.g. anaplasticrlarge cell lymphoma, inflammatory myofibroblastic tumors, neuroblastoma and
sarcomas[15,33]. Second, for brain tumors, SMO inhibitors such as vismodegib, first developed for
basal cell carcinoma[48], have demonstrated promise for medulloblastoma patients with PTCH
mutations[36,49]" Third, PARP inhibitors, which were initially applied to BRCA1/2 mutant breast
and ovarian cancers[50], are being explored as a therapeutic strategy for Ewing’s sarcoma patients
with EWSR I=FEdisfusions[37,38], although initial studies of olaparib monotherapy suggest that its
activity as aSingleragent is limited[51,52]. Lastly, a number of exciting molecular strategies for
treating neuroblastoma are being investigated, such as CDK4/6 inhibitors and aurora kinase inhibitors,

both of which have shown selectivity for MY CN-amplified cell lines in vitro[39].

Drug availability in pediatric oncology

Access to pediateic oncology drugs is unfortunately not a new problem. There have been prior issues
with shortages in.anticancer agents[53], which has prompted discussion by many institutions
including the Food and Drug Administration (FDA)[54]. For new discoveries, methods to incentivize
pharmaceutical companies have been extensively discussed[55], and there are two existing laws
which promote pediatric drug development—the Best Pharmaceuticals for Children Act (BPCA) and
the Pediatric,Research Equity Act (PREA). The BPCA offers additional patent exclusivity for on-
patent drugsst€sted for pediatric use. The PREA enables the FDA to mandate pediatric drug studyies

as a last resort ifother incentives do not succeed.
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Recently, accelerated FDA approval of “breakthrough” drugs such as crizotinib[56] has generated
much interestianidydiscussion[57,58]. Because of such extraordinary examples of targeted agents,
“seamless” o fifstzinshuman” studies, which are streamlined and do not employ traditional phase
1/phase 2/phase 3 paradigms, have been used on more than 40 oncologic therapies[59]. These studies
may provide.a basis to test novel compounds in pediatric patients more quickly. However,
accelerated studysdesigns also have significant limitations when applied for pediatrics, including lack
of control group and poor ability to identify toxicities, particularly in an age-dependent fashion.
Ultimately gwhile;modified study design may help, increased access to targeted therapies will also
require greatemeollaboration with industry to move experimental therapeutics into the clinic for

childhood ¢ancers via traditional clinical studies as well.

Logistieal;ehallenges in precision oncology

Cost

Genomic profiling of pediatric cancer patients presents numerous challenges (Table 3). First is cost.
The PEDS-MIONCOSEQ study had a cost of $6000 for WES and RNA-Seq with about half going
towards bigchemical reagents and the other half for computational analyses, laboratory personnel and
capital depreciation[ 15,60]. The INFORM study had a cost of €7000 (~$8000), which included WES,
RNA-seqlow=coverage WGS, a gene expression array, and a DNA methylation array[20]. However,
these cost estimates are probably lower than actual costs as it does not include the time spent in
clinical analysis, annotation, discussion and deliberation on the results. On the other hand, traditional
sequencing assays such as BRCA gene sequencing can cost up to $5000 for a single gene or small

panel of genesy;and thus making a genome wide approach more cost effective[61].
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The cost ofireagents is going down however the future cost of sequencing may not come down
significantlygdui€ite rising bioinformatics costs deriving mainly from (1) data storage, (2)
computationalspipeline generation, and (3) data processing time[60,62,63]. Indeed, data storage and
processingime are increasingly facilitated through cloud computing, which is a pay-for-service

paradigm.

In addition to the cost of reagents and computational resources, there are also considerable costs for a
clinical genomic infrastructure, including increased personnel such as technologists, bioinformaticians
and geneticfCounselors. Building a genomics team to generate and analyze sequencing data therefore
requires institutional support from the hospital or health care system. Likewise, there may be costs
associated with training physicians to understand genomic data and reports through ongoing medical

educations

Turn-around time

The mediana@poited turnaround time for PEDS-MIONCOSEQ and INFORM studies were 54 and 28
days, respectively, while other studies did not report the time[15,20]. Reductions in turn-around time
will likely tesult through streamlined computational analyses, which at present can take up to 4
weeks. This may be lessened through targeted analyses, which focus only on a limited set of genes.
Ultimately thesmost promising way to reduce turn-around-time will likely stem from optimized

computationalpipelines that process data more quickly and in a parallelized fashion[62,63].

Obtaining adequate tumor material
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Genomic profiling requires sufficient tumor material from biopsy or resection. The tumor material
also needs to be of sufficient quality (e.g. not fully necrotic tissue). Given these considerations, some
children have undergone invasive procedures (e.g. biopsy) for the sole purpose of obtaining material
for genomig testing, While there have been no major patient complications reported to date, there is a
possibility eficomplications for any procedure. As sequencing methods improve, we anticipate that
the need foradditional biopsies will be low, due to improved ability to molecularly profile FFPE

archived tissue or by further optimization of liquid biopsies techniques.

Rational combination of targeted therapies

Even whengtargeted therapy is potentially available for a particular patient, the optimal way to
implement this treatment is unclear. For example, early lessons with use of cytotoxic chemotherapy
showed us the benefits of rationale combination in treatment of cancer and many in the scientific
communitysassumesthe same with targeted agents. However, we need more rigorous pre-clinical and
clinical testing tosunderstand better, which are the optimal agents to combine for each molecular
aberration and with least toxicity. The combination therapy is likely to include multiple targeted
agents or targeted agents in combination with chemotherapy, radiation or immunotherapy, and it will

most likely depend on the molecular aberration, tumor type being treated and host immune response.

Recentlythe'SHIVIA, a phase-II randomized study in adults with refractory solid tumors, offered a
cautionary tale[64]. All included patients harbored a molecular alteration within one of three
pathways (hormone receptor, PI3K/AKT/mTOR, and RAF/MEK). Eleven molecularly targeted
agents for thesegpathways were available. Patients were randomized to receive a targeted agent as
monotherapyaoer standard therapy via physician’s choice. With a median follow-up of 11 months,

progression free survival was not different between the two groups.
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The SHIV A; study has been cited by skeptics to argue that the efficacy of precision medicine may be
low[65]. However, the SHIV A study should be interpreted with caution due to multiple serious
limitations = Perhapssmost importantly, it is probably unrealistic to expect that multiply refractory
metastatic eancers will respond to targeted agent monotherapy; these tumors have many different
pathways dysregulated. In addition, their next generation sequencing panel was very limited making
it likely thatiastsue’driver molecular event was missed. Nonetheless, the SHIVA study does suggest
that the patient selection, choice of sequencing panel and available targeted agents, all will play an
important relegingpractice of precision oncology. In addition, it is certainly possible that populations
most likelystosbenéfit from targeted agents might be treatment-naive tumors where pathway addiction
is likely stionger and we will need similar studies in newly diagnosed patients to test its clinical

utility.

Defining pathogeni¢ variants in pediatrics

Relatively few variants have been specifically characterized to validate their pathogenicity. This
leads to a challenge when tumor profiling produces variants that have not been specifically tested
experimentally. To address this, the American College of Medical Genetics and Genomics (ACMG)
updated its terminology for sequence variants in 2015[66]. The Human Genome Variation Society
(HGVS) similarly has guidelines for terminology[67]. These guidelines distinguish criteria that are
“pathogenicyeeompared to those that are “likely pathogenic”, “likely benign”, “benign” or “uncertain
significance™. Numerous efforts, including the Somatic Cancer working group of the Clinical Genome
Resource (ClinGen), are currently focused on the challenge of defining standards for interpretation of

somaticg€hanges and their clinical actionability[68].
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In practice, most clinical sequencing groups (BASIC3, PEDS-MIONCOSEQ) employ centralized
sequence variant databases, generally ClinVar[69], bioinformatics algorithms for prediction of
pathogenicvariants, such as PolyPhen-2[70], as well as expert opinion[15,16]. One major challenge
both clinically and’scientifically is presented by variants of uncertain significance both for somatic
and germlinesvariants. For germline variants, there is no efficient way currently to interpret these
variants, andtheysare generally discarded from clinical considerations unless so-called “trio” testing
(mother, father, affected child) is available, which may provide useful information for interpretation
of a given variantiin a pediatric patient. Recent challenges and scrutiny in cardiology, where there are
now doubts regarding the pathogenicity of germline variants in some inherited arrhythmia

syndromes[4,71], highlights the unclear nature of many genomic variants.

Ethical challenges of germline findings

There havesbeengmany discussions of the ethical implications of germline genome profiling for
pediatric cancers[72-75], as well as discussion of how best to share genomic information with
patients[76,77]. The chance of finding incidental germline pathogenic variants, defined as variant that
was unrelated to cancer or other known patient phenotype creates an ethical challenge for these
patients. Indeeds,in the BASIC3 study, 8 patients (5%) were found to have such a pathogenic
germline variant. Similarly, a recent analysis of the 1,000 genomes project, which sequenced 1,000
adult genomes, found a 2.3% prevalence for incidental findings[67]. In response to this, some groups
(e.g. PEDS-MIONCOSEQ) employ a flexible-default consent model in which parents can decide
whether they wish to receive results pertaining to pathogenic germline variants. In the case of PEDS-

MIONCOSEQga-majority of parents (>80%) did wish to receive these results.
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Even so, there is a risk that germline discoveries in a child may enable a potential for genetic
discrimination in the future, particularly for germline variants not related to cancer or childhood
disease generally. While genetic counselors are routinely involved with families and patients for
whom a heritable cancer syndrome is suspected, it is not clear that genetic counselors should be
involvedsinreasessof incidental germline findings which do not pertain to cancer. At the same time,
for a child withieancer who also has a complex medical condition without a known underlying genetic
diagnosis, it is possible that an incidental germline finding may elucidate a unifying genetic diagnosis
for an undeglying'medical syndrome. Ultimately, it may be most prudent to leave the decision of
disclosure offincidental germline findings to parents and patients, though explicit counseling on the

risks of this decision must be addressed prospectively.

Universalization of practice

The implementatien of precision medicine is currently uneven and lacks standardization. There are
numerous aspects of healthcare infrastructure which will ultimately impact the dissemination of
precision medicing practices, including access to biomarker tests and therapies, integration with
electronic health care records, establishment of national databases, and standardized regulatory and
reimbursement;processes, among others[78]. While such topics are beyond the purview of this
review, the'National Academy of Sciences has been active in discussing mechanisms to expand and
standardize precision medicine through a rational, best-practices perspective[78]. Recently, the
Institute of Medicine (IOM) assembled a Committee on Policy Issues in the Clinical Development
and Use of Biomatkers for Molecularly Targeted Therapies[79]. In their report, the Committee has
advocated forinereased involvement and regulation by the secretary of Health and Human Services

(HHS), in_ cenjunction with the FDA, to standardize biomarker testing nationally[80].
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Debated topics

Design andarole ofithe precision tumor board

Though incorporated into all clinical sequencing efforts to date, the design of precision medicine
tumor boards varies significantly. While all tumor boards have included clinical faculty in
hematology/oncology and scientific experts in sequencing, the PEDS-MIONCOSEQ and BASIC3
studies also incorporated clinical cancer geneticists up-front as core members of the tumor
board[15,16]. The PEDS-MIONCOSEQ study also has clinical ethicists as core members[15].
Methods to interpret the data also vary. For example, in the iCat study, members of the expert panel
rank each actionable alteration in each patient, using a formal system[19]. By contrast, other groups

(PEDS-MIONCOSEQ) discuss clinical sequencing findings, but do not have formal ranking systems.

Implementation of DNA sequencing

A version of DNA sequencing (e.g. WES or mutation panels) is an important component for any
precision medicine sequencing panel. However, the precise implementation of DNA sequencing
varies between groups and which is the most optimal approach is still not clear. The BASIC3 study
analyzed the entire exome for somatic and germline mutations. Other groups performed WES but
focus computational analyses to a list of known cancer genes (PEDS-MIONCOSEQ, PCGP,
INFORM). Lastly, some advocate for targeted sequencing of only cancer-relevant genes and not

sequence the whole exome (the OncoMap and OncoPanel approaches in the iCat study).

RNAseq or no RNAseq?

The role of RNA sequencing is even less clear. The use of RNA is associated with additional

challenges, including (1) technical difficulties in extracting high-quality RNA from tissue samples, (2)
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analytical complexities of tumor-stroma mixtures where the fraction of gene expression from each cell
type is difficulty to ascertain, and (3) increased cost and time of the sequencing and computational
analysis. Nevertheless, RNA sequencing also enables invaluable analyses. These include
comprehensive gene fusion discovery, tumor expression subgroup analysis (e.g. medulloblastoma
subgroups, Ph-like acute lymphoblastic leukemia), and cell-of-origin gene expression analyses for
tumors of unknown primary. Given the clinical benefit of the discovery of actionable gene fusions,
especially in pediatric leukemias and sarcomas[15,20], we advocate for the inclusion of RNA

sequencing in precision oncology for pediatric cases.

Standardizing the term “Actionable Findings or Clinically Relevant™:

All the pediatric precision oncology studies reviewed here used the term “actionable findings” or
findings of “clinical relevance” to measure the impact of the study. However, the definition of these
terms was variable between studies. While all studies included “druggable” genomic alterations in
these categories, only PEDS-MIONCOSEQ, iCat and BASIC3 included alterations that are not
druggable, but impacted diagnosis, prognosis or risk stratification as actionable or clinically relevant.
In additiongonly PEDS-MIONCOSEQ and BASIC3 considered pathogenic germline variants as
actionable findings, with only BASIC3 considering non-cancer related germline findings as

actionable.

There is a definite need for standardizing the reporting on what are considered actionable or clinically
relevant findings, both in somatic and germline sequencing. In addition, the somatic findings need
further prioritization based on strength of clinical evidence and germline findings needs sub-

classificatiominto actionable: a) cancer related, b) non-cancer related and c¢) pharmacogenomics
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findings. Finally, we must recognize that as we identify new targets and develop new agents, the

fraction of patients which are considered actionable is likely to change.

Subclone detection

Cancer is a multiclonal disease. Pediatric leukemias and sarcomas typically harbor at least 2 distinct
genetic clones at diagnosis, with the dominant clone representing ~70 — 95% of tumor cells[81-83].
Brain tumors such as medulloblastoma generally present with one overwhelming dominant clone
(>95% prevalence) while post-treatment recurrence originate from distant minor subclones[13,84].
The issue of multiple cancer clones raises several clinical and technical questions: How deep should
sequencing be? What cut-offs should be used to detect clonal abundance? How prevalent should a

clone be to impact patient care?

There are no established guidelines to answer these questions in the clinical context. Generally, WES
aims for at least 100x coverage. To conceptualize what this means clinically, consider the following
example: 100x coverage entails 100 reads at a given locus. If the tumor is 70% pure, then 70 of those
reads represent tumor cells, and 30 reads would be stromal. Assuming one tumor clone, a
homozygous mutation would therefore have 70 supporting reads and a heterozygous mutation would
have 35 reads. If there are two clones, one that represents 80% of cancer cells and a second that
represents 20%, then major clone would have 56 reads and the minor clone would have 14 reads. A

heterozygous variant in the minor clone would therefore have 7 supporting reads.

Although the importance of subclones is well-established, it is not clear at what point subclones
should be treated therapeutically. A targetable ALK mutation in a major clone will surely be a good
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candidate for an ALK inhibitor, but what about an 4K mutation that is at 1% prevalence? Indeed,
new evidence of subclonal ALK mutations suggests that this question has growing importance for
neuroblastoma[85]. Furthermore, at 100x coverage, a heterozygous ALK mutation in 1% of
neuroblastoma cells will likely be missed due to insufficient read coverage; but at 500x coverage this
same mutation may be detected. Ultimately, additional research in this area is needed to help guide

precision medicine efforts.

Patient enrollment

Patient selection is critical for precision medicine. Patients for whom cure rates are extremely high
(e.g. standard risk acute lymphoblastic leukemia) may benefit less from tumor sequencing. Initial
efforts emphasized genomic profiling of multiply relapsed and refractory patients. However, highly
refractory tumors are unlikely to exhibit single pathway addiction due to the development of multiple
resistance pathways during the course of therapy. Thus, many advocate for genomic profiling early in
disease course, ideally at diagnosis for cases with higher probability of relapse, and to incorporate
targeted therapy (if appropriate) into the treatment regimen earlier as well, as tumors that are more
naive may respond better to pathway inhibition. Many groups are also repeating genomic analysis at

the time of relapse to assess for clonal evolution and newly acquired molecular features.

Future directions

NCI Pediatric MATCH Study

The NCI Pediatric Molecular Analysis for Therapeutic Choice (MATCH) study, a collaborative effort
between the Children’s Oncology Group and the National Cancer Institute, is an ongoing effort that

aims to build on adult oncology study[86,87] to develop a protocol for targeted therapy using an
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umbrella design. NCI Pediatric MATCH will use standardized DNA and RNA-based biomarker
profiling of patient tumor and blood samples to assign patients to phase II studies of targeted therapies
if one of a predefined set of actionable mutations is detected. A number of drug-biomarker pairs have
been prioritized for inclusion on the study based on factors including (1) prevalence of the genomic
alteration in pediatric cancer, (2) ability to detect the target using the study platform, (3) evidence
linking the target to activity of the agent, (4) clinical and preclinical data for specific agents, and (5)
other ongoing or planned biomarker-defined clinical studies. The study is anticipated to open with 5-8
arms (molecularly-targeted agents). Given the size of the NCI Pediatric MATCH study, the methods
employed for genomic profiling are likely to inform precision oncology approaches for pediatric

patients moving forward.

Liquid tumor biopsies

Currently, the clinical standard is to monitor genomic alterations via direct tumor biopsy or resection.
However, there is abundant evidence that circulating tumor cells (CTCs) and/or cell free DNA
(cfDNA) present in blood offer an opportunity to evaluate tumor biology non-invasively, even for
brain tumors[88-93]. In pediatric cancers, most evidence for CTCs and ¢fDNA has been in

neuroblastoma and other solid tumors[94-96].

In addition to being non-invasive, CTCs and cfDNA enable frequent monitoring of tumor course
during and after treatment. Technically, methods to isolate this genomic material are challenging,
costly, and labor-intensive. However, they are increasingly clinically feasible[89]. CTCs also entail
single-cell sequencing, which if done for populations of tumor cells, may enable more direct
quantification of tumor heterogeneity and clonal abundance. In the future, methodological advances

and decreasing sequencing costs may help advance clinical prospects for single-cell sequencing.
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Tumor profiling at multiple time points

In addition/to tumot profiling at diagnosis and relapse, some groups now advocate for molecular
analyses at more regular intervals during treatment. Molecular assays for minimal residual disease
(MRD) in leukemias, for example, now include both flow cytometry and polymerase chain reaction
(PCR). Sequencing may ultimately fulfill this role too, and multiple groups are exploring the clinical

feasibility and utility of sequencing for MRD[97-100].

Expanding the Tandscape of sequencing

As knowledgerofitumor biology advances and sequencing becomes more easily implemented, the
range of clinically-relevant genomic tools may expand (Figure 3)[101]. DNA methylation
sequencing, or other forms of epigenomics, may be appropriate for some tumors such as brain tumors.
Here, recent elu€idation of a CpG island methylator phenotype (CIMP) has advanced our
understandingroftumor subgroups and may be relevant to understanding driver genomic
alterations[102,103] and patient disease course[104]. Methylation sequencing may ultimately be

possible from non-invasive sources as well[105].

Moreover,.assimmunotherapy and cancer immunology advance, clinical sequencing may incorporate
efforts to'decodetumor neoantigens and T-cell repertoires in patients. Such initiatives are already
being explored in patient samples and in actively treated patients|106-108]. Further efforts in patient

care may expand.into small RNA and microRNA sequencing[109].
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Rationally understanding drug metabolism

One of the biggest;black boxes in medicine is how different patients metabolize medications, which
can significantlymimpact effect dose, therapeutic levels, and side effects. This is particularly critical
for cytotoxic'chemotherapy (e.g. 6-mercaptopurine, methotrexate, cisplatin) as well as specific
toxicities agsociated with individual therapies (e.g. cardiomyopathy with anthracyclines, hearing loss
with vincristine)gThe application of genomic technologies, especially metabolomics, may provide
key insightsiasywell as clinical tools to understand and rationally predict drug behavior and toxicity
profiles in patients in vivo[110]. Ultimately, patients may have individually tailored dosing regimens
based on theigspeeific physiology. Such prospects have the possibility of dramatically changing the

way medicinesisspracticed.

Concluding réemarks

Precision'medicine has rapidly become one of the most pursued research and clinical objectives over
the past deeade. The political landscape, including the Precision Medicine Initiative and the
Moonshot for cancer, indicate that funding and support for precision medicine initiatives will continue
to be robust.y,Eatly. clinical evidence for pediatric precision medicine through the PEDS-
MIONCOSEQ, BASIC3, INFORM and iCat studies has been encouraging, with meaningful results
for some patients. Yet, precision medicine still faces numerous challenges in its implementation,
standardization and feasibility across multiple institutions. In the near future, large-scale prospective
consortiagstudiessuch as the NCI Pediatric MATCH study will further refine the implementation of

precision medicineyin pediatric oncology.
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Figure Legends

Figure 1: Overview of precision medicine in oncology. Patients are enrolled for genomic profiling
following informed consent. Tumor samples are then acquired, processed, molecularly profiled
(typically throughysequencing), and analyzed computationally. Molecular results are reviewed in a
precision medicine tumor board prior to disclosure of selected, relevant results to the patient. Where

available, targeted therapies may be initiated based upon molecular findings.
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Figure 2: Molecular data in precision oncology. Pediatric cancers may harbor clinically relevant
germline and somatic variants, copy number aberrations, gene fusions, and gene expression patterns.
Here, the outér ¢itele indicates the type of molecular event. The middle circle indicates the various
molecular assaysfuised to profile a given molecular event. The inner circle provides several examples
of clinically-relevant findings enabled by molecular profiling. WES: whole exome sequencing.
WGS: whole genome sequencing. cDNA: complementary DNA. Mut: mutation. Amp:
amplificationmDeladeletion. Indel: Insertion/deletion. SNV: single nucleotide variant. aCGH: array

comparative'genome hybridization.
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Table I:gRilot studies of genomic medicine in pediatric oncology

Table II: Targeted agents in pediatric cancers
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TABLE 1: Pilot studies of genomic medicine in pediatric oncology
Molecula | Molecular
Molecular o .
) # Tumor Types of . r profiling profiling - !
o # patients X i profiling Profiling | CLIA
Institution patients types patients . for trans- for C
enrolled ) for somatic Lo ) platform | lab?
analyzed | included | enrolled criptional | germline -
events
events events
Baylor 150 (GL), .
. Newly Illumina \
BASIC3 College of 150 121 Solid . WES None WES ) Yes H
B diagnosed HiSeq 2
Medicine (Tumor)
Solid, Relapsed,
PEDS-MI- | niversity brain highrisk | WES, RNA- lllumina v
£ Michi 102 91 g | S RNA-Seq WES HiS Yes ]
ONCOSEQ of Michigan an newly eq iSeq
liquid diagnosed
Dana-
Relapsed,
Farber ] P . Illumina
. . high risk Sequenom, .
iCat Cancer 101 89 Solid None Not done HiSeq, Yes
] newly aCGH, WES .
Institute diagnosed Agilent
i
and others &
Illumina
WES, WGS, HiSeq,
- RNA-Se Aff
Cancer Solid, Relapsed, @ y. \
. L Methyl- RNA-Seq, metrix 1
Research brain high risk . )
INFORM 57 52 ation array, | GeneChip | WES, WGS Gene- NA
Center and newly RNA A Chi v
rra ip,
(DKFZ) and liquid diagnosed . v p .
GeneChip Illumina :
others
array methyl-
array

Abbreviations: GL, germline; WES, whole exome sequencing; WGS, whole genome sequencing;

Methyl-apray, methylation array; aCGH, array comparative genomic hybridization; SNV, single

nucleotideWariant; CLIA, clinical laboratory improvements amendments; NR, not reported.
Patient enrollment numbers refer to data reported in [References 15, 16, 19, and 20].
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914

915 TABLE 2: i;arget'd agents in pediatric cancers

916
Inhibitor Example molecular Example .
. . Example pediatric tumors References
target biomarkers* therapeutics
PIK3CA mutations Everolimus Sarcomas
Sub dymal giant cell
PI3K/ mTOR PTEN loss Temsirolimus PR e [24, 25]
astrocytomas
TSC1/2 loss Rapamycin
BRAF mutation Melanoma
BRAF tan duplication
. Plexiform neurofibroma
mutation Trametinib
MEK Selumetinib Glioblastoma [26,27]
PN11 mutation
Juvenile myelomonocytic
ﬂloss leukemia
Melanoma
LCH
BRAF V600E/K Vemurafenib
BRAF . [28 - 31]
BRAF fusions Dabrafenib Glioma
Pilocytic astrocytomas (2nd
generation inhibitors only)
ABK'Wutation/fusion
Neuroblastoma
ALK Crizotinib [32,33]
Embryonal sarcomas
Crizotinib Infantile fibrosarcomas
NTRK 1/2/3 NTRK1/2/3 fusion [34, 35]
LOX0-101 Mesonephric blastoma
utation
SMO utations Vismodegib Medulloblastoma [36]
@liﬁcation
PARP1 BRCA1/2 mutation Olaparib Ewing’s Sarcoma [37,38]
39

This article is protected by copyright. All rights reserved.



EWSR1-FLI fusion Rucaparib

ATM mutation

Mplification Neuroblastoma

CDK4/6 Cfication Palbociclib Rhabdomyosarcoma [39]
ATRT

y
NUT midline carcinomas

BRD-NUT fusions

Neuroblastoma
BET . MYCN amplification JQ1, IBET726, [40, 41]
bromodomain 0TX015 Medulloblastoma
MYC translocations
Burkitt Lymphoma

AURKA '\:lification Alisertib Neuroblastoma [46]

: Ponatinib
FGFR1/2/3 f ,
FGFR e / ) / usmn. Rhabdomyosarcoma [42]
amplification, mutation Dovitinib
. . 1
" o.r 1n.terna Sorafenib Acute myeloid leukemia [43, 44]
duplication
Multi-kinase VEGFR, cKit, PDGFR
inhibitors 8 . Pazopanib Sarcomas [45]
expression
917 s
* Loss reBet8 to genomic loss t h either deletion or inactivating mutation
919

920 TABLE 3: Challenges in precision medicine

921

922
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* 1-2 weeks for sequencing

Optimizing computational pipelines

Turn around . .
4-6 weeks with targeted analyses for time

time** * 2-4 weeks for

. . reductions
bioinformatics

Targeted agents ¢ Introduction of targeted agents

typically initiated indi
ypically Relapsed/refractory early in disease course

Rational in the relapse . .
combination of  setting mostly as PRI I|I.<ely. ha.ve * Combining targeted agents with
therapies a single agent .multlple |ntr|n5|.c other targeted agents, standard-
after standard-of- resistance mechanisms o e e @
care immunotherapy

923

*EQate for supﬁpital depreciation for the Peds-Mioncoseq study by Michigan group (Ref 15)

onl§Zmd does not in*de c’t of analysis.

** Pfmaround time : refer to the Peds-Mioncoseq study by Michigan group (Ref 15) only

927
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