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Abstract

Sarcomas are a rare subgroup of pediatric cancers comprised of a variety of bone and soft-tissue
tumors. While significant advances have been made in improving outcomes of patients with
localized pediatric sarcomas since the addition of systemic chemotherapy to local control many
decades ago, outcomes for patients with metastatic and relapsed sarcoma remain poor with few
novel therapeutics identified to date. With the advent of new technologies to study cancer
genomes, transcriptomes and epigenomes, our understanding of sarcoma biology has improved
tremendously in a relatively short period of time. However, much remains to be accomplished in
this arena especially with regard to translating all of this new knowledge to the bedside. To this
end, a meeting was convened in Philadelphia, PA on April 18, 2015 sponsored by the QuadW
foundation, Children’s Oncology Group and CureSearch for Children’s Cancer that brought
together sarcoma clinicians and scientists from North America to review the current state of
pediatric sarcoma biology and ongoing/planned genomics based clinical trials in an effort to
identify and bridge knowledge gaps that continue to exist at the current time. At the conclusion of
the workshop, three key objectives that would significantly further our understanding of sarcoma
were identified and a proposal was put forward to develop an all-encompassing pediatric sarcoma
biology protocol that would address these specific needs. This review summarizes the proceedings
of the workshop.
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Introduction

Sarcomas are rare mesenchymal tumors arising from the bone or soft tissue that affect all
ages but are relatively more common in the pediatric age group. Despite their rarity, they
constitute significant mortality burden of about 13% of cancer related deaths in patients 0—
19 years of age[1-3]. Each of the sarcoma sub-types has a distinct genetic profile and
phenotype with some such as osteosarcoma characterized by a highly unstable and complex
genome while others such as Ewing sarcoma characterized by a translocation between
EWSR1I gene and a variety of £75 partners as the single major oncogenic driver[4].
Similarly, rhabdomyosarcoma can be molecularly sub-classified into fusion positive (PAX-
FOXO1 translocation) and fusion negative RMS[5]. Despite the fact that the biology of
individual sarcoma sub-types is vastly different, their treatment has historically been very
similar including a combination of conventional chemotherapeutics, surgery and radiation.
In addition, limited non-clinical prognostic markers exist for adequate risk stratification of
patients to allow for therapy modifications (intensification of therapy for poor-risk groups or
reduction of therapy for good-risk groups) for the majority of pediatric sarcomas. With the
exception of recurrent RMS and a few rare soft tissue sarcomas, molecularly targeted
therapies have not been incorporated into standard treatment at either diagnosis or
recurrence and consequently therapy relies almost exclusively on cytotoxic chemotherapy.

While the current therapeutic approaches have been successful in improving outcomes of
patients with localized sarcomas to 5-year event-free survival rates, of 60-70%, survival for
patients with metastatic disease remains below 20-30% and those with relapsed disease is
below 10-20%[2, 3, 6, 7]. In addition, pediatric patients who are cured of their disease are at
a very high risk of long term morbidity and mortality due to the adverse effects of the toxic
therapies to which they are exposed to at a young age. Therefore, an urgent unmet need
remains to identify novel therapeutic strategies for pediatric sarcomas which can only be
fulfilled by continued efforts to develop a deeper understanding of the biology of each
individual subtype both in the context of the tumor itself as well as the host environment. As
each of these individual sarcomas are extremely rare and will continue to be further
molecularly sub-classified as novel genetic aberrations are discovered, it is imperative that
research efforts are undertaken in a collaborative fashion to make the most impact in patient
care.

A workshop, supported by the QuadW foundation, Children’s Oncology Group (COG) and
the CureSearch foundation, was held on April 18, 2015 bringing together basic and
translational scientists as well as clinical researchers from North America to review the
current state of the art of pediatric sarcoma biology as well as genomic profiling
technologies with the overarching objective of identifying areas of further research
opportunities that would be complementary to ongoing efforts by individual institutions and
national cooperative groups such as the COG. At the end of the workshop, three potential
high-impact areas of research were identified that need to be addressed at the current time.
These include: 1) establishment of better measures to identify patient prognosis and
response to therapy by analysis of circulating tumor DNA; 2) analysis of a variety of
germline genetic alterations such as in the gene 7P53that may impact development and
progression of sarcomas; and 3) development of novel techniques of freezing tissue samples

Cancer Genet. Author manuscript; available in PMC 2017 July 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hingorani et al. Page 4

that would allow for creation of patient derived xenografts (PDXs) in the context of standard
therapy or clinical trials. Herein, we provide a brief overview of the proceedings of this
workshop

Genomic Analyses of Pediatric Sarcomas

The spectrum of technologies to identify genetic make-up of tumors has evolved over time
from conventional cytogenetics to next generation sequencing[8, 9]. Several large efforts to
characterize the molecular landscape of sarcomas using next generation sequencing
technology platforms are ongoing. While these technologies, and the techniques to interpret
vast amounts of data, are being continuously refined, the meeting highlighted comprehensive
genome sequencing efforts across the more common pediatric sarcomas including
osteosarcoma, Ewing sarcoma and rhabdomyosarcoma. In addition to detailing the tumor
biology of these sarcomas, the contribution of germline aberrations towards an increased
predisposition to develop these tumors was also discussed.

Osteosarcoma- Tumor genomics

Several investigators have previously published sequencing (either targeted mutation, whole
genome or whole exome) results from sample sets of osteosarcoma tumors[10, 11]. A
common theme that emerges from most of these studies is that the osteosarcoma genome is
complex with a large number of structural variations (SVs) noted with a relatively small
number of recurring exonic mutations. The most commonly mutated gene is 7P53 often
through an inactivating translocation in intron 1[10]. Other recurrent somatic alterations that
have been identified with some frequency in osteosarcoma include RBI1, ATRX, PIK3CA,
AKTI1and DLGZ2genes. The largest dataset for osteosarcoma somatic genome sequencing
that exists is from the Therapeutically Applicable Research to Generate Effective Treatments
(TARGET) which is an NCI led initiative including COG, Texas Children’s Hospital, Mount
Sinai, and international collaborators including the Hospital for Sick Children in Toronto as
well as collaborators form Brazil and Japan. Dr. Paul Meltzer is the lead investigator for the
osteosarcoma TARGET sequencing effort. The TARGET data are consistent with previously
published results in showing numerous somatic SVs which disrupt genes causing copy
number alterations (CNAS). SVs can exhibit a pattern of localized hypermutation called
kataegis in some tumors as well as chromothripsis depending on the degree of SVs.
Extensive loss of heterozygosity is seen in exonic regions of osteosarcoma tumors. As
previously published, notable high frequency of disruptions are seen in the 7P53 gene as
well as in alternative lengthening of telomere pathway[12, 13]. Beyond those, relatively few
non-synonymous mutations are seen in osteosarcoma on the order of less than 30 missense
mutations per genome. In this “regularly irregular” genome, using integrated mutation
analysis as well as pathway analysis, the three most frequently affected pathways that are
identified are the loss of the p53 pathway, gain of function of the alternative telomere-
lengthening (ALT) pathway and the PI3 kinase pathways. Alterations in the PI3 kinase
pathway had previously been identified in other studies with varying methodologies[11, 14,
15]. In summary, the challenges that remain with the work completed so far include lack of
potentially targetable mutations in any significant frequency to validate in a clinical trial,
potential clonal heterogeneity within tumors, lack of understanding of epigenetic events, and
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lack of genomic data in relapsed or refractory tumors as well as metastatic tumors in
osteosarcoma.

Osteosarcoma- Role of the germline

Osteosarcoma incidence peaks in adolescence during the pubertal growth spurt and has been
associated with bone growth, tall stature, high birth-weight, and therapeutic radiation[16—
18]. There have been many candidate gene and pathway based studies to try to understand
the germline genetics of osteosarcoma[18]. In 2013, the first genome-wide association study
(GWAYS) of osteosarcoma was completed[19]. Two novel loci associated with risk of
osteosarcoma achieved genome-wide significance: rs1906953 at 6p21.3, which maps to the
GRM4 gene and rs7591996 in a gene desert on 2p25. This GWAS showed that common
SNPs are associated with risk of osteosarcoma. Using the patient data from this GWAS[19]
and from four independent studies, a multi-stage genome-wide association study of
osteosarcoma metastasis at diagnosis was conducted in to determine whether germline
genetic variation contributes to risk of metastasis[20]. This study identified a genome-wide
significant SNP, rs7034162, in the NF/B gene at 9p24.1 strongly associated with metastasis
in European osteosarcoma patients, as well as in patients of African and Brazilian ancestry.
The rs7034162 risk allele was also significantly associated with worse overall survival.
Osteosarcoma cell line analyses further suggested that AV/F/B is an osteosarcoma metastasis
susceptibility gene[20]. Importantly, this study suggests a connection between germline
genetics and osteosarcoma metastasis at diagnosis, the leading cause of death in
osteosarcoma patients.

Osteosarcoma is a hallmark of certain inherited cancer syndromes such as Li-Fraumeni
syndrome (LFS), which is caused by autosomal dominant, germline 7P53 mutations[21, 22].
However, most osteosarcoma cases are sporadic without a known genetic cause. A large
study was conducted to determine the prevalence of germline 7P53 mutations in unselected
osteosarcoma cases[23]. They observed a high frequency of young osteosarcoma cases (<29
years of age) carrying a known LFS or likely LFS-associated mutation (3.4%) or rare exonic
variant (5.7%), compared with none observed in cases 30 years of age or older. This
suggests that genetic susceptibility to young onset osteosarcoma is distinct from adult onset
osteosarcoma; and, that genetic counseling and 7P53-mutation testing in young patients
with osteosarcoma should be considered. Additional genome-wide association analysis and
exome sequencing studies are underway to further evaluate the role of common and rare
germline genetic variation in osteosarcoma risk and outcome.

Ewing Sarcoma- Tumor Genomics

Unlike the genomic complexity of osteosarcoma, the Ewing sarcoma genome is primarily
characterized by the fusion between EWSand ET7S partners with 80-90% being £EWSR1-
FL/1and 5-10% being EWS-ERG. Several other novel translocations have been described
in patients with Ewing like tumors such as C/C-DUX4, ETV6-NTRK3, BCOR-CCNB3and
EWSRI-NFATCZ24-29]. While these tumors histologically appear similar to Ewing
sarcoma their gene expression patterns cluster distinctly from £WSR1-ETS driven tumors.
These findings pose the question of whether translocation testing should be performed for
every patient diagnosed histologically as Ewing sarcoma and whether the disease should be
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defined molecularly as opposed to histologically analogous to efforts in RMS. Three groups
have published the genomic landscape of Ewing sarcoma and have found consistent
results[30-32]. Beyond the characteristic translocation, variants that are relatively common
include mutations in the tumor suppressors STAGZand 7P53as well as CDKNZA deletions
(Figure 1). While alterations in 7P53and CDKNZA had previously been known to be
present in Ewing sarcoma, they have not thus far proven to be prognostic when evaluated in
a subset of patients treated with multi-agent interval compressed chemotherapy[33, 34]. On
the other hand, STAGZ loss may be associated with advanced disease and decreased overall
survival[30, 31].

Although Ewing sarcoma is relatively homogenous at diagnosis with low mutational burden,
preliminary evidence suggests an increase in mutational burden and clonal heterogeneity is
present at relapse. Whether these mutations may be therapeutically targetable, remains to be
determined. Once again, one of the limitations of the genomic data available so far is the
relative lack of analysis of relapsed and metastatic samples. Ewing sarcoma provides a
unique opportunity for serial disease monitoring through circulating tumor cells or cell free
circulating tumor DNA due to the presence of a known translocation that is tumor specific.
An optimally sensitive and specific test could aid in risk stratification, could be helpful
prognostically, could allow for genomic information without a biopsy and aid in the
detection of relapse. Pilot studies to test the feasibility of detecting the EWSRI-FL /1
translocation in patient plasma are underway.

Ewing Sarcoma- Role of the Germline

Ewing sarcoma is more common in Caucasian population as compared to Asian or African
populations. The genetic basis for this predisposition in patients of European descent has not
yet been established but indicates an underlying predisposition to disease risk. Some of this
risk may be related to the GGAA microsatellite polymorphisms in the NROBI gene[35] or
other GGAA microsatellite regions across the genome[36]. Recently, a susceptibility variant
in the enhancer region of EGRZ2has been identified representing the first such germline
determinant that predisposes to development of Ewing sarcoma [37], and this also may be
related to its impact on GGAA microsatellite length[37, 38]. Other clinical associations such
as an increased incidence of Ewing sarcoma noted in patients with umbilical and inguinal
hernia raises the question of whether there is a germline (inherited) basis for such an
association[39]. There are also a handful of familial cohorts reported in the literature. The
Utah Population Database (UPDB) has been investigated to find kindred of Ewing sarcoma
patients or family histories that had greatly increased incidence of Ewing sarcoma over
multiple generations compared to what would be expected in the general population and five
such pedigrees were identified in this database (unpublished). In addition, a review of 114
Ewing sarcoma cases with familial and genealogy data available for at least three
generations showed an increased risk for developing other cancers in first degree relatives
such as colon, female genital, prostate and lung cancer[40], and similar findings of different
types of cancer in families with Ewing sarcoma in the UPDB also have been described[41].
These preliminary observations have led to a large international study, Project GENESIS
(Genetics of Ewing sarcoma International Study, COG AEPI10N5), to study the genetic
epidemiology of Ewing sarcoma. This study is ongoing but the data gathered so far supports
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the findings from the UPDB with there being an increased risk of cancer in families with a
patient with Ewing sarcoma, including several patients with familial Ewing sarcoma (Figure
2).

Rhabdomyosarcoma- Tumor genomics

Amongst soft-tissue sarcomas, rhabdomyosarcoma is the only sarcoma whose genomic
landscape has been studied in detail. Two studies have been published which used Next
Generation Sequencing to characterize these tumors [42, 43]. The major observations are
that there are two distinct genomic subtypes of the disease, those characterized by a PAX
gene rearrangement and those without. While both subtypes have a relatively low mutation
rate, the presence of a PAX gene rearrangement seems to be associated with a particularly
low rate of mutation within the coding region (Figure 3). Fusion negative tumors frequently
acquire mutations along the receptor tyrosine kinase/RAS/PI3K pathway, including in
NRAS, HRAS, KRAS, PIK3CA, NF1and FGFR4, which are potentially amenable to
targeted therapy[42, 43]. Additional observations include recurrent mutations in BCOR and
FBXW?7but their clinical significance remains to be determined. A subset of
rhabdomyosarcoma tumors harbor point mutations in the muscle development transcription
factor MYODI1[44, 45]. Interestingly, these mutations appear to lead to a muscle
development block and are associated with activating mutations in P/IK3CA, which confers
an aggressive phenotype of embryonal rhabdomyosarcoma. Recently, dystrophin has been
identified as a tumor suppressor gene and an intragenic deletion in this gene leads to
progression of myogenic tumors to aggressive sarcomas. Dystrophin inactivation has been
found in 100% of embryonal rhabdomyosarcoma tumors[46]. Finally, an initial analysis of
the clonal and evolutionary history of rhabdomyosarcoma has recently been completed [47].
This work identified clonal populations and mutations within primary tumor biopsies. The
authors identified loss of heterozygosity as an early event within the development of fusion
negative tumors. In addition, they identify mutation of PKNZ, which confers a
developmental block, as an early event in a small subset of tumors.

Rhabdomyosarcoma- Role of the germline

Although less is known about genetic susceptibility of rhabdomyosarcoma, there is evidence
defining germline mutations in a subset of patients. Additionally, there appear to be
differences in terms of genetic risk for embryonal rhabdomyosarcoma and alveolar
rhabdomyosarcoma. This is evident in the age-incidence patterns of these two phenotypes,
as embryonal rhabdomyosarcoma incidence peaks around the age of 5 years compared to
alveolar rhabdomyosarcoma, which has a relatively sustained incidence throughout
childhood. An important indicator of genetic susceptibility to rhabdomyosarcoma is that
about 5% of rhabdomyosarcoma cases are associated with an underlying cancer
predisposition syndrome such as neurofibromatosis type 1, Li Fraumeni, DICER1, Costello
sydrome, or Noonan syndrome. Interestingly, these syndromes are more common among
those with embryonal rhabdomyosarcoma[48]. Data from COG and the UPDB revealed a
higher odds ratio for having a family history of cancer specifically in patients with
embryonal rhabdomyosarcoma[49]. About 13% of patients with rhabdomyosarcoma meet
the criteria for diagnosis of Li Fraumeni syndrome with embryonal rhabdomyosarcoma
having more positive cases than alveolar rhabdomyosarcoma. Furthermore increased
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incidence of associated birth defects, such as clubfoot, limb defects, genital defects, cleft
palate and tracheoesophageal fistula has been seen in patients with rhabdomyosarcoma[50].
To determine the genetic basis of RMS epidemiology, studies are underway to evaluate
susceptibility using multiple methods including genome-wide association analyses and
whole-exome sequencing.

Beyond Genomics

Epigenetics

While continued characterization of both germline and somatic variations is vital to
improving our understanding of the fundamental biology of sarcomas, there is also a clear
understanding that this genomic analysis will not provide a complete explanation of
pathogenesis for sarcomas nor will genomics reveal all possible avenues for new therapies.
Other tumor-related factors such as the mechanisms affecting the transcription of DNA
(epigenetics), mechanisms affecting drug sensitivity and resistance as well as the impact of
the host environment including the host immune system are equally important part of this
intricate web of oncogenesis. Improved model systems that recapitulate the disease process
in humans are vital. These models may include developing low passage primary cell cultures
from patient tumors or patient derived xenografts (PDX) in mice that can be used to perform
comprehensive genomic and epigenetic analysis of tumors as well as perform functional
drug screens to determine drug sensitivities and mechanisms of drug resistance. These
additional studies may aid in the treatment decision-making in future genomic clinical trials.

Epigenetic modifications have been shown to be the driving force in several cancers
especially pediatric cancers that have hallmark translocations leading to fusion proteins.
Many sarcomas such as Ewing sarcoma, rhabdomyosarcoma and synovial sarcoma also have
characteristic translocations and the fusion proteins generated from these translocations
typically act as transcription factors. The detailed mechanism of how this leads to cancer
remains unknown in many cases. One area of active research is the complexity of chromatin
remodeling complexes. Data from sequencing studies show that more than 20% of human
tumors have mutations in mSWI/SNF (BAF complexes)[51]. In synovial sarcoma, a tumor
characterized by SS18-SSX fusion protein, the fusion protein competes for binding with the
wild type SS18 leading to an altered complex formation which lacks the tumor suppressor
gene BAF47[52]. This leads to activation of the SOX gene by reversing the polycomb-
mediated repression, which in turn leads to cell proliferation. This cascade of events is
triggered by a 2-amino acid region in the SSX tail leading to the altered BAF complex
subunit composition. While, transcription factors are historically difficult to target with
small molecules, the data on BAF complexes in synovial sarcoma suggests that the area of
the SSX tail altered due a 2 amino acid substitution may potentially be druggable in the
future. In addition to acting on individual proteins in the complex, targeting the ATP
dependent steps may also prove to be a path towards therapy in the future. As epigenetically
targeted therapies continue to be studied in clinical trials, it is anticipated that this overall
approach may lead to improvements in therapy for patients with translocation-associated
sarcomas.
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Preclinical Model Systems

The Host

Several investigators are building resources of patient derived xenograft PDX models that
closely mimic human disease with the overarching objective of using them towards in vivo
modeling for precision oncology. The specific goals of these efforts include utilizing PDXs
for target discovery, testing of novel approaches, and biomarker development with
identification of predictive signatures for therapy resistance. Figure 4A and B delineates the
process of developing PDXs and the timeline for their use for clinical drug testing
respectively. For example, The Jackson Laboratory has developed over 450 PDXs across 20
tumor types with more than 25 clinical collaborators across the country. These include 17
pediatric cancer models spanning sarcoma, CNS malignancies and other pediatric solid
tumors. With rare exceptions PDXs closely resemble patient tumors in terms of tumor
heterogeneity, histology, and genomics. PDXs are a powerful platform for translational
cancer research but as with any model system there are limitations. For example, as tumors
are passaged, human stroma is replaced with that of the mouse. In addition, because
profoundly immunodeficient mice are typically used to generate PDX models the system is
not well-suited for modeling the role of the human immune system in cancer therapy. To
overcome this limitation new “humanized” mouse models are currently under
development[53]. There has been progress in utilizing PDXs as “avatars” to evaluate
therapies for individual patients and initial data suggests that responses in PDX are similar to
responses in patients. However, these findings remain to be validated in larger cohorts of
PDXs and corresponding patients.

The immune system has long been thought to play a role in cancer pathogenesis and a
variety of strategies, such as tumor vaccines, monoclonal antibodies, adoptive T cell therapy,
donor leukocyte infusions etc., have been employed to harness the host immune system to
fight and eradicate cancer cells. In parallel to rapid advances in unraveling the genomic
landscape of cancer, improved understanding of a variety of immune checkpoint pathways
that contribute to cancer pathogenesis has led to major breakthroughs in developing effective
pan-immune therapy strategies against adult cancers. The explosion of knowledge in both
these fields has occurred simultaneously but in parallel without major overlap between the
two. However, a unique opportunity exists to leverage the knowledge gained from genomic
discoveries to identify novel immunotherapy cell surface targets against which immune
therapies can be developed. Towards this goal, a multi-institutional consortium, Pediatric
Cancer Dream Team, funded by Stand Up to Cancer has been established to conduct in-
depth analysis of existing genomic databases such as Oncogenomics and TARGET using
powerful bioinformatics platforms like CBIO portal in the context of comparing tumor with
normal tissue. The results from this integrative analysis are then sorted through a novel
framework called IMmunotarget Prioritization And Capture Tool (IMPACT), which helps
prioritize and track the discovered targets (Figure 5). The high- priority targets identified
through these genomic analyses are then being validated at the protein level by
immunohistochemistry using normal and tumor tissue banks. This effort has identified
potential targets of therapeutic interest that are currently being validated. Efforts such as
these are possible because of COG’s tumor banking efforts, with data analysis and statistical
support provided in part by the Quadw foundation, that date back over a decade. These
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studies have collected available tumor tissue, often mandated for therapeutic trial entry along
with associated clinical information providing a critical resource to answer key clinical
questions and validate or refute observations in smaller cohorts[54, 55].

One of the limitations of the COG tumor banking efforts has been a paucity of banking
tumors from metastatic sites as well as at the time of relapse. In addition, every disease
committee in COG has had individual protocols for tumor banking that have varied in
collection criteria for both tissues as well as clinical data. To overcome these challenges a
new all-encompassing tumor banking protocol called Project Every Child is going to replace
all of the individual disease-based banking efforts with a goal of standardizing and
streamlining processes for tumor and data collection.

Bench to bedside

The ultimate goal of all cancer research including genomic, proteomic and epigenetic
analysis is to be able to use this information for clinical decision making to improve patient
outcomes. Over time, the molecular techniques and the depth of genetic analysis have
evolved from using fixed number of common cancer related gene panels to whole genome
and transcriptome analysis using next generation sequencing technologies. Newer and faster
technologies keep evolving rapidly and the major challenge is the interpretation of the vast
volumes of data being generated by these assays. Several major cancer centers such as
Memorial Sloan Kettering Cancer Center (MSK) and Dana Farber Cancer Institute (DFCI)
have led the development of institutional platforms to molecularly profile cancer patients
and the majority of these platforms were initially focused in adult tumors.

The MSK-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) is a
hybridization capture-based next-generation sequencing assay for targeted deep sequencing
of all exons and selected introns of 410 key cancer genes including sarcoma genes such as
EWSR]I, in formalin-fixed, paraffin-embedded tumors. Data on 15 pediatric and young adult
sarcoma patients accumulated from prospective clinical testing using MSK-IMPACT clinical
next generation sequencing (NGS) assay[56, 57], showed examples of RAS-mutated
embryonal rhabdomyosarcoma, osteosarcoma, Ewing sarcoma, and MYOD1 L122R positive
rhabdomyosarcoma[45]. In addition, the NGS data generated by MSK-IMPACT can
pinpoint the genomic EWSR1-FLI1 or EWSR1-ERG rearrangement in a given patient with
Ewing sarcoma which can then be used to design patient-specific PCR assays for circulating
tumor DNA detection by digital PCR, enabling longitudinal disease monitoring in the
context of an ongoing research protocol.

A joint venture between DFCI, Boston Children’s Hospital and Brigham and Women’s
Hospital called Profile, is an effort which started as a mass spectrometry based platform for
471 predefined alleles across 41 genes (Sequenom) and subsequently incorporated next
generation sequencing across 300 genes (I1lumina)[58]. Lessons learned from rolling out
this homogenous panel were that the technology could be relatively rapidly set up and
validated (9 months), but that the clinical execution from consents, sample accessioning,
analytics, data storage, and financially supporting the infrastructure remain to be major
challenges. Pediatric patients represented about 5% of patients participating in this service.
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Profile has demonstrated good specificity and sensitivity for point mutations, amplifications
and deletions across tumor types. Several diagnoses were changed after the sequencing
results reveled a translocation or set of mutations that lead to better characterization of the
tumor type with obvious therapeutic implications as well. Approximately 60% of adult
patients who had their tumors profiled showed a mutation with potential clinical utility,
which included both mutations that are necessary for cancer development or those that may
be useful in the context of a particular tumor.

Completed/Ongoing Pediatric Cancer Precision Medicine Protocols

In line with the efforts to molecularly analyze adult tumors in order to identify actionable
mutations, similar clinical genomics endeavors are ongoing in pediatric cancers. Most of
these protocols have shared objectives of 1) establishing feasibility of prospectively
enrolling pediatric patients on a clinical protocol to molecularly analyze their tumors
(primarily solid tumors) either at diagnosis or relapse; 2) determining the frequency with
which potentially actionable mutations are identified in pediatric tumors; 3) evaluating the
frequency and spectrum of incidental germline findings that may have a clinical impact and
4) assessing the frequency with which a drug or an agent may be available for therapeutic
intervention in pediatric patients with cancer. The protocols may vary in the platforms/
technologies they use for molecular profiling and bicinformatic analysis of the sequenced
genomic data. A few of these are described below.

iCAT1—iCAT (individualized cancer therapy) 1 was a multi-institutional protocol
prospectively enrolling pediatric patients with relapsed/refractory non-CNS solid tumors
with the primary objective of determining the feasibility of identifying genetic alterations in
patient tumors to be able to make a clinical therapeutic recommendation. The platforms used
for molecular analysis varied through the duration of the protocol based on the current
available panels/technologies. The genetic alterations identified were mutations,
translocations and copy number variants. The results of this study showed that it was
feasible to run a multi-institutional molecular profiling protocol, accrual was faster than
anticipated, 60% of enrolled patients had a bone or soft-tissue sarcoma diagnosis and an
iCAT recommendation was made in approximately 31% of the patients[59].

GAIN consortium—GAIN (Genomic Assessment Informs Novel Therapy) is the
successor study to iCAT1 with 12 collaborating institutions to assess the clinical impact of
genomic analysis of tumors in recurrent/refractory pediatric tumors. This study will include
a pilot hematologic malignancy cohort along with a large solid tumor cohort (825 patients
over 3 years). The planned sequencing platform includes selected NGS panel on all patients
along with whole exome sequencing in selected patients with the potential to incorporate
CLIA RNA sequencing once available. The results of the molecular analysis will be
discussed in a multi-disciplinary tumor board similar to iCAT1 and provided to patient’s
treating physician for discussion with the patients. The study will follow the outcome/
response of all patients enrolled whether they were treated based on the recommendation
made by the molecular analysis report or not. In addition, the study includes linked pre-
clinical evaluations such as creation of low passage cell cultures and patient derived
xenografts for further genomic and drug response analysis.
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BASIC3—Baylor College of Medicine Advancing Sequencing in Childhood Cancer Care
(BASIC3) is a clinical protocol at Texas Children’s Hospital (TCH) prospectively enrolling
unselected children with newly diagnosed solid and CNS tumors on a trial evaluating the
diagnostic yield and impact of CLIA-certified exome sequencing on treating physicians and
patients’ families. To date, the study has enrolled >240 patients, >360 parents and 20
treating oncologists at TCH. Approximately 83% of the families have shown enthusiasm to
enroll at the time of diagnosis with the majority of the remaining denying enroliment due to
being overwhelmed with the child’s care as opposed to specific concerns with regard to
genomic testing (Figure 6)[60]. Separate reports for tumor and germline sequencing analysis
are generated and returned to the primary oncologist and family with the aid of genetic
counselors along with being placed in the medical record. The data from the first 150
patients enrolled on this study revealed approximately 25% of tumor reports to include
somatic mutations classified as being of established or potential clinical utility, and about
8% of germline reports identifying pathogenic or potentially pathogenic germline mutations
in cancer susceptibility genes[61].

PEDS-MIONCOSEQ—This is a pediatric precision medicine trial at University of
Michigan ongoing since 2012. This study is enrolling patients with refractory solid and
hematologic malignancies for analysis of tumor exome, normal exome and tumor RNA in a
CLIA-certified environment with the objectives of determining feasibility of real-time
sequencing analysis in pediatric refractory tumors, determining the proportion of patients
with potentially actionable findings both within the tumor and the germline and the
proportion of these findings that are actually acted upon along with determining major
barriers that prevent action on these findings. 89% of families approached agreed for
obtaining a biopsy, with the same percentage opting in to receive germline results. The
majority of the biopsies were performed by interventional radiology without complications.
To date more than 150 patients have been consented with adequate tissue was obtained in
87% of the patients. The time from consent to making recommendations back to the primary
physician and patient has been 7 weeks on average and 46% of patients have had reported
actionable findings, including 10% patients harboring pathogenic, clinically relevant
germline findings[62].

In summary, all of the above clinical genomics studies have provided tremendous insight
into the feasibility, operational infrastructure and key components of conducting such studies
as well as the landscape of genetic mutations occurring in patients with newly diagnosed and
relapsed pediatric tumors. The take home messages include:

1. it is feasible to perform genome scale tumor and germline analysis in clinically
relevant timeframes

2. patients and families are extremely enthusiastic about participating in such
studies;
3. potentially actionable tumor alterations can be identified in a substantial minority

of pediatric patients;
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4, strong bioinformatics and data curation experts are a key component of the team
along with physicians, pathologists, surgeons, genetic counselors and
genomicists;

5. an upfront plan to handle and disclose germline findings that may have an impact

on patients’ and their families’ needs to be in place prior to undertaking these
studies and this includes having genetic counselors as part of the team; and

6. there is an urgent need to conduct prospective trials of precision medicine in
order to evaluate the utility of this approach for children with solid tumors.

The next generation of trials will have to incorporate actively evaluating the clinical impact
of suggested treatment recommendations both by making such therapies available to
pediatric patients as well as by assessing response to such therapies.

Planned Precision Medicine Initiatives

National Cancer Institute’s Molecular Analysis for Therapy Choice (NCI-MATCH)
initiative: This is a national adult precision medicine trial that recently opened to enrollment
in August 2015. It is being coordinated by the ECOG-ACRIN research group and is
available to all sites in the US participating in the National Clinical Trial Network. The
primary objective of the trial is to ascertain response rates to molecularly targeted therapies
selected based on genetic aberrations identified by DNA sequencing of patients’ relapsed
solid tumors or lymphomas. The trial has pre-defined treatment arms for specific genetic
abnormalities that are targetable by the agents available on the trial and has the flexibility to
add/drop arms as it progresses.

Similar to the NCI-MATCH trial, the Pediatric MATCH (Molecular Analysis for Therapy
Choice) study, a collaborative effort between the National Cancer Institute and the
Children’s Oncology Group, is being planned as a COG-wide phase Il precision oncology
trial evaluating the use of genomically directed therapies for pediatric patients with
refractory solid tumors and lymphomas. Study subjects will have a tumor biopsy at the time
of disease recurrence in order to provide tissue for sequencing on a targeted cancer gene
mutation panel. Pre-existing definitions will be used to assign subjects to study arms if an
actionable mutation is identified, with approximately 25% of subjects screened anticipated
to have such a mutation. The primary objective of this study will be to assess objective
response rates in patients treated with a priori specified genomic alterations treated with
pathway targeted agents. Secondary objectives will include additional non-clinical
sequencing of study tumor samples to characterize the genomic landscape of relapsed/
refractory solid tumors and comparison to FFPE samples obtained from the time of
diagnosis. Germline sequencing using the same mutation panel is planned to be conducted in
parallel to the tumor sequencing in order to clarify whether mutations identified in cancer
susceptibility genes are somatic (tumor-specific) or germline in nature: a separate germline
report will be returned after interpretation of these germline results by clinical geneticists.
Sequencing and analysis pipelines will be adapted from those developed for the ongoing
adult NCI-MATCH study, with modifications made as needed for pediatric cancer-specific
targets and study agents.

Cancer Genet. Author manuscript; available in PMC 2017 July 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hingorani et al. Page 14

Opportunities to bridge knowledge gaps

With the advent of novel genomic technologies such as next generation sequencing, rapid
progress has been made in understanding the biology and genomic landscape of pediatric
sarcomas. However, much remains to be learnt especially in the context of translating this
knowledge into the clinic to improve risk stratification, disease monitoring, predicting
therapy response, patient outcomes with respect to improving survival and decreasing
therapy related morbidity and last but certainly not the least, cancer prevention. With those
goals in mind, there was unanimous consensus amongst the pediatric sarcoma clinical and
laboratory researchers that continued prospective biology studies are needed to achieve these
objectives. Three key areas of knowledge gaps were identified which included:

1. paucity of available tumor biology data on relapsed, metastatic and refractory
tumors as most of the efforts to date have focused on analysis of primary tumors,
which are believed to be genomically different;

2. lack of prognostic biomarkers to better risk stratify patients at original diagnosis
as well as lack of biomarkers to predict early relapse and

3. lack of model systems that accurately depict a specific patient’s tumor and
therefore impede our ability to characterize each individual patient’s tumor and
predict response to specific therapies.

To bridge these knowledge gaps in parallel and complementary to the current ongoing
efforts of individual institutions as well as cooperative groups such as COG, a proposal was
put forward to develop an all-encompassing national pediatric sarcoma biology protocol
with three primary objectives:

1. In the context of therapeutic trials or standard therapy for patients with sarcomas,
assessing the prognostic value of the presence or absence of circulating tumor
DNA and a determination of its disappearance as predictors of chemotherapy
response, disease status and survival.

2. To determine the status of a number of germline genetic alterations such as the
TP53gene in patients diagnosed with sarcomas in the context of therapeutic
trials or standard therapy for patients with sarcomas, as predictors of
chemotherapy response, disease status and survival.

3. To implant fresh tumor samples obtained from patients with metastatic and
recurrent sarcomas into immunocompromised mice to establish patient derived
xenograft models for use testing relevant therapeutic agents.

The specific aims of this proposed biology protocol are currently under development with
individual lead investigators identified in each of the three domains but the details of the best
and fastest methods to accomplish these aims remain to be determined. Each of them may be
incorporated individually into currently open or upcoming therapeutic trials within COG so
that adequate collection of biological samples required to successfully complete these aims
can be ensured. These research objectives will be complementary to COG’s ongoing efforts
to improve sample and data collection through Project Every Child initiative and to those
collected on patients enrolled on the Pediatric-MATCH trial. Ultimately improved
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longitudinal tracking of patient outcomes coupled to biology studies would optimize
translational opportunities going forward including serial biologic testing from initial
diagnoses to relapse and metastasis.
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Highlights

A summary of proceedings from translational research workshop on pediatric
sarcomas

Discusses biology advancements in pediatric sarcomas
Discusses ongoing/planned precision medicine trials in pediatric oncology
Outlines key areas of future research in pediatric sarcomas

These include- evaluate circulating tumor DNA, germline variants and
develop PDXs
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Figure 1.
Percent of Ewing sarcoma with EWS/ETS translocations, STAGZ loss, 7TP53 abnormalities,

and CDKNZA deletions. Adapted from Brohl, et al, PLoS Genet. 2014, Crompton, Stewart,
et al, Cancer Discov. 2014, and Tirode, et al, Cancer Discov. 2014[30-32].
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Figure 2.

Representative example of familial Ewing sarcoma in a female patient (index case marked
with a checkmark) and her brother shown in A. Tabular form and B. As a pedigree chart.
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%
:

Figure 3.
A representative circos plot of whole genome sequencing from a 13 year old patient with

alveolar rhabdomyosarcoma demonstrating a translocation between chromosome 2 to 13
(PAX3-FOXO1), amplification of a region on chromosome 12 including the gene CDK4,
and relatively few point mutations. The represented tracks from outside to inside include
genes with point mutations (black) and stop gains (purple), copy number (gray), lesser allele
frequency (green), the density of heterozygous snps (orange) and homozygous snps (blue).
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Figure 4.

A. Schematic for the process of generation of mouse models of patient-derived xenografts
(PDX) consisting of 2 phases- 1) Engraftment phase whereby fresh tumor from a patient is
implanted in the flank of mice; once engrafted, the tumor undergoes detailed analysis to
confirm that it is similar to the original implanted tumor and 2) Expansion phase whereby
small aliquots of tumor are re-implanted in a large group of mice to enable clinical drug
testing. In each of the phases, a portion of the tumor is frozen for future testing. B. Depicts
the timeline for generation and expansion of PDX in mice to initiate clinical testing.
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Figure 5.

Schematic representing the workflow of the Pediatric Cancer Dream Team Project;
Abbreviations: NCI, National Cancer Institute; MSKCC, Memorial Sloan Kettering Cancer
Center; TARGET, Therapeutically Applicable Research to Generate Effective Treatments;
IMPACT, IMmunotarget Prioritization And Capture Tool.
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Clinical tumor whole exome sequencing and reporting performed on BASIC3 study.
Abbreviations: CNS, central nervous system; T, tumor; N, normal; BCM HGSC, Baylor
College of Medicine Human Genome Sequencing Center; EHR, electronic health record,
GC, genetic counselor; diagram adapted from: Scollon S et al., Genome Med 2014
Sepl7;6(9):69. doi: 10.1186/s13073-014-0069-3. eCollection 2014. PubMed PMID:
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