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Abstract

Despite improvements in survival rates for children with cancer since the 1960s, progress for 

many pediatric malignancies has slowed over the past 2 decades. With the recent advances in our 

understanding of the genomic landscape of pediatric cancer, there is now enthusiasm for 

individualized cancer therapy based on genomic profiling of patients’ tumors. However, several 

obstacles to effective personalized cancer therapy remain. For example, relatively little data from 

prospective clinical trials demonstrate the selective efficacy of molecular-targeted therapeutics 

based on somatic mutations in the patient's tumor. In this commentary, we discuss recent advances 

in preclinical testing for pediatric cancer and provide recommendations for providing scientific 

justification and translational relevance for novel therapeutic combinations for childhood cancer. 

Establishing rigorous criteria for defining and validating druggable mutations will be essential for 

the success of ongoing and future clinical genomic trials for pediatric malignancies.
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Introduction

The overall survival rate of children with cancer has improved significantly over the past 50 

years (1). One factor that has contributed to this success is the formation of multicenter 

cooperative groups. The number of pediatric patients with cancer is small, and cooperative 

groups provide a mechanism to coordinate clinical trial development, accrue patients, and 

evaluate the outcome of those trials much more quickly than would be possible at individual 

centers. Indeed, most children with cancer are enrolled on clinical trials, which is not the 

case for adults with cancer (2).

Despite these coordinated efforts, the overall survival rate for many pediatric cancers has 

plateaued during the past 20 years. In particular, the survival rate of children with recurrent 

or metastatic cancer has remained below 30% (1). This plateau comes at a time when 

pediatric oncologists have access to a growing number of new and diverse oncology drugs. 

In addition to advances in drug development, next-generation sequencing studies over the 

previous 5 years (3, 4) have led to the development of CLIA-certified laboratories that can 

provide the complete genomic profile of each patient's tumor. Thus, for the first time, 

pediatric oncologists can review the genomic landscape of a patient's tumor and then select 

appropriate molecular-targeted therapeutics to incorporate into that patient's treatment 

regimen. To that end, several institutions have launched clinical genomic initiatives for 

pediatric patients with cancer, and a national effort called “pediatric MATCH” is being 

developed (http://www.cancer.gov/researchandfunding/areas/clinical-trials/

match#pediatric). Despite optimism about the potential benefits of individualized therapies, 

major barriers to bringing such therapies into the clinic remain (5, 6).

One major barrier to the successful implementation of individualized therapy is the lack of 

appropriate preclinical models for many pediatric cancers. In addition, even in cases where 

preclinical models do exist, it is not always clear how best to use those models to inform 

clinical decision-making. A key challenge for the pediatric research community is to 

develop models that closely recapitulate the genetic heterogeneity of the corresponding 

human cancer. In this commentary, we will focus on the use of preclinical models in basic 

and translational research to evaluate new therapies for children with cancer. We will also 

discuss the concept of druggable cancer mutations and suggest guidelines for establishing 

scientific justification and translational relevance of molecular-targeted therapeutics in 

preclinical studies.

Scientific Justification of Druggable Mutations Using Preclinical Models

Most of the clinical treatment protocols developed in the 1970s–1990s were empirically 

derived through trial and error because of our limited knowledge of the molecular 

underpinning and the complexity of the cancers they were designed to treat. As our 

knowledge of specific molecular targets has increased, it has become evident that targeted 

therapies are needed to improve the survival and decrease the toxicity of treatment for 

pediatric patients with cancer. An expansive body of literature demonstrates that targeted 

therapeutics are effective only if the pathways they target are essential in the tumor. For 
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example, the PDGFRA antagonist crenolanib may be justified in treating pediatric patients 

with glioma whose tumors have PDGFRA amplifications, but it would not be warranted in 

children with other types of brain tumors that do not harbor that genetic lesion 

(NCT01229644 and NCT01393912 at clinicaltrials.gov). Also, it is now clear that intra- and 

inter-patient tumor heterogeneity can further confound efforts to incorporate molecular-

targeted therapeutics into clinical trials (4, 7, 8).

Well-characterized animal models can be used to advance our understanding of the basic 

biology of diverse tumor types. In addition, they can serve as a platform for discovering 

tumor vulnerabilities and testing hypotheses about the genetic factors that contribute to 

cancer initiation and/or progression. We would also argue that preclinical models are an 

essential tool for providing scientific justification and translational relevance for new 

therapies and therapeutic combinations in pediatric cancer. In this commentary, scientific 

justification for a particular therapeutic approach is achieved by demonstrating that the 

pathway being altered by the therapy is essential for tumor survival and/or growth. 

Translational relevance of a therapeutic approach is achieved by demonstrating the same 

effect on the tumor in vivo using clinically relevant treatment regimens. It is possible to 

have scientifically justified therapies that lack translational relevance, and the converse is 

also true. Each preclinical model has strengths and weaknesses, and the challenge is 

selecting the appropriate model for the specific goals of the study in order to provide both 

scientific justification and translational relevance before moving into clinical trials.

Below, we discuss 3 of the most commonly used preclinical models of pediatric cancer: 

zebrafish models, genetically engineered mouse models (GEMMs), and patient-derived 

xenograft (PDX) models. These animal models have been used to advance basic cancer 

research, to identify cancer subtype–specific vulnerabilities, and to demonstrate complex 

genetic interactions in vivo. Although all 3 models are used in each area of research, we will 

highlight their unique strengths for particular applications in multidisciplinary oncology 

research programs.

Using Zebrafish in Basic Cancer Research

Zebrafish models are widely used in pediatric cancer research because they are genetically 

tractable, optically clear (i.e., they permit direct visualization of cancer processes in 

fluorescent transgenic fish), have a short generation time, and are more cost-effective than 

mice. Cancer subtype–specific mutations can be introduced into particular cell lineages at 

different developmental stages to model cancer initiation. The earliest examples are 

transgenic zebrafish models of T-cell acute lymphoblastic leukemia (T-ALL), in which 

MYC or NOTCH elicited transformation (9, 10). These models are histopathologically and 

molecularly similar to human T-ALL (11). Transgenesis has also been used to create TEL-

AML–induced B cell acute lymphoblastic leukemia (12), RAS-driven embryonal 

rhabdomyosarcoma (13), and oncogenic ALK-mutant neuroblastoma (14). Another major 

advantage of zebrafish relates to visualizing cellular mechanisms of cancer progression, 

including neovascularization, tumor heterogeneity, clonal evolution, and invasion (Fig. 1) 

(15). Zebrafish are also amenable to large-scale transplantation approaches designed to 

observe the functional effects of clonal evolution on drug resistance in vivo (16).

Langenau et al. Page 3

Cancer Res. Author manuscript; available in PMC 2016 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Zebrafish have been used in drug screens to identify the molecular pathways that drive 

cancer growth (17) and to identify new drugs that curb tumor growth in vivo (18-20). 

Despite the utility of these approaches, a major hurdle has been moving these findings into 

mammalian models because most zebrafish laboratories do not use murine cancer models 

(GEMMs or PDX models).

As pediatric oncologists advance novel molecular-targeted therapeutic combinations in the 

context of clinical genomics, it is important to consider tumor heterogeneity and clonal 

evolution as a result of treatment. Rare subclones within solid tumors at diagnosis can 

escape treatment, seed a recurrent lesion, and then continue to evolve and escape treatment 

during subsequent therapeutic interventions (Fig. 2) (8). Currently, there are no models of 

these complex processes in vivo. A combined approach that uses live imaging and genomic 

profiling of zebrafish could be one route to elucidating some of the underlying mechanisms 

of cancer recurrence in children.

Despite the advantages of zebrafish for imaging cancer processes and genetically screening 

chemical compounds, these models have limitations and challenges. Although some cellular 

pathways are evolutionarily conserved, others are not. For example, zebrafish do not have an 

ARF locus (21), and MYC is not a downstream target of NOTCH in zebrafish (22, 23). 

Another hurdle has been the lack of antibody reagents, which has hampered our ability to 

assess the role of immune cell subtypes in tumor progression, define critical interactions 

between cancer cells and the tumor microenvironment, and fully characterize tumor cell 

heterogeneity. Moreover, fish are ectothermic, and their unique adaptations that maintain 

homeostasis under variable temperature conditions may confound the interpretation of 

cellular processes in human cancer. Human cells have been transplanted into larval zebrafish 

(24); however, those studies are limited by immune rejection and the small number of cells 

that can be injected (10-100 cells/injection) (9, 25). Recent advances in generating 

immunocompromised zebrafish for cell transplantation studies may help resolve the problem 

of immune rejection, but have yet to be used in human xenograft studies (26). Finally, unlike 

mammals, fish continue to grow throughout their lifetime and exhibit remarkable 

mechanisms of tissue repair after injury that have not been found in mammals. Whether 

these unique processes affect cancer initiation or progression remains unstudied. In total, 

zebrafish have rapidly become a useful experimental model system in which to elucidate the 

fundamental principles of cancer initiation, progression, and dissemination. Zebrafish should 

be considered as a discovery tool that requires the extension of findings into mammalian 

models and patients’ tumors.

Modeling Human Cancer Mutations in Genetically Engineered Mouse Models

The mouse is the most widely used and well-validated model for cancer research. More than 

20 years ago, the role of p53 as a tumor suppressor was discovered by deleting the gene in 

the mouse (27). Early studies also indicated that in some cases, such as that of 

retinoblastoma gene Rb1, GEMMs do not always recapitulate the genetics of human tumor 

susceptibility (28). Today, more sophisticated approaches are used that incorporate 

conditional deletion of tumor suppressors or activation of oncogenes in specific tissues with 

temporal control (29, 30). Because of these approaches, GEMMs have been widely used to 

Langenau et al. Page 4

Cancer Res. Author manuscript; available in PMC 2016 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



identify the cells of origin for different types of cancer. TALENs and CRISPR/Cas9 have 

further streamlined targeted manipulation of the mouse genome (31-34). GEMMs can also 

be used to recapitulate the expression of fusion proteins that result from chromosomal 

translocations such as those found in Ewing sarcoma and rhabdomyosarcoma (35-37). 

Therefore, GEMMs are ideally suited for testing the contributions of individual genetic 

lesions to cancer initiation and/or progression and for genetically validating potential 

therapeutic targets. For example, by using two very similar GEMMs of retinoblastoma and 

targeting MDM2/MDMX with the small-molecule inhibitor nutlin-3a, it was shown that 

nutlin-3a specifically targets the p53 pathway (38). This study demonstrated that GEMMs 

provide a unique opportunity to establish scientific justification and test the specificity of 

molecular-targeted therapeutics for specific pediatric cancers.

One advantage of murine models of pediatric cancer is their anatomical and physiological 

similarity to humans. Drug-dosing routes (e.g., oral, intravenous, infusion pumps) and 

schedules used to treat children with cancer can often be recapitulated in murine models, and 

comparable routine assays (e.g., CBC-D and blood chemistries) can be performed to monitor 

toxicity when it is relevant to the drug's toxicity in patients. Pharmacokinetic (PK) and 

pharmacodynamic (PD) studies are routinely performed in mice, and the availability of those 

data and methods is a major advantage when calculating the murine equivalent dose (MED) 

of chemotherapeutics used in humans. Diagnostic imaging modalities (e.g., X-ray, MRI, 

PET-CT) and surgical methods (39) that are analogous to those used in the clinic are also 

widely available for GEMMs (Fig. 3). Despite the challenges associated with working with a 

species that is 1,000 times smaller than humans, many of the procedures performed in 

pediatric oncology can be applied in murine preclinical models. From a basic research 

perspective, the major advantage of GEMMs is the ability to directly test in mammals 

whether a particular genetic lesion contributes to tumor initiation and progression in vivo or 

whether it is relevant to therapeutic response. This is important because many recurrent 

genetic mutations have been identified in the genomic profiling of pediatric cancers, but it is 

not yet clear how those mutations contribute to tumorigenesis or treatment efficacy. A 

further advantage of working with GEMMs is that they can recapitulate cancer in the setting 

of an intact immune system, something that is difficult to achieve with PDX models in 

immunocompromised mice.

Despite all of the advantages of murine models and GEMMs in particular, some important 

limitations must be considered. For example, the chromosomal structure and organization 

and the epigenome in mice differ from those in humans (40). Several recent studies have 

shown that the epigenomes of GEMMs of pediatric cancer have very little overlap with 

those of their human counterparts (40). Moreover, point mutations, insertions/deletions, 

chromosomal lesions, and aneuploidy differ across murine and human tumors (40). These 

differences can significantly affect basic research on cancer initiation and progression and 

can directly influence efforts to establish translational relevance of novel therapeutic 

combinations. In addition, some pediatric cancers (e.g., Ewing sarcoma) have proven to be 

quite difficult to model in mice, and the spectrum of cancers induced in mice by specific 

genetic alterations often does not recapitulate the spectrum of cancers caused by those same 

mutations in humans. In GEMMs in which the oncogenic driver is also the therapeutic 

target, it may be useful to compare drug efficacy in PDX models and/or in related GEMMs 
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that have perturbations in the same pathway through alternative genetic lesions such as the 

several different GEMMs of the hedgehog subgroup of medulloblastoma (41). Despite these 

limitations, GEMMs are currently the most effective and efficient systems in which to study 

the contribution of individual genetic lesions to tumorigenesis in mammals.

Exploiting Patient-Derived Xenograft Models to Identify Tumor Vulnerabilities

Patients’ tumor samples can be directly implanted in mice to overcome some of the 

limitations of tumor cell lines. The derivation of severely immunocompromised mice (NOD-

SCID IL2Rgamma, or NSG) mice has facilitated the generation of patient-derived 

xenografts (PDXs) of childhood cancer. The major advantage of PDX models of pediatric 

cancer is that the tumor cells potentially reflect the genomic heterogeneity found in the 

human disease more accurately than do other disease models. Previous work has 

demonstrated that PDX models recapitulate many of the features of the original tumor (8, 

42-44). PDX models can increase the scientific justification and translational relevance of 

individualized, molecular-targeted therapy because multiple patient-derived tumors can be 

tested simultaneously to capture the clinical heterogeneity across patients. Adequate use of 

PDX models for individualized preclinical studies requires the demonstration that the tumors 

retain the genetic lesion targeted by the therapeutic being tested. If multiple tumors are 

established from different patients and only some of the tumors express the druggable 

mutations, then the tumors that do not express those mutations provide a useful control 

group for scientific justification of pathway perturbation.

Clonal heterogeneity and evolution are important factors to consider when using PDX 

models because we do not know whether one dominant clone grows or if the model 

maintains the clonal heterogeneity of the original tumor. For example, rare clones in the 

patient's original tumor can emerge as major clones in PDX models (45). By establishing a 

large collection of several independent PDX models from each patient, we may be able to 

study those complex cellular mechanisms in vivo. This ability is particularly relevant for 

modeling recurrent disease, which is a major clinical challenge (1). For example, if a PDX is 

derived from a patient at diagnosis and then an additional PDX is derived from a subsequent 

recurrent tumor, these models can be very useful to study the clonal evolution and changes 

in drug sensitivity that are associated with disease recurrence. Moreover, it may be possible 

to experimentally model disease recurrence by exposing the primary tumor's orthotopic 

PDX to the same treatment regimen used in patients and then determining whether the 

clonal evolution of that tumor in the mouse model recapitulates that seen in patients.

Three major limitations of orthotopic PDX models are relevant to basic research aimed at 

providing scientific justification for novel anticancer therapies. The first limitation is that the 

early stages of tumor initiation are usually not recapitulated in these models because the 

injected cells are derived from patients with advanced-stage disease and, thus, are fully 

transformed. Indeed, anecdotal evidence from our groups suggests that in many cases more 

advanced tumors are much more likely to grow as xenografts. Thus, it may be difficult to 

model early-stage tumors or low-risk disease with patient-derived tumors. To overcome this 

limitation, researchers are now deriving induced pluripotent stem cells (iPSCs) from patients 

that harbor genetic lesions associated with cancer predisposition and differentiating those 
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stem cells into tissue-specific progenitors to study tumor initiation (46). It is also feasible to 

model tumors by introducing cancer-initiating mutations into stem cells (47).

The second limitation is that although normal tumor-associated murine cells (e.g., 

macrophages and vascular endothelial cells) infiltrate the orthotopic xenograft (Dyer and 

Murray, unpublished), whether there are species-to-species differences in those interactions 

that could alter tumor growth is unknown. Also, because the mice are immunocompromised, 

the contribution of the immune system cannot be studied in orthotopic PDX models. This is 

particularly important because of the recent advances in cancer immunotherapy. For 

example, results of a recent study using murine osteosarcoma cells in immunocompetent 

mice suggested that α-CTLA-4/α-PD-L1 immunotherapy can help control metastatic disease 

(48). However, there may be differences between mice and humans related to 

immunotherapy and there is currently no system to validate those findings in PDX models 

because the recipient mice are immunocompromised. Despite several important recent 

advances (49-52), we still do not have reliable biomarkers and/or prognostic factors that 

allow investigators to identify the pediatric cancer patients that are likely to respond to α-

CTLA-4/α-PD-L1 immunotherapy. The lack of predictive biomarkers and relevant 

preclinical models with PDXs and human immune cells combined with the small patient 

population makes it difficult to provide scientific justification and translational relevance for 

immunomodulatory therapy for childhood cancer at this time. Recent developments in 

humanized mice that can support the human immune system may eventually make it 

possible to reconstitute a patient's immune system with their corresponding tumor to address 

fundamental questions in tumor immunology and immunotherapy and to provide critical 

preclinical data for cancer immunotherapy clinical trials (53).

The third limitation of PDX models is the clonal heterogeneity and evolution of the tumor 

during treatment. As mentioned above, this has not been well studied, and whether these 

complex cellular processes are recapitulated in orthotopic PDX models is unclear. Despite 

these limitations, orthotopic PDX mice are a very useful model of advanced-stage human 

cancer in which to establish the scientific justifications for molecular-targeted therapy.

Translational Relevance of Druggable Mutations

To move a new therapy into a clinical trial for children with cancer, one must first establish 

the therapy's scientific justification and translational relevance. Ideally, the careful use of 

preclinical models can advance our understanding of the fundamental processes of cancer 

initiation and progression, and those results, in turn, can identify novel therapeutics, thereby 

showing the scientific justification of the new therapeutic approach. However, many 

promising new therapies were scientifically justified but failed in clinical trials because they 

lacked translational relevance. In many cases, the failures were related to the therapeutic 

window (i.e., the difference between the minimum drug exposure required to achieve an 

antitumor effect and the maximum exposure tolerated by the patient). If the therapeutic 

window is narrow, then the drug is very difficult to administer in a clinical setting, and its 

side effects often limit clinical efficacy. A large therapeutic window provides more 

flexibility in dosing regimens and drug combinations. This is particularly important for 

pediatric cancer because new therapies are often used in combination with multidrug 
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regimens that constitute the standard of care for patients at diagnosis or first recurrence. 

Anticipating and managing toxicity associated with a novel agent is a major challenge in 

pediatric oncology clinical research.

Each preclinical model has strengths and weaknesses relevant to translational research, as 

they do in basic research. Although immersing a developing embryo or adult zebrafish in 

water containing drugs is feasible, many of the newer molecular-targeted therapeutics are 

poorly soluble in water. Drug penetration from the water, through the fish, to the tumor site 

has not been studied. Therefore, it is currently not possible to relate drug concentration in 

water to tumor response and PK/PD in zebrafish models of pediatric cancer. Moreover, 

humans and mice are often dosed on schedules that have been tailored to maximize the 

antitumor effects and minimize the side effects. Changes in drug levels in the plasma and 

tumor of patients after administration are related to the drug's absorption, distribution, 

metabolism, and excretion (ADME). Those features are likely not recapitulated in zebrafish 

immersed in water that has a constant concentration of the drug. Although oral gavage and 

microinjection of drugs into the circulation is possible and PK/PD measurements are now 

being used in zebrafish, these experiments will likely be labor intensive and will require 

validation in GEMMs and PDX models. Similarly, long-term studies that mimic the multiple 

courses of therapy in clinical trials (typically 3-4 weeks per course) have yet to be described 

using fish. Although zebrafish are a powerful discovery tool for prioritizing drug classes and 

assessing combination therapies, establishing translational relevance requires further 

preclinical validation using GEMMs and PDX models in mice.

GEMMs and PDX models have several advantages in terms of providing translational 

relevance. First, the route of administration and ADME are similar in mice and humans. 

Some drugs (e.g., irinotecan) have properties that differ between species (54, 55), but the 

cross-species relevance can be directly tested and validated with careful PK analyses in both 

species. In the case of irinotecan, a knockout mouse was developed to correct the cross-

species difference and more closely mimic irinotecan's ADME in humans (54, 55). When a 

drug's ADME is similar in mice and humans, clinically relevant doses and dosing schedules 

can be used to establish the translational relevance of new drug combinations.

GEMMs and orthotopic PDX models that harbor druggable mutations can be developed to 

establish scientific justification and translational relevance of particular drug/mutation pairs. 

It is also feasible to perform preclinical studies over extended periods of time in mice (24-30 

weeks) to mimic the multiple courses of treatment given to children with cancer. As 

mentioned above, diagnostic imaging and laboratory assays that are relevant to pediatric 

oncology now have preclinical counterparts that can be used to assess treatment response in 

mice.

Although GEMMs and PDX models share many advantages, they also have some 

differences that should be considered when designing translational relevance studies. 

GEMMs can be generated to recapitulate tumor initiation and progression in the appropriate 

cellular lineage, but PDX models cannot. PDX models developed in the flank may show 

differences caused by the tumor microenvironment that affect PK, tumor growth, and 

treatment response. This issue can be partially overcome by using orthotopic PDX models 
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(8, 56) to more accurately model the tumor/organ-site interactions, but the immune system 

interactions can be modeled only with humanized mice (53). This point is particularly 

important because the immune system plays a crucial, well-established role in tumor 

response, and immunomodulatory therapies such as α-GD2 antibody for neuroblastoma (57) 

or α-CTLA-4/α-PD-L1 for osteosarcoma (48) cannot be tested in immunocompromised 

PDX models. It is unclear whether other cells that contribute to the tumor microenvironment 

are similar or different in PDX models and GEMMs. For example, murine macrophages 

infiltrate tumors in GEMMs and orthotopic PDX models, but it is unclear whether they are 

the same subtype of macrophages (M1 or M2) and whether they function differently in 

GEMMs and orthotopic PDX tumors (58). Similarly, the tumor vasculature in GEMM and 

orthotopic PDX tumors is murine-derived, and species differences in vascular endothelial 

cells have not been extensively studied in this context.

Many investigators introduce potent genetic lesions in GEMMs to promote tumorigenesis 

even though those lesions are not present in the human tumor population. This practice 

makes it very difficult to interpret the response to therapy in the context of translational 

relevance to clinical trials. Similarly, naturally occurring secondary genetic lesions that arise 

in GEMMs after tumor initiation may differ across species. These lesions can include 

individual point mutations, larger chromosomal rearrangements, or aneuploidy (40). 

Moreover, given the importance of the epigenome in pediatric cancer initiation and 

progression, differences in the epigenomic landscape may confound efforts to provide 

translational relevance (40, 59).

Some of the most extensively characterized GEMMs of pediatric cancer are the 

retinoblastoma models. Molecular, cellular, neuroanatomical, neurochemical, genomic, and 

epigenomic profiling of this disease has shown that, in many ways, these GEMMs are very 

similar to human tumors (60). When the GEMMs of retinoblastoma were treated with the 

standard chemotherapy regimen (i.e., vincristine, carboplatin, and etoposide) at clinically 

relevant, PK-guided doses and on clinically relevant schedules, virtually all of the mice had 

a complete and durable response (38). In contrast, an orthotopic PDX model of advanced 

stage invasive retinoblastoma (Reese-Ellsworth stage V) treated with the same drugs at the 

same dose and schedule had no significant response (38). One interpretation of those results 

is that the retinoblastoma GEMMs faithfully recapitulate the human disease because the 

mice respond to the same drugs at the same dose and schedule as used in the clinic. 

However, in patients, combinations of vincristine and carboplatin or vincristine with 

carboplatin and etoposide are not sufficient to cure all retinoblastoma patients as in the mice 

(61). Moreover, the most significant benefit of chemotherapy in children with 

retinoblastoma is for early-stage disease (Reese-Ellsworth group I-III) (61). Therefore, the 

GEMMs may be a suitable model for a less-aggressive form of early-stage retinoblastoma 

(Reese-Ellsworth group I-III), and the PDX models may be a better model of advanced-

stage disease (Reese-Ellsworth group IV, V). Thus, although the GEMMs provide genetic 

validation of drug targeting, they do not provide direct translational relevance for the most 

aggressive forms of retinoblastoma (38).
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Recommendations for Using Preclinical Models to Establish Translational 

Relevance

Historically, preclinical models were used to provide scientific justification but not 

translational relevance. This distinction is important. Small pilot studies in PDX models can 

contribute to the scientific justification for a given targeted therapy. However, to establish 

translational relevance, stricter criteria should be included. A typical preclinical pediatric 

cancer study may involve a flank xenograft of a cell line or a PDX in immunocompromised 

mice. The tumor cells are often incompletely characterized, and their fundamental properties 

(e.g., genomic mutations, passage number, and histopathologic features) are not 

documented. Drugs are typically administered as a single agent, on a daily schedule, and at 

the murine maximum-tolerated dose, which is rarely relevant to the dose, exposure, and 

schedule used to treat patients. Preclinical efficacy studies are rarely blinded, and they are 

not benchmarked to standard-of-care treatment regimens with clinically relevant doses and 

schedules. The number of mice is small (10 or fewer per treatment group), and the 

treatments rarely extend beyond the equivalent of a single course of chemotherapy in 

patients (7-21 days). Progressive disease, stable disease, partial response, and complete 

response in PDX models are difficult to relate to clinical outcomes because caliper 

measurements of a flank tumor do not directly equate with a patient's response in the clinic.

St. Jude Children's Research Hospital has developed a new paradigm for establishing 

translational relevance in preclinical models of pediatric cancer (39). Most drugs tested in 

children have undergone Phase I testing in adult patients, and the paradigm is based on the 

assumption that a pediatric Phase I trial will be performed to determine the recommended 

Phase II dose and schedule. This paradigm is based on the following 10 criteria:

1) Randomization: A randomization schedule should be designed by a 

biostatistician before the preclinical study, as is done for clinical trials. Also, 

interim analysis and rules for censure (e.g., mouse death caused by unrelated 

events) should be established before testing begins.

2) Double-Blind Study Design: As with clinical trials, inadvertent bias is 

prevalent in preclinical testing. Efforts should be taken to design a double-blind 

study in which different individuals administer drugs and monitor response 

without any knowledge of the treatment groups (39).

3) Pharmacokinetics: In addition to providing data to determine the MED of the 

recommended pediatric Phase II dose, PK studies should be performed to 

determine the penetration and retention of the drug in the tumor.

4) Pharmacodynamics: To directly demonstrate that the drug penetrates tumor 

cells and perturbs the targeted pathway, PD analysis should be performed.

5) Clinically Relevant Drug Dose: The dose and route of drug administration in 

preclinical models should approximate the plasma exposure measured in 

pediatric patients if known.
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6) Clinically Relevant Drug Combinations: In pediatric oncology, new drugs 

used in a Phase II trial are often introduced in the context of an existing 

treatment regimen. Therefore, clinically relevant drug combinations should be 

considered to complement the single-agent efficacy studies in preclinical 

models.

7) Clinically Relevant Drug Schedule: Each course of therapy should be the same 

as that used in clinical trials (typically 3-4 weeks/course), and multiple courses 

should be incorporated in preclinical testing regimens.

8) Monitoring Toxicity Relevant to Pediatric Patients: The hematologic and other 

organ (i.e., kidney and liver) toxicities that are anticipated for a particular drug 

combination should be monitored during each course of therapy, and the relation 

between drug exposure and toxicity should be established.

9) Tumor Validation: The tumor should be extensively characterized and 

accurately recapitulate the histology and genomic features of patients’ tumors. 

Epigenomic profiling may be important for certain tumor types. If possible, the 

site of the tumor in the preclinical model should match that in patients to 

recapitulate tumor growth, spreading, and drug exposure at that organ. If 

subcutaneous tumors are used, follow-up studies should be attempted in an 

orthotopic site to confirm efficacy.

10) Efficacy Measurements Relevant to Patient Outcome: Measures of 

progressive disease, stable disease, partial response, and complete response 

should be defined before the study begins and used to power the study. 

Typically, 10-20 mice per group are required to properly power a double-blind, 

placebo-controlled, randomized efficacy study in mice (39), although this may 

depend on the biological variability of the specific tumor model. Ideally, all data 

related to tumor response, histopathology, and toxicity should be made available 

to other investigators via a centralized database that is validated and secured 

(39).

In addition to these 10 criteria, specific guidelines and standard operating procedures for 

using preclinical models to establish translational relevance are freely available online (62). 

The Childhood Solid Tumor Network preclinical-testing paradigm for providing 

translational relevance incorporates Phase I, II, and III studies that mimic those in patients. 

Before starting a preclinical Phase I study, one must provide scientific justification. Also, 

PK analysis must be performed to establish the MED and determine the duration and 

concentration of drug penetration in the tumor. PD assays should be performed to link drug 

penetration with inhibition of the signaling pathway of interest in the tumor cells. Ideally, 

the preclinical tumor should be at the orthotopic site to better recapitulate the tumor 

microenvironment and drug distribution (39, 63).

Preclinical Phase I Study

Once the PK, PD, and MED of the drug are established, the next step is the preclinical Phase 

I study (39). These studies are designed to establish the tolerability of the drug combination 

at a particular dose and schedule that is clinically relevant for children. Toxicities should be 
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monitored via body weight, blood counts (CBC-D), and blood chemistries. The route of 

administration is also important because it will affect the absorption of the drug and may 

influence tolerability and efficacy.

Preclinical Phase II Study

Once tolerability is established and a recommended dose is identified, a preclinical Phase II 

study is performed to determine whether the drug has antitumor activity in vivo (39). 

Preclinical Phase II studies are small (5 mice per treatment group), randomized, and placebo 

controlled. One treatment group receives the standard-of-care regimen to establish a baseline 

response. Preclinical Phase II studies are not blinded nor are they powered to provide 

statistical significance. The criteria for progressive disease, stable disease, partial response, 

and complete response are established before the study. Typically, animals receive up to 4 

courses of treatment (3 weeks per course). Preclinical Phase II trials are ideally suited to 

refine schedules and combinations because they are not double-blinded and involve few 

animals. The goal is to detect any evidence of drug activity and use that data to prioritize 

drug combinations to move forward into preclinical Phase III studies. In addition to efficacy, 

other considerations, such as availability of the drug for clinical development in children, 

may influence the decision to move into preclinical Phase III studies. Similarly, the toxicity 

may be important if it overlaps with the toxicity of the standard-of-care regimen that will 

serve as the foundation for addition of the new agent.

Preclinical Phase III Study

Preclinical Phase III studies are double-blind, randomized, placebo-controlled trials with a 

sufficient number of animals (approximately 20 animals per treatment group) to provide 

statistical significance. As with preclinical Phase II studies, the response criteria are defined 

up front, and the animals receive 4 to 6 courses of therapy. For aggressive tumors, the 

placebo group will often progress rapidly (39); this timing is helpful for identifying effective 

treatments that lead to complete and durable responses (39). An appropriate standard-of-care 

treatment group is included. Each mouse has a unique murine medical record number, and 

the data are entered into a central database before the treatment groups are de-identified, 

helping to ensure the accuracy of the data and providing a convenient forum for sharing it.

One exciting opportunity for a preclinical Phase III study design would incorporate multiple 

individual PDX tumors from different patients. For each individual PDX, replicate mice 

would be used to establish statistical significance of the response in that particular tumor. 

However, to capture the clinical heterogeneity of a particular tumor, multiple PDX tumors 

from different individuals would be incorporated into the study. The individual mice would 

be randomized across the different PDX tumors and their replicates in double-blind placebo-

controlled trials. This approach would also be ideal for comparing the responses of 

diagnostic tumors and recurrent tumors from the same individual and across different 

patients.

Data from preclinical studies provide translational relevance that can directly influence 

clinical trials. Here, we have outlined one paradigm established in the Developmental 

Biology and Solid Tumor Program at St. Jude Children's Research Hospital. However, 
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alternative approaches are possible if they address the 10 key points outlined above. The 

distinction between providing scientific justification and establishing translational relevance 

of new therapeutics is essential to pediatric cancer and rare adult cancer research because the 

number of patients with those diseases is so small. Therefore, the most promising agents in 

the most appropriate dose, route, and combination must be elucidated in the laboratory 

before moving into the clinic. This approach is particularly important for the success of 

cooperative groups that invest years developing clinical trial concepts. In that setting, 

scientific justification and translational relevance must be established early so that trials not 

meeting the benchmark can be aborted efficiently.

Targeting Druggable Mutations in Pediatric Cancer

In most clinical genomic trials, mutations and their respective molecular-targeted drugs are 

ranked based on the data supporting their scientific justification and translational relevance. 

Individual protocols may have different criteria, but the concept of ranking mutations is a 

common theme. This approach does not take into account the sequence analysis or the 

possibility of tumor heterogeneity and clonal evolution. Even if we assume that every cell in 

a tumor has the same bona fide mutation, categorizing that mutation as druggable is still a 

topic of debate and an emerging area of investigation. Thus, a rigorous and robust 

standardized definition of druggable is crucial to help align clinical genomic trials and 

provide reasonable expectations for patients and their families. Even if a particular mutation 

is deemed to have scientific justification for being druggable, establishing its translational 

relevance is equally important. For many targets, several competing drugs are being 

developed, and the translational relevance of each drug may prove essential for successful 

targeting in patients.

The presence of a recurrent somatic mutation in cancer suggests that such a mutation 

provides a growth advantage to the tumor. If that recurrent mutation is associated with 

advanced-stage disease or poor outcome, then it has additional value as a biomarker. 

However, without careful laboratory research, such an association does not prove that a 

mutation is druggable. Although the mutation may be actionable (i.e., it helps identify 

patients whose disease should be considered high-risk), it is not necessarily druggable. First, 

one would need to show that the mutation is necessary and/or sufficient for tumorigenesis in 

vivo. This can be done using any of the 3 preclinical models described herein if their 

strengths and weaknesses are taken into consideration. Next, drug sensitivity associated with 

the particular genetic lesion should be established. The mutations that are necessary and/or 

sufficient for tumorigenesis far outnumber current molecular-targeted therapeutics; thus, not 

all mutations that induce tumors are druggable. Finally, if preclinical studies of the drug 

provide scientific justification, then translational relevance should be established using the 

10 aforementioned criteria and preclinical Phase I, II, and III studies. If these efforts are 

successful, then individualized treatment regimens have a much higher probability of 

success. Here we provide 3 examples from solid tumor studies to highlight these concepts.

The first example is ATRX mutation in neuroblastoma. The ATRX gene encodes a protein 

component of the SWI/SNF complex that is involved in histone H3.3 deposition at 

telomeres and other regions in the genome (64, 65). ATRX-mutant tumors use a unique 
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mechanism of telomere maintenance called alternative lengthening of telomeres (ALT) to 

promote cell proliferation, and ATRX mutations are associated with indolent forms of stage 4 

neuroblastoma in older patients who tend to have poor rates of overall survival (66, 67). 

Although the association of ATRX mutations with poor outcome and the high rate of somatic 

mutations in older patients with stage 4 neuroblastoma meet the first criterion for druggable 

mutations, ATRX falls short on the other two criteria. ATRX-mutant tumors may be more 

sensitive to ATR inhibitors than are wild-type ATRX tumors (65), but this has not been 

demonstrated in vivo. Moreover, the translational relevance of ATR inhibitors for ATRX-

mutant neuroblastomas has not been demonstrated.

The second example is oncogenic RAS mutation in rhabdomyosarcoma. A substantial 

portion of children with embryonal rhabdomyosarcoma express RAS mutations that are 

associated with intermediate- or high-risk disease (8). In preclinical and cell-based models, 

RAS mutations are necessary and sufficient for tumorigenesis (13, 17). However, individual 

drugs or combinations of drugs that are thought to perturb RAS signaling in cancer are not 

selective for RAS-mutant embryonal rhabdomyosarcoma tumors versus those that express 

wild-type RAS (8). Therefore, the agents have not been tested in PDX models to establish 

translational relevance. Although downstream modulators of RAS signaling, such as MEK 

and AKT/mTORC1, can be inhibited with small-molecule inhibitors, such approaches in 

colon and lung cancers have led to partial responses, which ultimately progress because of 

therapeutic resistance. Thus, although RAS is a well-established oncogenic lesion, no current 

molecular-targeted therapeutic has shown selective sensitivity or translational relevance. 

Accordingly, RAS mutations meet only 1 of 3 criteria and should not be considered 

druggable. If novel agents targeting RAS are developed or more effective therapies to inhibit 

its downstream effector pathways are tested, then translational studies in mice will be clearly 

warranted.

The third example is oncogenic ALK mutation in neuroblastoma. In zebrafish models and 

GEMMs, ALK mutations are necessary and sufficient for tumorigenesis in vivo. Moreover, 

small-molecule inhibitors targeting ALK have been developed, and the efficacy of those 

drugs in treating particular lesions has been examined (14, 68-73). Scientific justification for 

targeting ALK has been established in vivo by using animal models, but translational 

relevance has not been established. Clinical trials of ALK-mutant neuroblastoma treatment 

with ALK inhibitors are ongoing (74). In the Phase I study of crizotinib, only 1 of 11 

patients with ALK-mutated neuroblastoma experienced an objective response. Several of 

those patients’ tumors had oncogenic ALK mutations that were predicted to be sensitive to 

crizotinib (75). In contrast, 8 of 9 patients with ALK-translocated anaplastic large cell 

lymphoma experienced objective responses. Taken together, these data suggest that 

crizotinib can penetrate the tumor and perturb ALK-mediated oncogenic signaling, but it is 

unclear why there were so few responses in neuroblastoma. Some details of dosing, 

schedule, and drug combinations can be elucidated in patients, but the effective translation 

of ALK inhibitors into the clinic would benefit from studies in preclinical models to 

establish the mutation's translational relevance. Thus, ALK is a druggable mutation that 

meets 2 of 3 criteria for moving into clinic trials, and with some additional translational 
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studies, it could emerge as the standard for individualized treatment for children with 

neuroblastoma.

Recent studies targeting the DNA damage response in Ewing sarcoma are examples of 

clinical trial development with both scientific justification and translational relevance (39). 

Ewing sarcoma cells have defects in DNA damage repair that can be exploited by 

combining PARP inhibitors and DNA-damaging agents such as irinotecan or temozolomide. 

There are predictive biomarkers (SLNF11 and PARP1 expression) of sensitivity to these 

drugs, and knockdown of PARP1 protein expression led to reduced sensitivity (39). 

Translational relevance was established according to the 10 criteria described above and 

preclinical phase I,II,III testing, leading to the ongoing clinical trial with talazoparib 

combined with irinotecan with or without temozolomide (Clinicaltrials.gov: 

NCT02392793). If tolerability and efficacy can be established for these drug combinations 

in patients with Ewing sarcoma, then it will provide an important proof-of-principle for the 

strategies outlined here.

If we consider the current and planned clinical genomic trials, we have a long way to go to 

establish scientific justification and translational relevance of particular druggable 

mutations. For example, in the iCAT trial (http://meetinglibrary.asco.org/content/

133535-144), which used a targeted resequencing platform, 16 of 54 patients (30%) received 

a therapeutic recommendation. Among those, only 1 had a tier-1 mutation, and that was an 

ALK-mutant neuroblastoma. All other therapeutic recommendations in iCAT had even less 

scientific and translational evidence. The goal of the iCAT trial was to determine the 

feasibility of providing therapeutic recommendations based on genomic analysis of patients’ 

tumors. In this regard, it was a successful trial. However, it also highlights our lack of 

understanding of the relationship between particular genetic lesions in cancer and response 

to molecular-targeted chemotherapy. On the basis of the results of the iCAT and other 

similar genomic studies, a combination of GEMM, PDX, and zebrafish model studies could 

be designed using currently available drugs to test the relevance of a specific mutation or 

combination of mutations.

Conclusions

The risk of making treatment recommendations that are not grounded in basic, translational, 

or clinical research is that the value of individualized therapy using clinical genomics will 

become underappreciated. We propose that the emphasis of pediatric clinical genomics 

should be on making recommendations that have scientific justification and translational 

relevance. As a research community, we should share expertise and resources to efficiently 

establish scientific justification and translational relevance of molecular-targeted 

therapeutics for the most-common mutations associated with pediatric cancer. As a result, 

pediatric cancer care would be substantially advanced as more informed recommendations 

are made in the clinic. The investment of over $1 million in the Childhood Solid Tumor 

Network(62) is one step in that direction.
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Figure 1. Zebrafish in oncology research
Diagram highlighting some of the advantages of zebrafish for oncology research including 

live-cell imaging of clonal heterogeneity and clonal evolution, studies on tumor cell 

interactions with the microenvironment, and pathway analysis for testing molecular-targeted 

therapeutics.
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Figure 2. Clonal selection in PDX models
The clonal evolution of a rhabdomyosarcoma is represented. Each colored dot represents a 

cluster of SNVs that was used to track the clonal evolution of the tumor. At diagnosis, the 

tumor had 2 major clones: 1of those clones (clone 2) was eliminated with treatment. Clone 3 

then continued to evolve and seeded 2 different recurrent sites in the patient (prostate and 

pelvis). Orthotopic PDX tumors were derived from those sites, and the minor clones were 

lost; clone 3 remained the dominant clone in the PDX models.
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Figure 3. Diagnostic imaging modalities used in murine models of cancer
A) Representative PET and CT images using C11-methionine for a Ewing sarcoma 

orthotopic xenograft in the femur. B) Photograph of an immunocompromised mouse with an 

orthotopic rhabdomyosarcoma xenograft that is labeled with firefly luciferase for Xenogen 

imaging. C) MRI image of an orthotopic neuroblastoma xenograft (red) in the para-adrenal 

space adjacent to the kidney (green). D) 3D ultrasound of the same neuroblastoma xenograft 

shown in (C). E) X-ray image of an orthotopic Ewing sarcoma tumor showing the “hair-on-

end” appearance that is typical of Ewing sarcoma.
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