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BACKGROUND AND SIGNIFICANCE 

Subsequent Malignant Neoplasms are a Relatively Common and Potentially Fatal Consequence of 
Primary Cancer Therapy. Although >85% of children diagnosed with cancer will become long-term (>5-year) 
survivors1,2, their risk for a subsequent malignant neoplasm (SMN) is five times greater (standardized incidence 
ratio 5.4, 95% CI 5.1-5.7) than risk for malignancy in the general population3. Additionally, SMNs are among the 
most feared of late effects as they are the most common non-relapse cause of late mortality, accounting for 
approximately half of non-relapse deaths among 5-year survivors of childhood cancer4,5. Other than non-
melanoma skin cancer, breast cancer, thyroid cancer, and meningioma (both benign and malignant) are the 
most common subsequent neoplasms in pediatric cancer survivors6. While thyroid malignancies and 
meningiomas are often responsive to therapy7,8, 27% of female survivors of childhood cancer will not survive a 
subsequent breast cancer due in part to the fact that survivors commonly have high cumulative exposures (from 
childhood) to key treatments such as chest-directed radiation and anthracycline chemotherapy, limiting 
therapeutic options9. New targets are needed. 

Treatment-Related Risk Factors are Well-Established, but the Genomic Landscape is Unknown. Risk 
factors for SMNs include (1) prior exposure to DNA-damaging therapies, including radiation10, alkylating 
agents11, anthracyclines11, and epipodophyllotoxins12–14, and (2) less frequently, germline predisposition 
variants15,16. Specifically, breast cancer as an SMN is associated with higher doses of chest-directed radiation 
and anthracycline chemotherapy17, thyroid SMNs with dose of radiation to the neck/thyroid and alkylating agent 
exposure18, and meningiomas with higher dose of radiation to brain meningeal tissue19. While associations with 
treatment exposures are well established, little is known about the somatic genomic landscapes of SMNs among 
pediatric cancer survivors and how specific therapies shape these landscapes. Elucidating this could inform 
underlying mechanisms of SMN development and provide new targets for future therapies or 
reductions/alternatives to primary therapy that could reduce risk for SMNs. Further, while most cytotoxic 
therapies for pediatric cancer alter immune function20, the impact of therapy-associated immune modulation on 
SMN development has not been previously evaluated. 

The CCSS is a Unique Resource for Evaluation of SMN Etiology. Since 1994, CCSS has confirmed self-
reported SMNs with a pathology report and to date collected 645 formalin-fixed paraffin-embedded (FFPE) SMN 
somatic tissue specimens. The Childhood Cancer Data Initiative (CCDI) of the National Cancer Institute recently 
funded genomic sequencing of these SMN samples. This includes paired tumor/germline whole-genome 



sequencing (WGS) and tumor whole-exome sequencing (WES) on breast cancer (n=111) and thyroid cancer 
SMNs (n=79) completed in October 2021, with tumor RNA-Seq and germline WES ongoing and expected to be 
completed by December 2021. Sequencing of CCSS meningiomas by WGS, WES, and RNA-Seq (up to n=111 
meningiomas, including both benign and malignant) is also ongoing and expected to be completed by March 
2022. This proposal leverages this rich data resource to evaluate the diverse types of somatic variants in breast, 
thyroid, and meningioma SMNs, elucidate mutational signatures, model the ordering of mutation acquisition, and 
study immune signatures in SMNs.  

SPECIFIC AIMS 

Aim 1: Assess the effects of prior therapy on the genomic landscapes of breast, thyroid and meningioma SMNs 
among survivors of childhood cancer. 

• Aim 1a. Call variants and filter FFPE artifacts.
• Aim 1b. Identify driver genes in breast, thyroid and meningioma SMNs and compare drivers across prior

treatment exposures/doses and vs. de novo cancers.
• Aim 1c. Elucidate the mutational signature landscape of SMNs.

Aim 2: Model the timing of mutation acquisition in SMNs among survivors of childhood cancer. 

• Aim 2a. Model the timing of mutation acquisition in SMNs.
• Aim 2b. Compare timing of mutation acquisition in SMNs to corresponding

de novo cancers. 

Exploratory Aim: Elucidate the immune infiltration signatures of SMNs among 
survivors. 

In summary, this work will uncover the novel genomic landscape of common 
SMNs and how primary cancer therapy shapes that landscape, which could 
provide a model for evaluating other SMNs in the future. Together, this work 
will improve the understanding SMN etiologic mechanisms, and potentially 
identify targets for treatment and prevention of SMNs, and their often-fatal 
consequences for survivors of childhood cancer.  

PRELIMINARY DATA 

Identification of therapy-induced mutational signatures. We have 
previously employed mutational signature analysis to discover the impact of 
therapy-induced mutagenesis on pediatric cancer genomes, and this 
experience will facilitate analysis of treatment-induced alterations in SMNs. 
Indeed, each mutational process/cause, such as smoking, ultraviolet light, or 
prior therapy leaves a distinct mutational imprint (signature) on the genome 
based on a preference to mutate at specific sequence motifs21, and thus 
genomic analysis can reveal specific causes of mutagenesis. We previously 
identified a novel mutational signature induced by thiopurine treatment in 
relapsed acute lymphoblastic leukemia (ALL), and showed that thiopurine 
treatment can induce driver mutations including in TP5322,23. We also found 
that platinum treatment can nearly double the mutation burden in 
osteosarcoma24, and identified thiopurine and platinum mutational signatures 
in secondary myeloid neoplasms25 and small numbers of solid tumor SMNs26,27. 
In summary, this work suggests that prior treatment exposures in pediatric 
cancer survivors may induce mutations in normal cells that promote SMN 
development, which could be revealed by mutational signature analysis.  

Preliminary genomic analysis of FFPE-derived SMN tissue. To confirm that 
our analytical approach is applicable for SMN studies from FFPE tissue, we 

Figure 1. Preliminary analysis of 
FFPE samples. (a) Genomics of 5 
FFPE SMNs. (b) MicroSEC filters 
FFPE artifacts based on matched 
FFPE/frozen WES of 15 pediatric 
cancers. FFPE-specific SNVs are 
primarily removed. 
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performed WGS and WES of 5 breast cancer SMNs from CCSS, and matched germline tissue. As expected for 
breast cancer we observed driver loss-of-function mutations in GATA3, STK11, MAP2K4, and CUX128; 
chromosome 16p and 8q copy gains28; and the APOBEC mutational signature29 (Fig. 1a). The small sample size 
(n=5) was insufficiently powered to identify novel driver genes or therapy-related mutational signatures, which 
may be uncovered when analyzing a larger sample set. Further, given that formalin induces artifactual 
variants30,31, we have shown that new methods such as MicroSEC32 can identify likely formalin artifacts in a 
series of 15 pediatric cancers with WES of matched frozen and FFPE tissue (Fig. 1b). These preliminary 
analyses indicate the feasibility of genomic variant detection from SMN FFPE tissues.  
 
INNOVATION 
 
Whole Genome Sequencing to Assess SMN Genomic Landscape. Comparable work on this scale has not 
been undertaken to study SMN whole genomes in pediatric cancer survivors, aside from subsequent myeloid 
leukemias25 which are under-represented in CCSS. For example, The Cancer Genome Atlas (TCGA) thyroid 
cancer study included WES, rather than WGS, of only 26 SMNs (among ~400 evaluated samples)33, with 
unspecified age at primary diagnosis. Most SMN studies have used primarily targeted and/or exome sequencing 
of small cohorts (n=25-36 samples34–38) and among these only studies of glioma and meningioma SMNs have 
focused on survivors of childhood cancer36–38. WGS has only been used for solid tumor SMNs, to our knowledge, 
in a study of 12 radiation-induced gliomas37 and in a study of 12 radiation-associated SMNs of various histologies 
(primarily sarcomas)39. The latter demonstrated the utility of WGS in SMN analysis, as it revealed radiation-
associated indel and rearrangement signatures, and driver alterations in TP53 and CASP8 which were likely 
radiation-induced39 and unlikely to be detected by WES. WGS of this clinically annotated SMN population of 
survivors of childhood cancer will provide, to our knowledge, the most comprehensive assessment of the full 
landscape of breast, thyroid, and meningioma SMN driver alterations, including single-nucleotide variants 
(SNVs), indels, copy number, structural variants (SVs), and mutational signatures induced by therapy, as WES 
inefficiently detects SVs and mutational signatures.  
 
Use of Innovative Analytical Approaches for both Intra- and Inter-Cohort Mutational Signature Analyses. 
Our approach to mutational signature analysis may enable identification of novel therapy-induced mutational 
signatures and their etiology, through dose-response association of mutational signatures in SMNs with their 
prior treatment exposures (intra-cohort statistical analysis), and by comparing SMN signatures to signatures in 
de novo breast cancers, thyroid cancers, and meningiomas (from the International Cancer Genome Consortium 
[ICGC] and TCGA and published studies28,33,40; inter-cohort analysis). We have previously used this approach to 
discover that a novel mutational signature in relapsed leukemia was induced by thiopurine treatment22. 
Additionally, mutational signature analysis can predict driver mutations likely induced by specific therapies, as 
our prediction that thiopurine treatment induces TP53 mutations in relapsed leukemias was experimentally 
validated23. We will employ this technique to identify which driver variants are likely therapy-induced in SMNs. 
We will also perform single-sample evolutionary timing analysis using WGS41, as we have done previously42, to 
construct the evolutionary history of SMNs and compare them to de novo cancers. These evolutionary and 
mutational signature analyses will together offer unprecedented resolution into the therapy-induced evolution of 
SMNs and may suggest approaches to prevent their development. Finally, our exploratory analysis of the 
immune infiltrate of SMNs using RNA-Seq (and comparison with de novo cancers) may identify 
immunomodulatory interventions to prevent or treat SMNs. In summary, these analyses will elucidate the impact 
of therapy on SMN development, which may facilitate improved prevention, surveillance, and treatment 
approaches.  
 
ANALYSIS FRAMEWORK 
 
Patient cohort and sequencing. Among 334 pediatric cancer survivors with breast or thyroid SMNs in the 
CCSS Biopathology Center, WGS and WES have been completed and RNA-Seq is in process (expected 
December 2021) on 111 breast (of 218 available) and 79 thyroid SMNs (of 116). Matched germline WGS has 
also been performed for all samples with germline WES underway and expected December 2021. Primary 
cancers were most frequently Hodgkin lymphoma, sarcoma, and leukemia, with selected treatment exposures 
noted in Table 1. Sequenced SMNs had ≥30% pathologically-assessed tumor purity and ≥75% non-necrotic 
tissue in tumor regions, and DNA sequencing was performed by Hudson Alpha (60x WGS and 100x WES using 
an Illumina NovaSeq 6000 instrument), while RNA-Seq is being performed by the St. Jude Department of  



Computational Biology genomics lab. For each survivor, 
treatment exposures/doses have been extensively 
characterized through medical record abstraction (Table 
1; deidentified via an honest broker) including cumulative 
dosage for 29 chemotherapeutic agents and both region- 
and organ-specific radiation dosimetry based on 3D 
phantoms43, for determination of treatment associations 
with therapy-induced mutational signatures and driver 
alterations. Matched tumor/germline WGS and WES are 
also underway for 111 meningioma SMNs, along with 
RNA-Seq of somatic tissue, and medical record 
abstraction will be performed on all meningiomas with 
successful sequencing data.  

 A control cohort of non-SMN (de novo) breast and 
thyroid cancers will be obtained from the ICGC and 
TCGA, accessible through the ICGC Data Portal, which 
we have used previously22, including de novo breast 
(n=506 WGS samples) and thyroid cancers (n= 794; 50 
WGS and 744 WES). Control meningioma WES data will 
be obtained from a published study including 15 de novo 
meningiomas40. This will be used to compare driver 
alterations and other features between SMNs and de 
novo cancers. 

Outcomes of interest. We expect to determine (1) the 
landscape of driver alterations across breast, thyroid, 
and meningioma SMNs, (2) how these drivers’ 
frequencies differ between SMNs and de novo cancers, 
(3) how therapy-induced mutagenesis shapes the SMN
genome through mutational signature analysis, (4) how
the timing of mutation acquisition differs between SMNs
and de novo cancers, and (5) how the immune infiltrate
of SMNs differs from de novo cancers.

Specific Aim 1: Assess the effects of prior therapy on the genomic landscapes of breast, thyroid and 
meningioma SMNs among survivors of childhood cancer. 

Aim 1a. Call variants and filter FFPE artifacts. We will first map WGS and WES raw sequencing reads to the 
human genome using Burroughs-Wheeler Alignment (BWA)44 and then identify somatic variants, including SNVs 
(using Bambino45), indels (MuTect46 and Strelka47), copy number alterations (or CNAs; CONSERTING48 for WGS 
and CNVkit49 for WES), and structural variants (or SVs; CREST50 and Manta51). RNA-Seq data will be aligned 
with STAR52 in two-pass mode. False-positive indels will be filtered by using the intersection of two indel callers 
(MuTect46 and Strelka47) and using a novel indel post-processor (indelPost53) we developed. Somatic SNVs and 
indels in coding regions will be manually curated by inspecting raw sequencing data in BAM files to remove 
artifacts and filtered by intersecting WGS and WES calls as needed. Germline SNVs and indels will also be 
identified and pathogenicity will be assessed with PeCanPIE, our Cloud-based tool that classifies the germline 
variant pathogenicity54, and ACMG guidelines. Somatic CNAs derived from WGS will be corroborated with WES-
based CNA profiles using CNVkit49, which we have found can reduce artifactual CNA segmentation from FFPE 
samples to identify arm-level CNAs. Somatic SVs will also be corroborated with CNA data and cross-validated 
with RNA-Seq data to observe effects on expression. Fusion genes identified from SV data will be corroborated 
with RNA-Seq fusion analysis (CICERO55 and ARRIBA56). We will also analyze kataegis and chromothripsis as 
we have done previously57,58.  

Further, as the CCSS SMN samples are stored as FFPE tissue, we will perform additional filtering to remove 
artifactual variants caused by formalin fixation. These artifacts include characteristic C>T variants with a low 
variant allele fraction, artifacts induced by fragmented DNA30, and microhomology-related artifacts which can be 
 filtered with MicroSEC (Fig. 1b)32 and other approaches. We will use 15 previously sequenced tumors (Fig. 1b), 
analyzed from both frozen and matched FFPE tissues at St. Jude, as a training set to further identify FFPE 

SMN clinical features Breast 
SMN 

Thyroid 
SMN 

n % n % 
Total 111 100 79 100 

Age (1° diag) 0-9 16 14.4 44 55.7 
10-20 95 85.6 35 44.3 

1° Diagnosis Acute lymphoblastic 
leukemia 10 9.0 23 29.1 

Acute myeloid leukemia 5 4.5 2 2.5 
Other leukemia 2 1.8 5 6.3 
CNS tumor 1 0.9 9 11.4 
Hodgkin lymphoma 57 51.4 19 24.1 
Non-Hodgkin 
lymphoma 6 5.4 5 6.3 

Sarcoma 21 18.9 12 15.2 
Other solid tumor 9 8.1 4 5.1 

Breast/chest 
RT Yes 86 77.5 45 57.0 

No 15 13.5 15 19.0 
Unknown 10 9.0 19 24.1 

Thyroid RT Yes 87 78.4 60 75.9 
No 15 13.5 15 19.0 
Unknown 9 8.1 4 5.1 

Alkylator Yes 43 38.7 47 59.5 
No 52 46.8 22 27.8 
Unknown 16 14.4 10 12.7 

Anthracycline Yes 45 40.5 33 41.8 
No 58 52.3 39 49.4 
Unknown 8 7.2 7 8.9 

Table 1. Clinical features of sequenced SMNs. Therapy given 
prior to SMN diagnosis is noted. RT, radiation. 



artifacts. This analysis will be facilitated by our prior experience identifying artifact-induced mutational 
signatures42 and with artifact removal in general59,60. 

 Aim 1b. Identify driver genes in breast, thyroid and meningioma SMNs and compare drivers across prior 
treatment exposures/doses and vs. de novo cancers. After filtering somatic variants, we will identify significantly 
mutated genes (SMGs) and CNA regions in breast, thyroid and meningioma SMNs using MutSigCV61, GRIN62, 
and GISTIC63, as we have done previously42,60. Our breast cancer SMN analysis (n=111) has 80% probability to 
detect a recurrent gene alteration in ≥5, ≥4 or ≥3 of 111 samples if the alteration exists in 6.0%, 5.0%, or 3.9% 
of samples or more, based on binomial sampling. The corresponding values in the thyroid SMN analysis (n=79) 
are 8.4%, 6.9%, and 5.4%. Power analysis is not calculated for meningiomas as the number of samples that will 
be successfully sequenced (passing quality control metrics, etc.) among the 111 available samples is not yet 
known.  

 We will next summarize the most common drivers across each SMN disease type, using novel SMGs 
identified and known28,33 driver genes. To determine the impact of treatment on SMN genomic profiles, we will 
stratify breast, thyroid, and meningioma SMNs by their somatic driver alterations and assess each driver’s 
association with treatment exposures/doses (e.g., radiation treatment, anthracycline treatment) by Fisher’s exact 
test for dichotomous exposures and Mann-Whitney test for continuous doses. We expect differing prior 
treatments to result in different mutational landscapes due to therapy-
specific mutagenesis. Table 2 shows the minimal detectable relative risk 
of a specific treatment associated with a specific driver among the 79 
thyroid SMNs (the smaller sample size) with 80% power (1-sided, 
𝛼𝛼=0.05); breast SMNs and continuous doses would have higher power. 
This indicates sufficient power to detect driver-treatment associations 
for a wide range of driver and treatment exposure frequencies. Thyroid 
SMN driver gene frequencies will also be compared by sex (56 females, 
23 males).  

We will also compare SMN landscapes with those of de novo breast cancer28, thyroid cancer33, and 
meningioma40. For this analysis, we will analyze mutation (SNV/indel), SV, and CNA data from the ICGC and 
TCGA accessible through the ICGC Data Portal, which we have used previously22, including de novo breast 
(n=506 WGS samples) and thyroid cancers (n=794; 50 WGS and 744 WES), plus WES of 15 de novo 
meningiomas from a published study40. Based on the influence of prior treatment, we expect specific genes or 
pathways to be mutationally enriched/depleted in breast, thyroid and meningioma SMNs compared to de novo 
cancers. As breast cancer, thyroid cancer, and meningioma are divided into transcriptional subtypes (e.g. luminal 
vs. basal breast cancer)33,40,64 we will also compare the prevalence of these subtypes and their landscapes 
between SMNs and de novo cancers. Even in the lower-powered comparison of thyroid SMNs vs. de novo 
thyroid cancer, we have 80% power (2-sided, 𝛼𝛼=0.05) to detect a relative risk of 2.4, 2.1, and 2.0 of carrying a 
specific driver alteration, when 10%, 20%, and 30%, respectively, of the de novo cancers bear the mutation.  

Aim 1c. Elucidate the mutational signature landscape of SMNs. Many DNA-damaging therapies induce 
characteristic mutational signatures, which we have detected in relapsed cancers22–24, secondary myeloid 
cancers25, and a few solid tumor SMNs26,27. Therefore, to identify the effects of prior therapy on SMN genomes, 
we will perform mutational signature analysis using WGS data. SNV signatures will be analyzed by ascertaining 
the trinucleotide context (5’ and 3’ flanking bases) of each SNV, resulting in 96 mutation types, followed by non-
negative matrix factorization to discover novel signatures, and subsequent quantification of novel and known 
(COSMIC65 v3.2) signatures in each SMN (using SigProfiler)21,22. Indel, dinucleotide, and SV signatures will also 
be analyzed21,28. We expect this to identify known and possibly novel therapy-related signatures in SMNs.  

To identify the therapy-related causes of mutational signatures identified above, we will correlate each 
signature’s presence/absence with prior therapeutic exposures, which may reveal specific therapies inducing 
novel signatures. We will also perform dose-response analysis comparing signature strength with doses of 
therapies received to identify signature etiologies22. Additionally, mutational signatures in SMNs will be compared 
with those from de novo breast and thyroid cancers from ICGC/TCGA (excluding meningioma as only WES, 
rather than WGS, is available for de novo meningiomas40) and with multiple relapsed cancer datasets with known 
treatment history, including ovarian66 and breast cancer29, neuroblastoma42, and leukemia as we have done 
previously22, to narrow down therapies potentially causing novel signatures. (For example, a novel signature 
detected in SMNs but absent in relapsed ovarian cancer is likely not caused by ovarian cancer therapies). The 
power analysis in Aim 1b applies to these analyses by replacing driver genes with mutational signatures.  

Further, the specific driver variants caused by a DNA-damaging agent can be predicted by comparing the 
sequence context of mutations caused by the therapy to the sequence context of driver variants22,25. We have 

Freq. of Thyroid 
SMN w/ vs. w/o the 
specific driver gene 

% Tx exposed in SMNs w/o 
the specific driver gene 

10% 30% 50% 70% 
5 vs. 74 6.7 3.0 --- --- 
10 vs.69 5.1 2.5 1.8 --- 
15 vs. 64 4.3 2.3 1.7 1.4 
20 vs. 59 3.9 2.1 1.6 1.4 

Table 2. Minimal detectable driver gene-
treatment relative risk in thyroid SMNs.  
 



used this approach to identify thiopurine-induced TP53 variants in relapsed ALL, a prediction that was validated 
experimentally23. Therefore, we will mathematically predict the likelihood that each driver variant was induced by 
each mutational signature22, which may reveal therapy-induced alterations leading to SMNs. These results may 
suggest alternative treatment regimens for primary cancers to prevent therapy-induced driver mutations23. 

Finally, we will integrate the above analyses with mutation timing analysis (Aim 2) and treatment history in 
individual patients to identify variants likely occurring before, during, or after primary cancer therapy. 

Aim 1 Potential Problems and Alternatives. It may be necessary to develop machine learning methods to 
filter FFPE artifacts by identifying features of variants detected by both WGS and WES in SMNs (likely true-
positives), or using published matched FFPE/fresh-frozen WGS datasets67. Further, artifact abundance varies 
by fixation time and sample age68, and samples with excess artifacts may need to be excluded. Finally, race may 
need to be included as a covariate when comparing SMNs vs. de novo cancers if differing racial backgrounds 
are observed between the two groups (race can be inferred using germline WGS data). 

Specific Aim 2: Model the timing of mutation acquisition in SMNs among survivors of childhood cancer. 
Aim 2a. Model timing mutation acquisition in SMNs. Genomic analysis of single tumor samples can reveal 

the order of variant acquisition based on the following: (1) SNVs/indels with high variant allele fraction (VAF; 
mutant / total reads) occur evolutionarily earlier than those with low VAF69 (Fig. 2a); (2) in copy-gained regions, 
SNVs/indels on ≥2 copies occurred before the copy gain, while those on 1 copy often occurred after41 (Fig. 2b); 
and (3) certain mutational signatures have constant mutation rates over time (Fig. 2c), which can be used along 
with (2) to infer the absolute time (in years before diagnosis) of genomic aberrations in some cases41,70. We have 
used these principles to elucidate the evolution of pediatric cancers22,42,71 revealing, for example, that copy gains 
in neuroblastoma precede most SNVs42. Remarkably, these single-tumor analyses can recapitulate evolutionary 
schemes known from sequential precancerous-to-cancerous sample analyses41, such as Vogelstein’s APC-
KRAS-TP53 colon model72. Further, they can reveal the likely time interval in which specific alterations occurred 
in a patient’s lifetime41, which may indicate alterations occurring during prior treatment. 

We will therefore perform these evolutionary timing 
analyses on breast, thyroid, and meningioma SMNs using 
WGS and WES data and determine the likely time interval 
during which genomic aberrations occurred. We will 
compare this to prior treatment history to identify whether 
alterations occurred during treatment (potentially therapy-
induced), before (related to therapy selection), or after. 
This will be corroborated with therapy-related mutational 
signature analysis (Aim 1). Power analysis is not 
conducted as this is not a statistical inferential analysis. 

Aim 2b. Compare timing of mutation acquisition in 
SMNs to corresponding de novo cancers. We will also 
perform evolutionary timing analysis on de novo breast 
cancer, thyroid cancer, and meningioma data from ICGC and TCGA and published work40 (mutation data 
obtained as in Aim 1) and compare them to SMNs. We expect this will reveal different mutation acquisition 
trajectories in SMNs vs. de novo cancers (e.g., variants acquired with different ordering in SMNs vs. de novo 
cancers, such as on-treatment). This will indicate how therapy alters SMN evolution compared to de novo cancer 
evolution, which may suggest primary treatment adjustments to prevent SMN development. The Aim 1b power 
analysis applies here by replacing driver gene alterations with evolutionary trajectories.  

Aim 2 Potential Problems and Alternatives. This analysis relies on accurate CNA profiles, sufficient SNVs 
detected in copy-gained regions, and sufficient tumor purity so that VAFs and CNA profiles can be detected with 
good resolution. Hence samples with unreliable CNA profiles, few copy gains, or low tumor purity will be excluded 
from aspects of this analysis. 

Exploratory Aim: Elucidate the immune infiltration signatures of SMNs among survivors. 
Pediatric cancer treatment regimens substantially modulate immune function, and it is not known how long 

immune modulation persists after treatment cessation20, or whether it promotes SMN development. RNA-Seq 
can infer tumor-infiltrating immune cell abundance, cell type, and activation status in tumor specimens73. RNA-
Seq is ongoing on all breast, thyroid and meningioma SMNs sequenced by WGS and WES from which we will 
analyze how prior treatment shapes SMN immune signatures.  
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As we are interested in tumor-infiltrating immune cells, we will exclude samples with low tumor purity which 
may have immune cells from adjacent tissues. First, samples with low purity (<70%) as inferred from WGS/WES-
based somatic CNA profiles, allelic imbalance, and SNV VAFs24,42,74 will be excluded. Second, RNA-Seq samples 
passing this filter will be subjected to additional checks, including verifying that VAFs of SNVs in RNA-Seq data 
are similar to VAFs detected by WGS/WES (as sequential tissue sections used for WGS/WES vs. RNA-Seq may 
vary in purity) and do not display evidence of adjacent normal tissue contamination in their expression profiles. 

To compare immune signatures in SMNs vs. de novo cancers, we will obtain RNA-Seq from de novo ICGC 
and TCGA breast (n=1,080) and thyroid (n=500) cancers using the ICGC Data Portal, and from 15 de novo 
meningiomas from a published study40. We will process all raw RNA-Seq data with STAR52 alignment and 
HTSeq75 to obtain gene expression counts. SMN and de novo cancer data will be batch-corrected within each 
cancer type using ComBat76 and iterative t-distributed stochastic neighbor embedding (t-SNE) analysis26 until 
breast cancer, thyroid cancer, and meningioma transcriptional clusters overlap between de novo and SMN 
samples by t-SNE. We will then infer the relative abundance of tumor-infiltrating immune cell types and activation 
status using single-sample gene set enrichment analysis (ssGSEA) of published immune signatures from the 
Molecular Signatures Database (C7)77,78, as done by others73. Importantly, RNA-Seq of FFPE samples 
accurately identifies pathway-level expression changes despite FFPE-associated noise in individual genes79, 
indicating the feasibility of this multigene (ssGSEA)-based approach. We will also corroborate results with 
CIBERSORT, which infers immune cell composition from RNA-Seq80. We expect SMNs may have dampened 
immune activation compared to de novo cancers. To validate the immune signatures identified using RNA-Seq, 
we will perform spatial transcriptomics using the 10X Visium platform on 10 breast, thyroid, or meningioma SMNs 
as validation. We will correlate RNA-Seq-inferred immune signatures with spatial transcriptomics as validation. 

Exploratory Aim Potential Problems and Alternatives. Batch effects may confound ICGC/TCGA vs. SMN 
comparisons. Therefore, we may also perform intra-SMN-cohort analysis of samples stratified by prior treatment 
to see if certain therapies correlate with decreased immune infiltration/activation.  

 
Funding: We have applied for an R21 through PAR-20-277 to fund this proposal. St. Jude Developmental Funds 
also support this analysis through June 2022 with a possible one year extension, after which internal funds will 
be used if the R21 is not funded. 
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