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Supplemental Figure Legends 

Supplemental Figure 1. Germline and somatic mutations in the NF1 gene.  (a) Table 

showing mutation positions compared to the canonical NF1 gene transcript 

(ENST00000358273) and HS canonical protein product (ENSP00000351015). Reads 

showing reference sequence or variant alleles and the percent of variant reads were 

visually verified using IGV. (b) The location of predicted germline and somatic mutations 

in the canonical NF1 protein detected in PNF and DNF. Same-position mutations found 

in different cohorts are marked.  

 

Supplemental Figure 2. QQ plots of burden test and lollipop plots of some 

candidate germline mutated genes. 

(a) Burden testing was performed using TRAPD and results were then visually 

represented by quantile-quantile (QQ) plots. Because ExAC samples and the case 

samples are not jointly processed and variant-called, the level of technical artifacts 

potentially introduced in this analysis (artifact inflation/deflation) were measured using the 

λΔ95 metric implemented in TRAPD. We detected small levels of inflation (i.e. above the 

optimal λΔ95 > 1.00), likely due to the small case sample size and incomplete ancestry 

information. (b) Lollipop plots of COL14A1, CELSR2, CUBN and FCGBP.  Each variant’s 

functional impact was predicted by three bioinformatics tools and ClinVar dataset (see 

Methods and supplemental tables) but only effect predicted by SIFT was shown in the 

figure. 
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Supplemental Figure 3. Neurofibroma Schwann cell somatic variants. (a) Summary 

table of non-synonymous rare somatic variants in PNF and DNF datasets. (i.e. number 

and percent of patients harboring somatic variants from whole exome sequencing (WES) 

data from SC versus matched FB; percent of NF1 patients harboring variants in a WGS 

dataset from dermal neurofibroma versus matched blood, or in a WES dataset from PNF1 

(Material and Methods). Notably, compared with low mutation ratio of the designated 

genes in cancers in COSMIC, these genes show a high percentage of variants in 

neurofibroma SCs, and also showed variants in the DNF2 and/or PNF cohorts. Color bars 

on the right indicate the variant type, based on predicted effects on mRNA. Numbers are 

the number of tumors harboring variants in each gene in the PNFSC cohort. (b) Heat map 

of mRNA expression of those genes with expression level changes, in either tumor SC 

vs. normal SC and/or tumor tissue vs. nerve databases. (C) Lollipop plots showing the 

predicted effects of variants by SIFT on proteins. The genomic position of each variant 

detected in PNF was converted into the amino acid position of the corresponding protein 

product.   

 

Supplemental Figure 4. Variants in OBSCN and PKHD1L1. (a) Summary table, Non-

synonymous rare variants and the percentages of tumor samples with variants in these 

genes in PNF and DNF datasets (b) Gene variants are shown in 3 groups (I, II, and III); 

those with a germline variant and a 2nd allele somatic variant (I); germline variant only (II) 

or somatic variant only (III). FB: fibroblast; SC: Schwann cell. Color bars indicate variant 

types, based on predicted effects on the mRNA. Numbers at right of color bars are the 

total number of PNF (of 9) harboring variants in each gene. Individual neurofibromas 
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harbor different variants in OBSCN and PKHD1L1 (i.e. for OBSCN, 1 neurofibroma 

showed a germline plus a second allele somatic mutations; 5 tumors harbored only a 

germline variant; 1 tumor sample harbored only a somatic variant). (c) Lollipop plots 

showing the predicted effects of variants on OBSCN and PKHD1L1 protein function by 

SIFT. The genomic position of each variant detected in PNF was converted into the amino 

acid position of the corresponding protein product.   

 

Supplemental Figure 5. Oncoprint analysis of candidate genes. 

Oncoprint analysis of top 47 candidate (somatic and germline) genes in 9 PNF tumors 

generated by cBioPortal.  

 

Supplemental Figure 6. Detailed description of ATM variants. Y: yes; N: Not found 

yet. The number (#) of databases that predicted a variant to be damaging.  

 

Supplemental Figure 7. ATM germline variant confirmation, and proliferation in 

neurofibromas with ATM WT or ATM MU. (a, b) Sanger sequencing results for 2 

different ATM germline variants. (c) Percent of Ki67 positive cells in neurofibromas with 

ATM MU vs. ATM WT (un-paired Student’s t-test). 

 

Supplemental Figure 8. Guide RNA and donor DNA sequences for variant 

construction, and shATM effects on SC growth. (a) ATM gene and amino acid 

sequence are highly conserved between human and mouse around the G2023R and 

S707P positions. In addition to a point mutation change in the donor DNA sequences, to 
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avoid Cas9 re-cutting we wobbled DNA sequences (green text) that were not predicted 

to change the amino acid sequence.  In the donor DNA, there are ~50nt homology arms 

flanking the cut site. (b, d) shATM reduced Atm mRNA (RT-PCR) and ATM protein 

(western blot) in immortalized human Schwann cells (iHSC) and primary mouse 

embryonic SC (eSC). (c, e) shATM does not affect iHSC or eSC cell viability (MTS 

assays). 

 

Supplemental Figure 9. Histological analysis of neurofibromas in Nf1 fl/fl; DhhCre 

and Atm+/-; Nf1 fl/fl; DhhCre mice. Neurofibromas were embedded in paraffin (n=10 

tumors from 3 mice per genotype). (a) H&E staining, S100 marks SC, Toluidine blue 

metachromasia (purple) staining marks mast cells. (b) Statistical analysis of Toluidine 

blue+ mast cells/HPF (high power field) indicates an increased number of mast cells in 

neurofibromas from Atm+/-; Nf1 fl/fl; DhhCre mice. (Un-paired t-test, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001) 

 

SUPPLEMENTARY TABLES 

Supplementary Table 1. Each sample’s depth of coverage. 

Supplementary Table 2. NF1 gene Germline and somatic mutation status in NF1 patients 

Supplementary Table 3: Top 22 genes showing germline variants 

Supplementary Table 4: Top 25 genes showing somatic variants. 

Supplementary Table 5: Germline variants in top 22 genes present in DNF2 data 

Supplementary Table 6: Somatic variants in top 25 genes present in DNF2 data 

Supplementary Table 7: Germline variants in top 22 genes present in PNF1 data 
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Supplementary Table 8: Somatic variants in top 25 genes present in PNF1 data 

Supplementary Table 9: Datasets used for variant function prediction 

 

 

 

 

 

 

 

 

 

 

Supplementary Methods 

 

Germline Variant Calling 

We considered the same rare and non-synonymous variant detected both in a SC sample 

and its matched FB sample as a probable germline mutation variant. Our “rare” variant 

filtering strategy is described below.  

Somatic Variant Calling 

Variant callers use different approaches to call variants, so we integrated results from 

methods described in Xu et al3. and Cai et al4. We used GATK-naiveSubtract, MuTect1, 

Strelka, SomaticSniper and VarScan2 to predict somatic point mutations (SNPs). INDELs 

were predicted using GATK-naiveSubtract, Strelka and VarScan2.   

GATK-naiveSubtract The GATK-naiveSubtract method3 was used to call SNV and 

INDEL variants present in a SC sample VCF file but not in its matched control (FB) sample 

VCF file. Variants set for case and control samples were called independently using 
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GATK-HaplotypeCaller. For stringent filtering, we considered PASS-tagged variants 

passing GQ > 20 and DP > 20 cutoffs. 

MuTect1 (v1.1.7) MuTect15 detects SNPs only and is bundled into the GATK pipeline. 

To run this version of MuTect1, we used GATK v2.8 with java v1.7.0u40. We also used 

human genome (v37) bundled with GATK bundle 2.8. COSMIC v54 and dbSNP 132 

(b37). 

VarScan2 (v2.3.9) VarScan26 detects SNPs, INDELs, and loss of heterozygosity events 

(LOH) in NGS data. SAMTOOLS v1.3 was used to make mpileup (-B q 1 –f). To perform 

somatic filtering, we used bam-readcount (-q 1 -b 20). After variant calling, we applied 

recommended somatic filters together with bam-readcount (-q 1 –b 20 –f). Java 1.8.0_40 

was used to run this version of VarScan2.  

Strelka (v1.0.15):  Strelka7 detects SNPs and INDELs. SAMTOOLS v1.3, java v1.7.0u40 

were used to run Strelka and a recommended built-in post-calling filter was used to 

remove possible false positives. 

SomaticSniper (v1.0.5): SomaticSniper8 detects SNPs. SAMTOOLS v1.3 and bcftools 

v1.3 were used for the SomaticSniper pipeline. We set the somatic quality threshold of 

SomaticSniper to 15 (the author recommended 15-40). Raw call sets generated by 

SomaticSniper were filtered by pipelines proposed by the developers.  

Variant Filtering Strategy We defined common variants (minor alternative reads ratio 

[MAF], >1%) in a public data set as lower priority. We adopted dbSNP’s GMAF < 1% and 

ExAC MAF < 1% as MAF-filtering criteria. If both MAF scores were <1%, then we chose 

ExAC MAF. We also included possible novel variants that do not have defined MAF 

scores.  We focused on non-synonymous variants found in protein coding canonical gene 
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transcript exon and splicing regions predicted to have HIGH / MODERATE / MODIFIER-

impact functional effects. “HIGH” includes variants predicted to have disruptive impact on 

a protein, e.g. stop gained or frameshift variants causing protein truncation, loss of 

function or triggering nonsense mediated decay. “MODERATE” is a predicted non-

disruptive variant that might change protein structure or function (e.g. missense variant, 

inframe deletion). “MODIFIER” includes predicted non-coding variants or variants 

affecting non-coding genes, where prediction is difficult or there is no evidence of impact; 

these were ignored in our analysis. We also ignored variants labeled “LOW”, alterations 

assumed to be harmless or unlikely to change protein behavior. 

 For somatic mutations, we considered HIGH, MODERATE, and MODIFIER-impact 

variants with min [GMAF < 1%, ExAC MAF < 1%], or novel. For germline mutations, we 

considered HIGH/MODERATE/MODIFIER-impact variants whose MAF < 1%. For 

analysis of the NF1 gene, we considered HIGH- and MODERATE-impact variants 

satisfying these MAF-filtering criteria.  The numbers of rare and non-synonymous HIGH, 

MODERATE, MODIFIER, and LOW-impact variants were plotted.  Final variants were 

visually examined using an Integrative Genomics Viewer (IGV, 

https://www.software.broadinstitute.org/software/igv). 

Low-Complexity Regions. Based on 1,462,754 low-complexity region data (human v37 

whole genome) predicted by mdust9, we checked +/- 20 nucleotide-long subsequences 

from called variant loci to determine if they fall into predicted low complexity regions. This 

does not mean the sequencing qualities of these variants are low. We used this 

information to prioritize candidates. 

https://www.software.broadinstitute.org/software/igv
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Variants effect prediction: Variant Annotation Variants from these 5 methods were 

annotated using Variant Effect Predictor (VEP) v8310 using Ensemble human genome 

(v37) and add-in databases and online algorithms including dbNSFP (v2.9)11 and ClinVar 

(release: 20170104, https://www.ncbi.nlm.nih.gov/clinvar/)12, dbSNP (v144, 

https://www.ncbi.nlm.nih.gov/projects/SNP/), Exome Aggregation Consortium (ExAC 

v0.3.1, http://exac.broadinstitute.org/), SIFT (v5.2.2), and HGMG-PUBLIC (v20152, 

http://www.hgmd.cf.ac.uk/ac/index.php).  Annotated VCF files were converted to tab-

delimited tables for data exploration using in-house PERL and BASH scripts. Mutation 

impact was annotated using ClinVar12, SIFT13, MetaLR14 and MetaSVM14, included in the 

dbNSFP database (Suppl. Table 9).  

MTS assay iHSC cells cultured in basic medium (10% Gem-Cell Fetal Bovine Serum in 

Gibco DMEM, 1% HyClone Penicillin-streptomycin solution) and primary mouse 

embryonic Schwann cells cultured in basic medium with 2uM forskolin (Calbiochem) and 

10ng/ml β-heregulin (R&D system) were plated at 500 cells/well in 96 well plates 

(Corning, Black). After 3 days of culture, cell titer aqueous one solution for cell proliferation 

assay (Promega) was added to the wells according to the manufacturer’s protocol. The 

plates then were read at 490nm absorbance 4 hours later. Three independent 

experiments with 5 replicates/sample in each experiment were performed and used for 

statistical analysis. 

Un-paired t-test. To test if germline variants in the ATM gene cause differential effects 

to the total variants number, we calculated the Δ in number of total variants in SC vs. FB 

from each individual neurofibroma. We applied un-paired t-tests between the groups of 
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neurofibromas with and without ATM variants. The p-value is derived from calculated t-

statistics. We used the t. test function, implemented in Prism.  

Sanger sequencing primers for ATM germline variants confirmation:  

Chr11: 108198394 C>A 

Forward: TGGCAAAAGCAGATGAGGAAAAAC 

Reverse: TCACTCCACCCTAGAGACTATACA 

 

Chr11: 108098576 C>G  

Forward: CTGCTGCCGTCAACTAGAACAT 

Reverse: AAATGCCAAATTCATATGCAAGGC 

 

Chr11: 108123621 T>G 

Forward: ATGGTTGTCCTCCTTAAATTGTCCT 

Reverse: AAACAACCTCTTCCCTGGCTAA 

 

Full sequence of Donor DNA for G2023R:  
 

AATTACTATCTAGAAAGTGCAGTTTACCTAGTAAGGGGTTGTAACATTTTCCCTCTC

CCGCAACCATACAGGCTGTCCGGCTCTCCTATACTTCTGTAGATCTCTAAGAGAAG

ATCCTGCAAACAGA 

Full sequence of Donor DNA for S707P:  
 
AACCCATAAATGCTCAAGAATACACCTGAATTCGTTTTAAGAAATCTCACCTCAGGA

GAATAGTTGCTTAAGAGCTGTTCTGATAATCCCAGAAGATAGTGATCCAATGATTCC

TTGAGATTTTGCT 

 

Sanger sequencing primer for G2023R colony confirmation:  

Forward: CTGCGTAAACTTCACTGATACAC 
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Reverse: TTCAAGTCTCTGCCTTTGGTATT 

Sanger sequencing primer for S707P colony confirmation: 

Forward: GCACTCCTTCCCACTAACCTA 

Reverse: AAGTGAACAACACTGCGAAGATAA 
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