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Abstract

The RAS/MAPK pathway is an emerging targeted pathway across a spectrum of both adult 

and pediatric cancers. Typically, this is associated with a single, well-characterized point 

mutation in an oncogene. Hypermutant tumors that harbor many somatic mutations may obscure 

the interpretation of such targetable genomic events. We find that replication repair–deficient 

(RRD) cancers, which are universally hypermutant and affect children born with RRD cancer 

predisposition, are enriched for RAS/MAPK mutations (P = 10−8). These mutations are not 

random, exist in subclones, and increase in allelic frequency over time. The RAS/MAPK pathway 

is activated both transcriptionally and at the protein level in patient-derived RRD tumors, and these 

tumors responded to MEK inhibition in vitro and in vivo. Treatment of patients with RAS/MAPK 

hypermutant gliomas reveals durable responses to MEK inhibition. Our observations suggest that 

hypermutant tumors may be addicted to oncogenic pathways, resulting in favorable response to 

targeted therapies.
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INTRODUCTION

Tumor hypermutation is defined by an excess of somatic mutations (>10 mut/Mb). On the 

basis of this definition, nearly one fifth of human cancers are hypermutated, and nearly 

all tissue types have a subset of tumors that are hypermutated (1–3). Multiple reports 

have concluded that hypermutant tumors are unique in their evolution, are resistant to 

conventional chemotherapies, and confer poor patient survival (4, 5).

Hypermutation arises as a result of various underlying processes (6). These include 

environmental exposures (UV radiation, refs. 7, 8; smoking, ref. 9; aristolochic acid 

exposure, ref. 10), chemotherapy (alkylators; ref. 11), and replication repair deficiency 

(RRD), among others.

Mutations arising from replication repair–related errors have been causally implicated in 

two-thirds of human cancers (12, 13). RRD and associated hypermutation can result from 

germline or somatic mutations in either DNA polymerases (POLE and POLD1; ref. 14) 

or in the mismatch-repair genes (MSH2, MSH6, MLH1, and PMS2; ref. 15). Furthermore, 

germline biallelic loss of any of the mismatch-repair genes results in one of the most 

aggressive human cancer syndromes, termed constitutional mismatch-repair deficiency 

syndrome (CMMRD). These patients develop cancers in numerous organs during childhood 

and harbor the highest mutation burden (>300 mutations/MB) of any human cancer type 

(16). Due to the tumor burden and their inherent resistance to conventional therapies, these 

patients tend to have extremely poor outcomes.

Targeting hypermutated tumors with immune-checkpoint inhibitors results in clinical benefit 

(17–22). Recent data have demonstrated that in some cancer types, high mutational burden 

is a strong predictor of response to immune-checkpoint inhibition (23). The PD-1 inhibitor 

pembrolizumab is now approved for therapy in all RRD cancers, reinforcing the agnostic, 

mechanism-based indication for a cancer therapeutic (24). However, immune-checkpoint 

inhibition alone has not been universally effective (25–27). Defining other vulnerabilities of 

hypermutant cancers is a major aim of the cancer research community.

Single-nucleotide alterations in proto-oncogenes that regulate cell growth and proliferation 

pathways are a commonly observed tumor-promoting event (28). One such pathway is 

the well-characterized RAS/MAPK pathway, where gain-of-function mutations in RAS 
and/or downstream effectors result in constitutive dysregulation of signaling to upregulate 

transcription factors involved in diverse cellular processes conferring survival advantage. 

Although canonical amino acid changes, such as a valine to glutamic acid at position 600 

in BRAFV600E, or a glycine to aspartic acid substitution at position 12 in KRASG12D, 

are commonly observed in multiple cancers (29), the spectrum of potentially actionable 

RAS/MAPK activating mutations in hypermutated cancers and whether these mutations are 

actively selected in the context of RRD-derived hypermutation is largely unknown.

Importantly, recent reports have noted that nonsynonymous mutations in RAS/MAPK 

pathway genes (i.e., HRAS, NRAS, and BRAF) exhibit strong selection, regardless of 

their amino acid position (30). In addition, mutations in RAS/MAPK signaling members 

downstream of the typical receptor tyrosine kinases, such as MAPK1, MAP2K1, MAP2K2, 
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MAP2K4, and MAP3K13, have been found to be significantly more frequently mutated than 

expected by chance by genomic analyses of large tumor data sets of diverse types (31). 

Thus, the diversity of RAS/MAPK pathway driver mutations, and the genes in which they 

arise, may be larger than previously anticipated.

Because RAS/MAPK pathway genes are commonly mutated in several childhood cancers, 

including cancer types commonly associated with CMMRD, we reasoned that hypermutated 

RRD tumors will harbor functionally impactful mutations in key genes of the RAS/MAPK 

signaling pathway and therefore would be amenable to RAS/MAPK pathway inhibition.

Here we show that RAS/MAPK mutations are enriched in RRD hypermutated tumors 

and result in activation of the pathway. Treatment of patients with RRD cancers reveals 

encouraging responses in heavily pretreated children with otherwise poor prognoses.

RESULTS

Mutations in the RAS/MAPK Pathway Are Common in Hypermutated Childhood Cancers

First, to determine the prevalence of RAS/MAPK mutations in pediatric cancers, we 

analyzed all single-nucleotide mutations resulting in nonsynonymous amino acid changes 

in a large cohort of 1,215 pediatric patients with cancer (ages 0–18; 55% male, 45% female) 

using targeted sequencing of >400 well-defined cancer genes, sequenced and made publicly 

available by Foundation Medicine (32). Major tumor subtypes within this cohort consisted 

of brain tumors, hematologic malignancies, extracranial embryonal tumors, sarcomas, and 

carcinomas (Fig. 1A; Supplementary Fig. S1). Further information on these tumors and 

their specific genetic alterations can be found in Supplementary Fig. S1 and Supplementary 

Table S1. Nonsynonymous mutations in NRAS, NF1, and KRAS were the second, third, and 

fourth most common alterations observed following TP53 across cancers of all types (Fig. 

1A). The negative RAS/MAPK pathway regulator NF1 showed predominantly truncating 

point mutations, whereas point mutations in oncogenes NRAS, KRAS, BRAF, and PTNP11 
were almost exclusively missense (Supplementary Fig. S2). Of the 15 most common 

genes harboring single-nucleotide variants (SNV) in these childhood cancers, five were 

RAS/MAPK pathway members, affecting 18% (218/1215) of all childhood tumors. These 

mutations were observed across most childhood cancers, suggesting that the potential 

for RAS/MAPK pathway inhibition in pediatric cancer as a therapeutic option may be 

underexplored.

We then considered hypermutated tumors. These cancers are commonly devoid of copy­

number alterations and are characterized by a preponderance of SNVs (16). We observed 

different RAS/MAPK pathway mutation enrichment among tumor types, suggesting that 

these mutations are not simply a by-product of hypermutation. First, the prevalence of 

RAS/MAPK mutations was most commonly observed in gastrointestinal tract cancers and 

gliomas followed by hematopoietic malignancies (Fisher exact test, P < 0.0001). These 

cancers are associated with the cancer predisposition syndrome CMMRD (33) and therefore 

driven by RRD. Second, RAS/MAPK mutations were enriched in tumor types known 

to harbor these alterations regardless of their tumor mutational burden. For example, 

60% of hypermutant neuroblastoma harbored mutations in RAS/MAPK genes, consistent 
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with recent reports (34), whereas hypermutated Wilms tumors and rhabdomyosarcomas 

rarely harbored mutations in the pathway (Fig. 1B). Third, specific genes in the pathway 

dominated each respective tumor type. KRAS mutations were dominant in gastrointestinal 

tumors, whereas NF1 mutations were more dominant in brain tumors (Fig. 1C). This 

tissue-of-origin selectivity was further supported by comparing central nervous system 

(CNS) versus colorectal cancers for NF1 mutations versus KRAS dominance in cBioPortal 

(Supplementary Fig. S3A and S3B). These data support the notion that alterations in the 

RAS/MAPK pathway in hypermutated cancers are beyond what would be expected by 

chance and may confer a selective advantage to hypermutated cancer cells.

RRD Cancers Activate the RAS/MAPK Pathway

To further explore the role of RAS/MAPK mutations in RRD hypermutant gliomas and 

gastrointestinal cancers, we performed high cage exome sequencing (∼98×) of 46 tumors 

from the International RRD consortium (IRRDC), an international group of clinicians and 

medical scientists studying and treating children and young adults with RRD cancers. 

Matched controls were obtained and sequenced for all but 2 of 46 tumors (D291_2 and 

X12). All 46 cancers harbored several point mutations in diverse members of the RAS/

MAPK pathway (Fig. 1D; Supplementary Table S2). These included at least one loss-of­

function NF1 mutation in 95% (39/41) of gliomas and often additional missense mutations 

in intermediary RAS/MAPK pathway members (MAPK1, MAP2K1, MAP2K2, MAP3K1, 

and MAP3K2).

Clonal heterogeneity is a major contributor to acquired resistance to current targeted 

therapies. We anticipated that this may also be a concern in RRD cancers due to their 

ongoing mutation accumulation and highly polyclonal nature. To determine whether RAS/

MAPK mutations exist in different cloverones within RRD cancers, we performed high­

resolution subclonal analysis of hypermutated cancers that were sequenced to a mean depth 

of 750×. We confirmed that every clone in polyclonal tumors contained a nonsynonymous 

mutation in a RAS/MAPK pathway gene (Fig. 2A). For additional support, we used the 

variant impact prediction software PolyPhen-2 to confirm that the mutations that arose 

were predicted damaging in the case of negative regulators, whereas positive regulator 

genes preferred benign/activating mutations. As observed in general hypermutant childhood 

cancers, RRD gliomas demonstrated multiple truncating mutations in NF1, whereas 

colorectal tumors preferred activating mutations in tyrosine protein kinase receptors (Fig. 

2A).

To determine whether RAS/MAPK mutations persist during clonal evolution of RRD 

cancers, we established serial xenografts of a hypermutant (20 mutations/MB) colorectal 

cancer surgically resected from a patient with a homozygous germline MLH1 mutation. 

The primary tumor contained one activating mutation in MAP3K1, which persisted as a 

consistently expanding variant allele fraction (VAF) throughout the serial engrafting (Fig. 

2B). Two additional RAS/MAPK pathway–activating mutations in KRAS and MAP3K2 
arose during serial transplantations and increased from a low to a high VAF, suggesting 

enrichment for these mutations (Fig. 2B). This enrichment in RAS/MAPK mutations in 

progressive clones was independent of the original variants in the tumor, which remained 
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at a stable, clonal VAF between 0.4 and 0.45 across serial xenografts, further suggesting a 

functional role to these mutations. We conclude that within the RRD cancers, RAS/MAPK 

mutations are nonrandomly enriched and exist in multiple clones during cancer progression.

Next, we explored whether these mutations result in activation of the RAS/MAPK 

pathway that can be observed at the transcriptional and translational level. First, we 

sequenced the full transcriptome of 21 RRD hypermutant glioblastomas that had undergone 

exome sequencing and harbored confirmed RAS/MAPK pathway alterations (Fig. 1D; 

Supplementary Table S2), and compared them to five normal adult brain and four normal 

fetal brain samples. After confirming that global transcriptional patterns between tumor 

and normal were distinct (Supplementary Fig. S4A), we used several pathway signature 

models to assess RAS/MAPK pathway activation. We assessed MAPK pathway activity 

using the signature-based model PROGENy (35), which derives signatures using 100 

responsive genes that are most consistently deregulated as a result of MAPK activation. 

RRD tumors had significantly higher MAPK signature scores than normal samples (Fig. 3A) 

and distinctly clustered from normals based on the transcriptional output of the PROGENy 

MAPK pathway genes (Supplementary Fig. S4B). This was not true for housekeeping genes 

(Supplementary Fig. S4C), suggesting that such clustering does not occur randomly. Using 

the same RNA sequencing (RNA-seq) data, we could additionally distinctly cluster samples 

using a gene-expression RAS pathway signature comprised of 18 genes (ref. 36; Fig. 3B). 

Finally, we performed gene set enrichment analysis (GSEA) of the hallmark gene set for 

genes upregulated by KRAS activation (37) and found that RRD tumors are significantly 

enriched for KRAS upregulated genes compared with normal adult and fetal brains [Fig. 3C; 

normalized enrichment score (NES) = 3.13].

To further directly measure pathway activation, we used a multiplexed RNA and protein 

detection strategy in which multiple RAS/MAPK pathway–related mRNA and downstream 

proteins and their phosphorylation are probed and counted directly without previous 

amplification (NanoString nCounter gene-expression system). RRD hypermutant gliomas 

had significantly higher expression of genes in the pathway when compared with normal 

brain (P = 0.0002; Fig. 3D). This correlated well with other childhood gliomas with 

known driver mutations in NF1, BRAFV600E, and BRAF–KIAA1549 fusion, which are 

known to harbor RAS/MAPK pathway activation and respond well to MEK inhibitors (Fig. 

3D). Further examination of the pathway activation using NanoString revealed that RRD 

hypermutant cancers preferentially expressed high levels of downstream target transcription 

factors (FOS, JUN, MYC) and less of membrane receptors, further supporting the role of 

mutations in mid-pathway tyrosine kinases which result in activation of the effector genes 

and a possible loop repression of receptor expression (Fig. 3E).

Activation of RAS/MAPK kinases was also observed at the protein level when comparing 

phospho-ERK to total ERK and phospho-CRAF in RRD hypermutant gliomas and normal 

brain using NanoString. RRD gliomas harbored comparable levels of these phosphorylated 

targets to gliomas driven by BRAF and NF1 alterations (Fig. 3F). As a further confirmation 

of the assay, protein expression of Ki67 and p53 was significantly higher in RRD high-grade 

gliomas as compared with low-grade gliomas harboring RAS/MAPK alterations (Fig. 3F), 

indicating that the increase in phosphorylation observed was not random. Lastly, IHC 
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staining for phosphor-ERK was performed on 11 hypermutant high-grade glioma and two 

colorectal cancers in children with germline mutations in replication repair genes (MMR, 

POLE), and 100% of tumors displayed strong positive phospho-ERK staining (Fig. 3G; 

Supplementary Fig. S5). These data further suggest that RRD hypermutant cancers are 

driven, in part, by non-random mutations resulting in growth factor receptor–independent 

activation of the RAS/MAPK pathway.

RRD Hypermutant Cancers Respond to MEK Inhibition

Several RAS/MAPK pathway inhibitors have been developed to block tumor growth driven 

by this pathway. Those that target the MEK intracellular kinase are already indicated 

for BRAFV600E melanoma and are currently in various phases of trials for other tumor 

types, including glioma and colon cancer (38, 39). To test the preclinical benefit of RAS/

MAPK inhibitors in RRD hypermutant tumors, we modeled glioma and colon cancers, 

as these are the tumors most commonly observed in children with RRD. Established 

colorectal cancer cell lines were first confirmed to be hypermutant and driven by MMR 

deficiency via signature analysis (COSMIC signatures 6, 14, and 15; Supplementary Fig. 

S6). Dose-response analysis revealed that both established and patient-derived cells were 

sensitive to MEK inhibition (Supplementary Fig. S6). We then tested the ability of MEK 

inhibitors to impede cancer growth in vivo using an RRD patient-derived colorectal cancer 

xenograft with germline MLH1 mutations (Fig. 4). First, deep sequencing was performed 

to confirm that the tumor harbored clonal and subclonal RAS/ MAPK mutations (Fig. 4A). 

Mice injected with patient-derived colorectal cancer cells and treated daily with trametinib 

demonstrated significantly increased survival benefit (Fig. 4B). Moreover, daily treatment 

with either MEK inhibitor (selumetinib or trametinib) independently resulted in reduced 

tumor growth, and significant RAS/MAPK pathway–specific growth arrest as exhibited by 

decreased phosphorylation of ERK and MEK and increased apoptosis (Fig. 4B and C).

Similarly, use of MEK inhibitors for the treatment of a patient-derived pediatric high­

grade glioma with confirmed hypermutation (299 mut/Mb), multiple RAS/MAPK pathway 

mutations, and a clear RRD signature (Fig. 5A–D) resulted in significant response to both 

trametinib and selumetinib in vitro (Fig. 5E). Moreover, xenografts established from these 

primary cultures demonstrated improved survival when treated with trametinib (P = 0.0001) 

and reduced tumor growth in response to either inhibitor in vivo (P = 0.0039; Fig. 5F and 

G).

Encouraging Responses to MEK Inhibition in Patients with RRD Gliomas

Two patients from the IRRDC who had RAS/MAPK active gliomas were treated with 

MEK inhibitors. Patient 1, a patient with CMMRD harboring homozygous PMS2 germline 

mutations, was diagnosed at age three years with an inoperable diffuse glioma (Fig. 6A). 

The patient underwent three distinct chemotherapy protocols (combination vincristine plus 

carboplatin, vinblastine, and temozolomide, respectively) and failed to achieve a measurable 

response by RECIST criteria (Fig. 6A, left scan). The patient was then treated with 

selumetinib as a fourth line of treatment, which resulted in the first measurable response 

(80% reduction in tumor volume) as observed by MRI and three years of stable disease (Fig. 

6A, right scan).
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Patient 2, a patient with CMMRD harboring homozygous germline PMS2 mutations, was 

diagnosed at age 14 years with glioblastoma multiforme (GBM; WHO grade IV). The 

patient was initially treated with gross total surgical resection and radiation and, upon 

tumor recurrence, was treated with the anti–PD-1 inhibitor nivolumab. In parallel, molecular 

analysis of the tumor confirmed ultrahypermutation and multiple RAS/MAPK pathway 

mutations (Supplementary Fig. S7A). Following multifocal progression on nivolumab alone, 

addition of trametinib resulted in remarkable resolution of these lesions with maximum 

response in five months (Fig. 6B). This response persisted for a total of nine months as a 

third line of therapy for this cancer. To further elucidate the immune response to therapy, 

we collected serial blood samples and isolated peripheral blood mononuclear cells (PBMC) 

throughout the duration of nivolumab administration for patient 2. Using flow-cytometric 

analysis, we observed an increase in proliferating CD3+CD8+ T cells one month after the 

addition of trametinib to anti–PD-1 therapy (Fig. 6C and D). These proliferating T cells also 

expressed the tumor-reactive T-cell marker CD39 (Supplementary Fig. S7B; refs. 40, 41). 

This increase in proliferation was followed by an increase in the total CD3+CD8+ T-cell 

compartment (Fig. 6C) corresponding with tumor regression as observed by MRI (Fig. 6B). 

Similar increases in proliferating and total CD3+CD8+ T cells one month after anti–PD-1 

initiation were observed in other CMMRD patients with a GBM that responded to anti–PD-1 

alone, whereas no changes to the PBMC T-cell compartment were observed in CMMRD 

patients with a GBM that showed no clinical response to anti–PD-1 treatment (Fig. 6C and 

D). Collectively, these data further suggest that RRD hypermutant cancers that upregulate 

the RAS/MAPK pathway are susceptible to MEK inhibition, and the addition of MEK 

inhibitors to immune-checkpoint blockade may promote an immune-mediated antitumor 

response.

DISCUSSION

Data presented in this study demonstrate that within the polyclonal nature of hypermutant 

RRD cancers, multiple mutations in the RAS/MAPK pathway are enriched and can 

coexist, which together renders these tumors susceptible to MEK inhibition. Under these 

circumstances, our current model of subgrouping tumor types by major driver mutation 

and targeting the respective pathway will preclude many potential candidates for this 

type of targeted therapy. The one-mutation-one-drug paradigm, as evidenced by targeting 

BRAFV600E in melanoma and glioma, may be limited in scope. In the context of 

hypermutation, a spectrum of mutations may activate the RAS/MAPK pathway, which can 

collectively be targeted therapeutically.

Although Foundation Medicine data provide a sufficiently large cohort to examine the 

prevalence of RAS/MAPK alterations across pediatric cancers, these data are derived from 

sequencing of tumors only without comparative normals, and some mutations reported in 

NF1 and PTPN11 may result from germline predisposition, not an enrichment for somatic 

events across pediatric cancers. However, pediatric tumors driven by germline mutations 

in NF1 and PTPN11 do not result in hypermutated cancers but rather have extremely low 

mutational burdens (42). Thus, genetic events in RAS/MAPK genes found in the subset of 

Foundation Medicine tumors deemed to be hypermutant are likely to be somatic and not 

germline events.
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As we learn more about the emergence, clonal evolution, and progression of RRD-driven 

hypermutant cancers (43), a different approach is warranted to manage these patients. Novel 

therapies that rely on a specific target, such as CD19 CAR T-cell and tyrosine kinase 

inhibitor therapy, may fail as RRD tumors are polyclonal and continuously accumulate 

mutations, ultimately resulting in loss of the antigen or acquiring resistance to the target, 

respectively (44).

Dependence of these hypermutant cancers on RAS/MAPK alterations may be explained 

conceptually by “oncogene addiction,” defined as cancers that contain multiple genetic and 

chromosomal abnormalities but are dependent on or “addicted” to one or a few mutations 

for both maintenance of the malignant phenotype and cell survival (39). Moreover, previous 

studies have demonstrated striking synthetic lethal interactions between MEK inhibitors 

and inhibitors of other DNA-repair pathways including homologous recombination (45, 

46). Our findings provide further support that activation of the RAS/MAPK pathway may 

synergize with functional DNA-repair elements, which may be required to protect tumor 

cells undergoing excessive DNA damage. Germline RRD cancers from this study provide a 

unique opportunity to study synthetic lethal interactions between RRD and MEK inhibition.

Mutations in the MMR and polymerase genes result in a hypermutation phenotype, and the 

oncogenic mutations that drive these cancers may initially be obscured. A multidimensional 

analysis, which integrates evidence for pathway activation in the form of multiclonal point 

mutations (DNA level), gene expression (RNA level), and phospho-protein probing (protein 

level), provides a strong rationale for therapy targeting a specific pathway even if canonical 

mutations are not present.

One oft-cited caveat to using targeted therapies is the risk of a tumor not responding 

completely due to inherent resistance of some clones in the tumor that do not carry the 

pathway-specific mutation. Our data suggest that RRD cancers invariably harbor mutations 

in the RAS/MAPK pathway, with unique mutations being observed across subclones (Fig. 

2A), and are found to enrich over time (Fig. 2B). Although our observations suggest 

that activation of the RAS/MAPK oncogenic pathway is a necessary process that governs 

RRD tumors, additional studies may be needed to further assess tumor dependence on 

this pathway and whether such addiction is sufficient to overcome the genomic instability 

of these cancers. Moreover, mechanisms of resistance in RRD tumors that respond 

and subsequently relapse after treatment with MEK inhibitors are currently unknown. 

Therefore, combination with other pathway inhibitors or immune-based approaches should 

be considered.

The second patient in this study was treated with the anti–PD-1 inhibitor nivolumab, 

currently indicated for MMR-deficient and hypermutant cancers (19, 24, 47). Combinatorial 

immune-checkpoint inhibitors have been suggested to be the next step in the evolution 

of immune-based therapies against cancer (48–50). The success of such combinations, 

however, may be related to the underlying mechanisms driving tumorigenesis and 

hypermutation (51). Thus, recent data suggesting a lack of response in nonhypermutant 

colorectal cancers to combined immune-checkpoint inhibition with MEK inhibitors may not 

be relevant to RRD hypermutant cancers (52). Our data and the encouraging responses in 

Campbell et al. Page 9

Cancer Discov. Author manuscript; available in PMC 2021 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CMMRD children with RRD hypermutant cancers suggest that a high mutation burden due 

to RRD may be required to achieve durable clinical benefit; however, clinical trials will be 

necessary to better assess the efficacy of MEK inhibitors in these patients.

In summary, this study suggests that a nuanced analytic approach to the pattern of pathway­

specific mutations that arise in hypermutant cancers can reveal a targetable therapeutic 

opportunity. Given that hypermutation is observed in up to 20% of cancers at presentation 

and possibly higher at recurrence, these approaches should be explored in future clinical 

trials, which are agnostic to tissue of origin and focus on common mechanisms such as 

hypermutation.

METHODS

Patient and Sample Collection for Exome Sequencing and PBMC Collection

A cohort of germline replication repair–deficient patients with known clinical history 

was collected as described previously (16). In brief, patients were registered as a part 

of the International Replication Repair Deficiency Consortium, which includes multiple 

centers worldwide. The study was conducted in accordance with the Canadian Tri-Council 

Policy Statement II (TCPS II). Following Institutional Research Ethics Board approval, 

all data were centralized in the Division of Haematology/Oncology at The Hospital for 

Sick Children (SickKids). Written, informed consent was obtained from patients’ parents 

or guardians, or from the patients, where applicable. Family history, demographic, and 

clinical data were obtained from the responsible physician and/or genetic counselor at the 

corresponding centers.

Targeted Panel Sequencing

FoundationOne panel sequencing was performed on 1,215 pediatric tumors, and variants 

were shared via the pediatric portal https://pediatric-data.foundationmedicine.com/.

Targeted sequencing was performed as previously described (1). In brief, exonic 

hybridization capture of >400 genes implicated in cancer was applied to a minimum of 

50 ng of DNA extracted from formalin-fixed paraffin-embedded clinical cancer specimens. 

Pathologic diagnosis of each case was confirmed by review of hematoxylin and eosin–

stained slides, and samples were excluded if found to contain <20% tumor cells. 

Libraries were sequenced to high uniform median coverage (>500×) and assessed for base 

substitutions, copy-number alterations, and gene fusions/rearrangements.

Whole-Exome Sequencing

High-throughput sequencing, read mapping, and identification of mutations were performed 

at The Center for Applied Genomics at The Hospital for Sick Children. Tumor and matched 

blood-derived DNA were run using Agilent’s exome enrichment kit (Sure Select V4/V5; 

with >50% of baits above 25× coverage), on an Illumina HiSeq2500. Base calls and 

intensities from the Illumina HiSeq 2500 were processed into FASTQ files using CASAVA 

and/or HAS. The paired-end FASTQ files were aligned to UCSC’s hg19 GRCh37 with 

BWA. Aligned reads were realigned for known insertion/deletion events using SRMA and/or 
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GATK. Base quality scores were recalibrated using the Genome Analysis Toolkit26 (v1.1–

28). Somatic substitutions were identified using MuTect (v1.1.4). Mutations were then 

filtered against common single-nucleotide polymorphisms (SNP) found in dbSNP (v132), 

the 1000 Genomes Project (Feb 2012), a 69-sample Complete Genomics data set, and the 

Exome Sequencing Project (v6500) and the ExAc database.

Subclone Analysis

Tumor subclones were determined using the R package SciClone (53). Specific RAS/MAPK 

variants specific to each clone were identified following distribution of the variants to their 

respective subclones.

Variant Impact Prediction Software

Variant Impact prediction was performed using PolyPhen-2 (54), http://

genetics.bwh.harvard.edu/pph2/.

RNA-seq

Twenty-one hypermutant pediatric GBMs collected by the RRD consortium underwent 

stranded, poly-A capture RNA-seq following library preparation using the NEBNext 

Poly(A) mRNA Magnetic Isolation kit. Raw RNA-seq reads were mapped to the human 

genome (build hg38) using the STAR aligner (v2.4.2a) in two-pass mode and gene 

annotations from GENCODE v25. Duplicates were marked and removed with Picard Tools 

prior to quantification of gene counts. Gene counts were calculated using the python script 

htseq-count (v0.6.1). Raw counts were normalized with the R package DEseq and pathway 

activation determined with the R package PROGENy. Differential expression was analyzed 

with edgeR and preranked GSEA performed on the Hallmarks gene sets after ranking genes 

according to rankScore = sign(log2FC) × −log10(edgeR-adjusted P value).

NanoString Ncounter Gene-Expression System

Total RNA was isolated from 5- to 10-mm scrolls of formalin-fixed paraffin-embedded 

(FFPE) preserved tissue with the RNeasy FFPE extraction kit (QIAGEN). RNA quantity and 

quality were assessed using the NanoDrop 2000 (Thermo Scientific). Samples displaying 

NanoDrop values of 2.0 to 2.1 were utilized.

Five hundred nanograms of total RNA input was used on the NanoString nCounter system 

(NanoString Technologies).

In Vivo Serial Xenograft Experiment

All mouse studies were approved and performed in accordance with the policies and 

regulations of the Institutional Animal Care Committee of The Hospital for Sick Children 

in Toronto. Athymic NOD/SCID gamma mice (The Jackson Laboratory) underwent 

subcutaneous implantation of a 1 × 1 cm piece of a patient-derived RRD hypermutant 

colorectal tumor and propagated for 90 days. Half of the tumor was then harvested for DNA 

extraction and exome sequencing, while the second half was implanted into a new mouse. 

The procedure was repeated three to four times.
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In Vivo Treatment of Patient-Derived Xenografts

Primary human colorectal and brain pathologic and post-surgical core biopsies were 

obtained following Institutional Research Ethics Board approval and written informed 

consent obtained through the IRRDC. 1 × 106 isolated GBM cells were implanted 

subcutaneously into three groups of ten mice each (vehicle and selumetinib and/or 

trametinib). Engrafted mice were administered trametinib (1 mg/kg; refs. 55–57) or 

selumetinib (100 mg/kg; refs. 58–60) via oral gavage daily until endpoint.

Western Blotting

Tissue samples were flash-frozen with liquid nitrogen and then mechanically pulverized 

to fine powder using a mortar and pestle. Samples were lysed using hot 2× SDS buffer 

with sodium orthovanidate and phosphoinhibitor cocktails II (Millipore Corp; cat. #524625–

1SET) and IV (Calbiochem; cat. #524628–1SET). Protein concentrations were quantified 

using Thermo Fisher’s Pierce BCA protein assay kit (cat. #23227). Equal loading (20 μg 

protein) was ensured for each blot. Fresh bromophenol blue dye and dithiothreitol (DTT; 

final concentration 100 mmol/L) were added to lysate aliquots and boiled immediately 

before resolution. All samples were resolved using SDS-PAGE, 12% bis-acrylamide gels, 

and transferred using BioRad’s semidry transfer system to a PVDF membrane. α-Tubulin 

was used as a loading control. Membranes were probed with primary antibodies specific 

to protein of interest: MEK1/2, phospho-MEK1/2, ERK1/2, phospho-ERK1/2, caspase-3, 

cleaved caspase-3, PARP; α-tubulin, T5168, Sigma. Lysis buffer composition: 2 mL 100% 

glycerol + 2 mL (10% SDS) + 5.4 mL H2O + 400 μL 0.5M EDTA + 200 μL 1.0M TRIS + 

50 μL protease and phosphoinhibitors.

IHC for RAS/MAPK Pathway Upregulation

Nuclear pERK staining of 11 RRD glioma and two colorectal cancers was performed using 

phospho-p44/42 MAPK (ERK1/2; Thr202/Tyr204) antibody (Cell Signaling Technology; 

cat. #9101). All slides were subject to pathologic review. Images were reviewed and 

captured using the open source software for digital pathology analysis: QuPath.

Cell Lines

Colorectal cancer cell lines HCT116 and HCT15 were purchased from ATCC and certified 

Mycoplasma free (August 2013). Passage 3 from both HCT116 and HCT15 was used for 

in vitro and sequencing experiments. LoVo was obtained from C. Pearson, The Hospital 

for Sick Children, Toronto, Canada (April 2016) and passage 4 was used for in vitro and 

sequencing experiments. Both LoVo and HCT116 were confirmed Mycoplasma free using 

the PCR Mycoplasma Test Kit; cat. #409010 (mdbiosciences, March 2017). The patient­

derived high-grade glioma cell line (Fig. 5) was established in December 2016, passaged 

21 times before being used in in vitro experiments, and certified Mycoplasma free using 

the Mycoplasma PCR Detection Kit Catalog #G238 (abm; August 2020). Treatments were 

performed with the MEK inhibitor trametinib (SelleckChem GSK1120212) or selumetinib 

(SelleckChem AZD6244).
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Flow Cytometry

Viable frozen PBMCs were incubated with Fc block (BD Biosciences) prior to staining 

for surface markers (anti-CD3—clone UCHT1; anti-CD4—clone RPA-T4; anti-CD8—clone 

RPA-T8; anti-CD39—clone A1; anti-Ki-67—clone 20Raj1) and viability dye (eBioscience). 

Cells were fixed and permeabilized for intercellular staining with the FOXP3 transcription 

factor staining buffer set (BD). Flow cytometry voltages were set using Rainbow beads 

(Spherotech) with the same setting between experiments. Samples were acquired on a BD 

LSRFortessa flow cytometer and data were analyzed using the FlowJo software.

Statistical Analysis

Statistical analyses were performed using the GraphPad Prismv8 software. The log-rank 

(Mantel–Cox) test was used to analyze the survival difference for in vivo mouse 

experiments. P values <0.05 were determined to be significant. Asterisks denote P values as 

follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Data Availability

Existing whole-exome sequencing data have previously been deposited in the European 

Genome-Phenome Archive under study accession numbers EGAS00001000579 and 

EGAS00001001112. New whole-exome sequencing and RNA-seq data generated from 

this study have been deposited in the European Genome-Phenome Archive under study 

accession number EGAS00001005008. Public data sets used include cBioPortal (https://

www.cbioportal.org/). Further information and/or requests for data will be fulfilled by the 

corresponding author, Uri Tabori (uri.tabori@sickkids.ca).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE:

Tumors harboring a single RAS/MAPK driver mutation are targeted individually for 

therapeutic purposes. We find that in RRD hypermutant cancers, mutations in the 

RAS/MAPK pathway are enriched, highly expressed, and result in sensitivity to MEK 

inhibitors. Targeting an oncogenic pathway may provide therapeutic options for these 

hypermutant polyclonal cancers.
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Figure 1. 
Prevalence of RAS/MAPK genetic events across 1,215 pediatric cancers. A, Pie graph 

indicates the tissue of origin of 1,215 pediatric cancers. 1,803 SNVs were detected across 

the entire cohort; RAS/MAPK-activating events are indicated in yellow. B, Prevalence 

of RAS/MAPK mutations in hypermutant pediatric tumors, stratified by tumor type. HEP/

HCC, hepatocellular carcinoma; CRC, colorectal cancer; HGG, high grade glioma; AML, 

acute myeloid leukemia; NBL, neuroblastoma; ALL, acute lymphocytic leukemia; STS, 

soft tissue sarcoma; OS, osteosarcoma; EWS, Ewing sarcoma; PNET/MB, primitive neuro­

ectodermal tumors/medulloblastoma; RMS, rhabdomyosarcoma; WLMS, Wilms tumor. 

C, Pie graphs demonstrating the distribution of the 11 most commonly mutated RAS/

MAPK genes across different tissues of origin. D, Exome sequencing of 46 glioblastomas 

(GBM) and colorectal cancers (CRC) from patients with germline mutations in MMR and 
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POLE. Top, tumor mutation burden in mutations/mb; middle, tumor type and number of 

nonsynonymous, protein-coding events in 11 commonly mutated RAS/MAPK genes.
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Figure 2. 
Prevalence of RAS/MAPK mutations in polyclonal and temporal sampling of RRD tumors. 

A, Clonal analysis of three heavily mutated tumors and the respective RAS/MAPK 

mutations in each clone. PolyPhen scores for each mutation distinguish damaging mutations 

in negative regulators, in contrast to benign or activating mutations in gain-of-function genes 

B, Schematic of serial xenografting experiment performed on one hypermutant patient­

derived colorectal cancer (CRC) xenograft (left). Changes in the VAF of RAS/MAPK genes 

mutated in the primary and subsequent xenografts. All mutations increase in tumor fraction, 

suggesting positive selection, whereas other variants in the primary remain stable (right).
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Figure 3. 
Assessment of RAS/MAPK pathway activation in hypermutant RRD gliomas. A, Violin 

plot of RNA-seq–derived MAPK pathway PROGENy signature scores of CMMRD GBMs 

(n = 21) compared with normal fetal (n = 4) and adult (n = 5) brains (P < 0.0001; 

Welch t test). Lines indicate median and quartile values. B, Unsupervised clustering of 

all samples in A based on expression of an 18-gene RAS transcriptional output signature. 

C, GSEA enrichment plot for genes upregulated by KRAS activation in CMMRD GBM 

vs. normal brain samples in A and B. NES is reported (FDR = 0). D, NanoString counts 
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of single mRNA molecules in 20 RAS/MAPK pathway–related probes, including EGFR, 
BRAF, KRAS, MAP3K1, FOS, and JUN, in CMMRD GBM compared with tissue-matched 

BRAFV600E mutant low-grade gliomas. E, NanoString counts of single mRNA molecules 

in 20 RAS/MAPK pathway–related probes, stratified by protein-type. Transcription factor 

targets of the RAS/MAPK pathway were the most upregulated. F, NanoString counts of 

single protein molecules involved in RAS/MAPK pathway activation, including phospho­

ERK and phospho-CRAF. Ki-67 protein levels are shown to highlight the distinguishing 

growth characteristics of LGG versus GBM. For box plots D–E, median and quartile values 

are depicted. G, Positive IHC staining for phospho-ERK (pERK) on two representative 

CMMRD brain tumors harboring several RAS/MAPK pathway alterations (bottom left; 

MMR190 and MMR134), compared with a CMMRD normal postmortem brain sample and 

non-RRD pediatric medulloblastoma demonstrating negative staining (top), and a human 

renal cell carcinoma (RCC) sample demonstrating nuclear and cytoplasmic staining of 

phospho-ERK in tubular epithelial structures surrounded by negatively staining lymphocytes 

(bottom right). Scale bars, 50 μm. ****, P < 0.0001.
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Figure 4. 
Genomic characterization and subsequent xenografting and treatment of an ultrahypermutant 

childhood colorectal cancer. A, Schematic of tumor sequencing analysis performed on 

a patient-derived hypermutant colorectal cancer. Targeted panel sequencing revealed two 

major clones. A secondary KRASG13D known RAS/MAPK driver pathway mutation was 

acquired in the secondary clone. Mutation signatures within the tumor reveal a characteristic 

pattern of RRD. B, Tumor growth experiments in response to MEK inhibition therapy 

(trametinib) for flank-implanted colorectal cancer xenograft. Tumor volume was measured 

biweekly in trametinib treated vs. vehicle group. Western blot analysis of tissues and the 
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conclusion of the experiment reveal a decrease in phospho-MEK and phospho-ERK. A 

second repeated experiment to demonstrate survival differences is shown. C, Tumor growth 

experiments in response to MEK inhibition therapy using selumetinib. Mice were sacrificed 

after 24 days to display differences in tumor sizes.
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Figure 5. 
Genomic characterization and subsequent xenografting and treatment of an ultrahypermutant 

childhood glioblastoma. A, Schematic of experiments performed on a CMMRD pediatric 

glioblastoma. B, Subclonal analysis reveals multiple mutations per clone. C, Identity of 

RAS/MAPK pathway–related alterations in this tumor. D, Mutational signature analysis 

reveals the source of mutations as RRD. E, Primary culturing of cells derived from 

this tumor, without prior culturing, and treatment with either trametinib or selumetinib. 

F, Survival experiment following flank implantation of this ultrahypermutant GBM and 
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subsequent treatment in vivo with trametinib. G, A second set of flank engraftment 

experiments were conducted to assess tumor growth following flank implantation and 

treatment with trametinib or selumetinib. Arrow indicates time at which treatment 

commenced.
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Figure 6. 
Clinical response of patients with replication repair–deficient high-grade gliomas to MEK 

inhibitors. Previous failed treatment courses and sustained responses to selumetinib (A) 
and trametinib (B), respectively. C, Correlation between immune activation and clinical 

response to MEK inhibition in patient 2 (MMR190). Percentage of CD3+CD8+ PBMCs 

expressing Ki-67 (left axis) and fold change in total CD3+CD8+ PBMCs (right axis) over 

time in patients with GBM tumors that showed response to anti–PD-1 monotherapy, no 

response to anti–PD-1 monotherapy, and response to combination anti–PD-1 and the MEK 

inhibitor trametinib (MMR190—patient 2 from 6B). Arrow indicates start of trametinib 

administration. D, Ki-67 expression on CD3+CD8+ PBMCs one month following anti–

PD-1 treatment initiation, and one month following combination anti–PD-1/MEK inhibition 

(MMR190) or three months following anti–PD-1 initiation (anti–PD-1 responder and 

nonresponder). MEKi = trametinib.
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