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Abstract

In Neurofibromatosis type 1, NF1 gene mutations in Schwann cells (SC) drive benign plexiform 

neurofibroma (PNF), and no additional SC changes explain patient-to-patient variability in tumor 

number. Evidence from twin studies suggests that variable expressivity might be caused by 

unidentified modifier genes. Whole exome sequencing of SC and fibroblast DNA from the same 

resected PNFs confirmed biallelic SC NF1 mutations; non-NF1 somatic SC variants were variable 

and present at low read number. We identified frequent germline variants as possible neurofibroma 
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modifier genes. Genes harboring variants were validated in two additional cohorts of NF1 patients 

and by variant burden test. Genes including CUBN, CELSR2, COL14A1, ATR and ATM also 

showed decreased gene expression in some neurofibromas. ATM-relevant DNA repair defects 

were also present in a subset of neurofibromas with ATM variants, and in some neurofibroma SC. 

Heterozygous ATM G2023R or homozygous S707P variants reduced ATM protein expression in 

heterologous cells. In mice, genetic Atm heterozygosity promoted Schwann cell precursor self-

renewal and increased tumor formation in vivo, suggesting that ATM variants contribute to 

neurofibroma initiation. We identify germline variants, rare in the general population, 

overrepresented in NF1 patients with neurofibromas. ATM and other identified genes are 

candidate modifiers of PNF pathogenesis.
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INTRODUCTION

Neurofibromatosis type 1 (NF1) is one of the most common human monogenic disorders, 

with a frequency of 1:3000 in the human population [22, 50]. Loss-of-function NF1 
germline mutations are identified in up to 95% of NF1 patients, with no evidence for other 

NF1causing genes [37]. NF1 is a Rasopathy, one of a group of disorders caused by RAS-

MAPK signaling pathway gene mutations [51]. The NF1 gene (17q11.2, 283kb) encodes a 

RAS-GAP protein, so that inactivating NF1 gene mutations increase levels of cellular RAS-

GTP, thereby affecting cellular proliferation, migration, and differentiation [60]. NF1 

patients often show cognitive and motor deficits, and can develop neoplasms including 

astrocytoma or myeloid leukemia (JMML), or vascular and bone anomalies [51]. 

Neurofibromas are benign peripheral nerve sheath tumors and the characteristic lesions 

found in individuals with NF1 [36]. More than 95% of NF1 patients develop neurofibromas 

associated with cutaneous nerves called dermal neurofibroma (DNF) [2, 50], and up to half 

of NF1 patients develop plexiform neurofibromas (PNF), largely associated with deep 

nerves [36, 47]. PNF can cause significant morbidity and can transform to malignant 

peripheral nerve sheath tumors (MPNST), highlighting their clinical importance [15, 31]. In 

mice, loss of Nf1 in Schwann cells and their precursors is sufficient to generate plexiform 

and dermal neurofibromas, consistent with the major role of Nf1 in driving neurofibroma 

formation [49, 73].

Cancer is a genetic disease, and many mutations are found in most adult cancers [66]. 

However, high-density SNP arrays failed to identify recurrent genetic changes in PNF (apart 

from alterations at the NF1 locus itself) supporting the idea that few genetic changes occur 

in these benign tumors [5, 42, 50]. Atypical neurofibromas (ANF), thought to be precursor 

lesions for MPNST, can show deletion at the CDKN2A locus, with no other consistent 

genomic changes; histologic criteria define some ANF as atypical neurofibroma of uncertain 

biologic potential (ANNUBP) [5, 38]. Also, using whole-exome sequencing (WES) in PNF 

samples, recurrent somatic mutations were not identified [42]. Indeed, a relatively silent 

genome (somatic changes 0 – 30) characterizes many types of pediatric tumors [12, 63]. 
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Analysis of germline mutations in sarcoma, including 28 MPNST, identified an excess of 

damaging variants in cancer predisposition genes. Sarcoma patients were more likely than 

controls to have multiple pathogenic variants, especially in DNA repair-related genes [4, 10], 

but germline modifiers of neurofibroma have not been studied. Any sequence variation that 

alters a gene’s interaction with other genes/pathways may act as a modifier allele in a 

specific disease context.

Neurofibromas are complex peripheral nerve tumors composed of 20 – 80% Schwann cells 

(SCs), abundant macrophages (~30%), and variable numbers of mast cells, endothelial cells, 

and fibroblasts (FBs), including endoneurial and perineurial fibroblasts [62]. SC NF1 
mutations drive neurofibroma formation, as biallelic NF1 loss of function mutations occur in 

neurofibroma SCs, but not FBs [33]. Also, biallelic loss of Nf1 in the SC lineage is sufficient 

to generate mouse neurofibromas, in the presence or absence of hemizygous loss of Nf1 in 

non-neoplastic cells [51].

We searched for germline variants that might modify neurofibroma formation. Evidence 

from comparisons of monozygotic twins to more distant relatives strongly supports effects 

of genetic modifier genes on dermal neurofibroma number [18, 52, 61]. Scoring plexiform 

neurofibromas by number in twin pairs, sibling pairs and more distant relatives, 

demonstrated a correlation between higher numbers of plexiform neurofibromas and closer 

relatives [56], [18]. This suggests that as-yet-unidentified genetic modifier genes, distinct 

from NF1 itself, exist for PNF, and that variants in specific genes may influence DNF and/or 

PNF number.

Any type of sequence variation can produce modifier effects: modifier variants can occur in 

exons, intragenic sequences, or regulatory regions. Modifier alleles in exons can include 

missense, frameshift, deletion, and gain-of-function alleles [53]. Even small differences in 

gene expression levels can cause phenotype-modifying effects [68]. Modifier alleles are not 

necessarily clinically pathogenic, as they alone are not sufficient for disease.

Next-generation sequencing (NGS) technologies have enabled whole exome sequencing on 

increasingly smaller DNA samples [3, 19, 21, 24]. We found that increasing the sensitivity 

of WES by independently analyzing neurofibroma cell types allowed detection of most NF1 
mutations, and of rare non-NF1 somatic variants in neurofibroma cells. We identified 

germline variants predicted to have altered protein function (deleterious/damaging) and 

which are rare or absent in the general population. Variants in these genes were confirmed in 

validation DNF and PNF datasets. Gene-based burden tests confirmed that many of these 

genes are more likely to have genetic changes in neurofibroma patients than in general 

population. We confirmed some ATM germline variants by Sanger sequencing. DNA 

damage repair defects occurred in neurofibromas, correlating with ATM variants. Two ATM 

germline variant, heterozygous G2023R and homozygous S707P, decreased ATM protein 

expression in mK4 cells. In model systems, reduced Atm gene expression promoted the self-

renewal of Schwann cell precursor cells (SCP), a cell-of-origin for neurofibroma, and 

tumorigenesis, and Atm haploinsufficiency increased tumor number in mice. Taken together, 

the data implicate the ATM tumor suppressor in PNF initiation and identify other candidates 

for investigation.
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METHODS

Sample Collection

Fresh plexiform neurofibromas (n=9) were obtained after medically mandated surgeries. All 

samples were obtained with patient consent under IRB approval.

Cell Sorting and Flow Cytometry

Surgical PNF neurofibroma specimens were enzymatically dissociated as described [70]. We 

incubated cell suspensions anti-p75/NGFR (C40–1457, Becton-Dickinson) bound to 

phycoerythrin (PE), and anti-EGFR (cat # 61R-E109BAF, Fitzgerald, Acton, MA) bound to 

FITC on ice in PBS/ 0.2%BSA/0.01% NaN3 for 30 min. We removed cells with macrophage 

(CD11b) and endothelial cell (CD31) markers. After washing, we re-suspended cells in PBS/

0.2%BSA/0.01% NaN3/ 2 μg/mL 7-aminoactinomycin D (7-AAD, Invitrogen). We carried 

out isotopic controls with irrelevant mouse IgG1-PE and mouse-IgG1-FITC in parallel. Cells 

were FACS-sorted using a four-laser FACSDiva (Becton-Dickinson) to acquire live Schwann 

cells (P75+/CD11b-/CD31-/7-AAD-) and fibroblasts (P75-/EGFR+/CD31-/CD11b-/7-AAD-). 

Three primary human PNF tumors (P7–8) were dissociated, and SC and FB separated by 

incubation in medium with forskolin and heregulin (for SC), or DMEM and 10% FBS (for 

fibroblasts) for 3 – 7 serial passages, as described [55].

Library Preparation and Whole Exome Sequencing

Double stranded DNA (1ug) determined by Invitrogen Qbit spectrofluorometric 

measurement was sheared by sonication to an average size of 200bp on a Covaris S2. 

Library construction was performed on a Wafergen Apollo324. Each library was fitted with 

one of 48 adapters for multiplexing. After 9 cycles of PCR amplification using the Clontech 

Advantage II kit, 1ug of genomic library was recovered for exome enrichment using the 

NimbleGen EZ Exome V2 kit (Roche Nimblegen, Inc, Madison, WI), targeting ~30,000 

coding genes (~300,000 exons, total size 36.5 Mbp) from RefSeq (January 2010), CCDS 

(September 2009) and miRBase (September 2009). Libraries were enriched per 

manufacturer’s recommendations and sequenced on an Illumina HiSeq2500, generating ~30 

million paired end reads 125 bases long each equivalent to 7.5GB of usable high-quality 

sequence per sample.

Variant Calls

The Genome Analysis Toolkit (GATK) pipeline (https://www.broadinstitute.org/gatk/ was 

used, with modifications in the “Best Practices” document on their website. Briefly, after 

applying Illumina’s Chastity filter, raw sequenced reads were aligned using the Burrows 

Wheeler Aligner (BWA, http://bio-bwa.sourceforge.net) against reference human genome 

(GRCh37.v4). For each sample, reads appearing to be PCR artifacts were flagged, reads that 

overlap known or putative insertions/deletions (INDELs) realigned, then all base quality 

scores were recalibrated to the empirical error rate from non-polymorphic sites. The GATK 

HaplotypeCaller module was used to create a gVCF file for each patient sample containing 

confidence values for every position in the exome (variant and/or reference). A set of variant 

calls with the GenotypeGVCFs module was generated using every compatible sample 
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sequenced by the sequencing facility to date. The Variant Quality Score Recalibration 

(VQSR) method was applied to filter variant calls. Finally, variant calls specific to the 

samples were extracted. Variants marked “PASS” were considered for further analysis. 

Variant calling was performed with GATK v2.8.

For INDELs, samples were individually preprocessed by realigning reads around putative 

INDELs using GATK’s IndelRealigner tool, marking putative polymerase chain reaction 

duplicate reads with Picard’s MarkDuplicates tool and by recalibrating base quality scores 

and calculating Base Alignment Quality scores with GATK’s CountCovariates and 

TableRecalibration tools. After preprocessing, samples were jointly processed with 

HaplotypeCaller to generate initial variant calls. Variants were then filtered using GATK 

Variant Quality Score Recalibration.

Gene-Based Burden Test

The Test Rare vAriants with Public Data (TRAPD, https://github.com/mhguo1/TRAPD) 

workflow generates a burden score for each subject by taking a weighted linear combination 

of the mutation counts within a gene. TRAPD performs a one-sided Fisher’s exact test to 

determine if there is a greater burden of qualifying variants in cases as compared to controls 

for each gene. After annotating variants using Variant Effect Predictor (VEP v96), non-

common (allele frequency < 0.05) and non-synonymous variants found in protein coding 

regions were analyzed against the ExAC database (v1.0, http://exac.broadinstitute.org) 

admixed American (AMR) sub-population as a control group (n = 5789).

Copy-Number Variation in Coding Regions

ExomeCNV [58] (v1.4) was used to detect copy-number variations from matched samples. 

It calculates log coverage-ratio between case (i.e. SC) and control (i.e. matched FB) to calls 

CNV/LOH events for each exon, then combines exonic CNV/LOH into segments using the 

Circular Binary Segmentation (CBS) algorithm.

Human Gene Expression Data

We analyzed gene expression levels in human (GEO accession: GSE14038, human) 

microarray data. The heatmaps represent log2 fold change to the average expression levels 

of 10 normal cultured human SC samples (NHSC).

Comparison with Dermal Neurofibroma WGS data

We parsed 40 matched VCF files (tumor and matched blood samples n=13 patients) from 

Synapse (http://www.synapse.org; Synapse ID: syn4984604), then applied the filtering 

strategy above to detect germline and somatic variants.

Comparison with Plexiform Neurofibroma WES data

From dbGaP (Study Accession: phs001403.v1.p1), we obtained 44 whole-exome 

sequencing alignment files (hg18 as reference genome) from 21 NF1 patients (blood 

samples and matched plexiform neurofibroma). SNP/INDEL/LOH events were called using 

VarScan2 (v2.3.9), hg18/NCBI36 reference genome, and the parameter set described above. 

Genomic coordinates of called variants were converted into their hg19/GRCh37 
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counterparts, using CrossMap (v0.2.1) and the NCBI36-to-GRCh37 chain file [74]. Once 

variants were annotated using Variant Effect Predictor (VEP, v83) and the annotation 

databases described, we analyzed variants as described in supplemental method.

DNA Comet Assay

Neurofibroma-derived Schwann cells were exposed to 1.0 uM doxorubicin, and single-cell 

gel electrophoresis (comet assay) performed under alkaline conditions (Trevigen), at 

designated repair time points [41]. Comet images (75–100) were captured and analyzed 

using Comet Assay IV software (Perceptive Instruments). The percentage of nuclei with 

DNA comet tail moment value 0–9.9, 10–19.9, 20–29.9, 30–39.9, 40–49.9, >=50 were 

calculated to determine the DNA damage repair capacity; higher tail moment values = 

unrepaired DNA damage.

CRISPR/Cas9 to construct missense variants in mK4 cells

We constructed guide RNA (gRNA) sequence to target specific regions of the ATM gene 

(gRNA sequences are shown in Suppl. Fig 8a) into the pX458 plasmid, which also encodes 

GFP. Single strand donor DNAs were from IDT (~100nt length; see supplemental material 

for full sequences of donor DNA). We delivered the plasmid containing sequence encoding 

gRNA and donor DNA oligo into mK4 cells by FuGene (Promega, E2311) transfection. 72 

hours after transfection, we sorted GFP positive cells by FACS, and seeded single cell into 

96 well plates in tissue culture medium. After 3 weeks, we extracted DNA from single cell 

colonies and did PCR and Sanger sequencing to confirm missense variants.

SCP Culture and Sphere Counting

We dissociated DRG from E12.5 embryos with 0.25% Trypsin (Life Technologies) for 20 

min at 37°C and obtained single-cell suspensions with narrow-bore pipettes and a 40 μm 

strainer (BD-Falcon), subsequently plating the cells in 24 well low attachment plates 

(Corning). The free-floating cells were cultured in serum-free medium with EGF and FGF 

as described [70]. For passage, we dissociated spheres with 0.05% Trypsin (Life 

Technologies) at 37° for 3–5 minutes. For shRNA treatment and sphere counts, we plated 

SCP cells at low density (250/cm2) to avoid sphere fusion (500 cells/well in 24 well plates). 

We treated cells with lentiviral particles at MOI=10, 24 hours after plating. We performed 

two independent experiments, each with 4 replicates, and counted sphere number with an 

inverted phase contrast microscope after 4 days.

Tumorigenesis Assay in Nude Mice

We anaesthetized athymic nu/nu mice in isoflurane and subcutaneously injected 4.5 × 105 

mouse sphere cells/injection in 33% matrigel into both left and right flanks. Tumors were 

monitored weekly. At 11 weeks after injection, we dissected visible tumors and fixed them 

in 4% paraformaldehyde overnight, then embedded them in paraffin.

Immunohistochemistry Staining

Paraffin blocks were sectioned at 6μm. de-paraffinized in xylene and rehydrated, boiled in 

citrate buffer for antigen retrieval, blocked 1hr in 10% normal goat/horse serum in 1xPBS 
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and 0.3% Triton-X100, then incubated with primary antibody S100B (Dako, Z0311, rabbit, 

1:10,000), SOX10 (Santa Cruz,sc-17342, goat, 1:200), CD31 (Abcam, ab28364, rabbit, 

1:100) and Ki67 (Cell Signaling, 12202S, rabbit, 1:250) overnight and secondary antibody-

biotinylated goat anti-rabbit or horse anti-goat (Vector lab BA-1000 or BA-9500, 1:200) for 

1hr after rinsing with PBS. Sections were further processed with the Elite ABC kit and DAB 

and mounted slides in histomount after dehydrating and clearing. Images were captured on a 

Nikon Eclipse 80i microscope using a Nikon DS-Fi1 camera. γH2AX staining used anti-

phospho-Histone H2A.X (Ser139) (EMD Millipore, clone JBW301, cat # 05636) and was 

processed as above except that (Vector lab, A-2011, 1:500) for 20 mins and DAPI (0.1ug/ml) 

for 5 mins were used after incubating with secondary fluorescent Avidin DCS antibody, 

sections mounted in Fluoromount G (Electron Microscopy Sciences) and imaged on a Nikon 

C2 Confocal, using a 60X oil objective and optimized Zoom (4.78). Foci in ≥ 120 nuclei 

were blindly counted by 3 investigators/ sample. For 53BP1 focus staining, each dermal 

neurofibroma generated 6–8 primary Schwann cell cultures (plated on coverslips), and 250–

500 nuclei were scored for 53BP1 foci. In each of 3 independent experiments cells were 

immunestained with anti-53BP1, and Alexa Fluor 594 donkey anti-rabbit (Molecular 

Probes) to visualize foci under epifluorescence microscopy. Schwann cell nuclei were scored 

for number of 53BP1 foci at 400X magnification.

MRI and Tumor Burden Analysis

MRI data were collected on a 7-T Bruker BioSpec system equipped with 400G/cm gradients 

and tumor burden was calculated as described previously [71]. Un-paired t-test was applied 

to do statistical comparison between Nf1 fl/fl; DhhCre and Atm+/−; Nf1 fl/fl; DhhCre two 

groups of mouse.

Mouse Dissection and Tumor Number and Size Calculation

To quantify tumor numbers and size, we perfused mice and used a Leica dissecting 

microscope to dissect the spinal cord with attached DRG and nerve roots at the age of 7 

months, as described previously [72]. A tumor was defined as a mass surrounding the DRG 

or nerve roots, with a diameter greater than 1 mm, measured perpendicular to DRG/nerve 

roots. Tumor numbers within each mouse and diameter for each tumor were measured with 

Image J.

RESULTS

To identify variants in genes that might modify neurofibroma pathogenesis, we separated 

SCs and matched FBs from 9 PNFs (T1-T9) from 8 NF1 patients (P1-P8); T5a and T5c are 

from the same patient. Patient blood was not available, so we used FB DNA to identify 

individual germline alterations using WES (Fig. 1a and b). SC and FB samples from P1-P6 

tumors were prepared by FACS, while samples from P7-P8 were selectively cultured (Fig. 

1a). We used WES to detect variants in coding regions and canonical splice sites. The 

average depth of coverage was 101x and 107x for FB and SC DNA, respectively (Suppl. 

Table 1). Clustering analysis demonstrated more variance among patients than between cell 

types (SC and FB), consistent with the low mutational burden previously documented in 

neurofibroma [5, 42](Fig. 1c). Rare variants [minor allele frequency (MAF) of < 1%] 
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present both in FB and SC from a tumor were denoted germline variants. We hypothesized 

that modifier gene variants would be present in both SC and FB.

Genomic Changes in the neurofibroma samples

We used ExomeCNV [58], to confirm a quiet neurofibroma genome. Six of 9 samples (T3, 

T4, T5a, T5c, T6 and T7) showed no significant copy number alterations (CNA), consistent 

with diagnosis of benign neurofibroma, as predicted (Fig. 1d). CNA events found in SC 

versus FB were detected in 3/9 paired samples (T1, T2, T8), although the histology of all 

evaluable tumors was consistent with the diagnosis of neurofibroma. In T2 a deletion was 

present on chromosome 9 including the CDKN2A locus (chr9:19049657–22451910, log2 

ratio = −0.46), and CNA in SC across the genome were present (Fig. 1d). In T2, from IHC 

analysis, a slight increase in cellularity was observed, but mitoses were absent, and atypia 

remained mild (not shown), defining T2 as a neurofibroma. T1 and T8 did not show copy-

number alterations in the CDKN2A locus, but showed short segments of gain or loss on 

many chromosomes (Fig. 1d). In T1, no features of atypical neurofibroma were present; 

mitoses were absent, atypia was mild, and collagen was retained throughout. T8 sections 

were unavailable.

NF1 Mutations

Consistent with previous research [33], we identified bi-allelic NF1 mutations in 8/9 of 

tumors (Supp. Fig1a). Many have been reported as pathogenic in HGMD or ClinVar. Others 

were predicted to be deleterious/damaging by bioinformatics prediction tools (SIFT, Meta-

SVM, and/or MetaLR). As expected, the alternative reads ratio of NF1 germline mutations 

(present in both FB and SC) was ~50%. Most NF1 mutations caused premature termination 

or frameshift predicting loss of protein function (Supp. Fig1b and Supp. Table2). We 

identified somatic NF1 mutations (alternative reads ratio 5–50%) present in SCs but not 

fibroblasts in 9/9 samples. Implying the possible existence of sub-clonal SC populations 

harboring different NF1 somatic variants in single tumors, we identified >1 somatic variant 

in some tumor SC preparations. We did not have DNA after WES to confirm NF1 somatic 

variants; however, many have been annotated in HGMD or ClinVar as having clinical 

impact; others may not be pathogenic.

Identification of non-NF1 genetic variants in neurofibroma cells

We identified 18 genes that showed germline variants only, with minor allele frequency 

(MAF) <1% in the general population, in at least 3 individuals (group II, Fig2a). We also 

identified genes in group I (genes with bi-allelic variants, one allele germline variant showed 

both in FB and SC, and second allele SC specific somatic variant, including NF1, PKHD1L1 
and OBSCN, see Suppl. Fig4) and 25 genes with only somatic variants (group III, variants in 

SC only, Suppl. Fig 3) in ≥2 patients, or variants in genes relevant to cancer (Suppl. Tables 

3–4). We ignored recurrent variants in repetitive regions, which when tested, failed to 

confirm with Sanger sequencing or digital droplet PCR (not shown).

Whole genome sequencing (WGS) data from patient DNF and their 13 matched blood 

samples [24] (http://www.synapse.org, Synapse ID: syn4984604), and whole exome 

sequencing (WES) data from 21 paired blood and plexiform neurofibroma samples [42] 
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verified over-representation of variants in identified candidate genes. Of 21 genes with 

germline variants (including 3 genes with bi-allelic variants) identified in PNF cells, 16 also 

showed germline variants in the DNF and PNF validation cohorts (Fig 2a). A single SNP 

variant is usually underpowered to detect statistically meaningful signals between case and 

control samples. However, by aggregating SNP variants across a candidate gene, a detection 

power can be significantly improved, with reduced bias. To test the association of candidate 

genes harboring the germline variants with NF1 disease, we performed burden tests using 

cases from each PNF cohort versus control samples from the ExAC dataset. We analyzed the 

26 samples of mixed American ancestry; 7 in one cohort, and 19 in the other. The burden 

tests implemented in the TRAPD package revealed significant association between the 

burden of rare or low-frequency variants in 11 genes in both plexiform neurofibroma 

cohorts, as compared to the average number of SNPs in each of these genes in a large 

population of similar ethnicity; those genes with significantly different burdens (p < 1E-5) 

are shown in Fig. 2b. The level of artifact inflation/deflation measured using the λΔ95 

metric implemented in TRAPD was similar to those of other small sample sets compared to 

population databases (1.3; 1.4) (Suppl. Fig. 2a).

Most identified variants occurred at private sites in each tumor. ANKRD30A, ATM, 
CELSR2, COL14A1, COL4A2, CUBN, KIFC1, PKHD1L1, RGPD4 and SLC14A2 showed 

an identical variant in 2 datasets (Suppl. Tables 3, 5, 7 highlighted in yellow or green). 

CUBN, SLC14A2 and RGPD4 showed an identical variant in all 3 datasets (Suppl. Table 3, 

5, 7 highlighted in orange). Additional genes harboring multiple germline variants were 

COL14A1, COL4A2 and MAST4.

Most germline variants identified were missense. Many were predicted as deleterious/

damaging to the protein by multiple bioinformatics tools. Loss of function ‘splicing donor/

acceptor’ or ‘stop gained’ variants were found in genes including MROH2B, PASK, 

ANKRD30A and ANKK1 (Fig. 2c). Supplemental Fig 2b shows the position of the variants 

with respect to known domains; predicted deleterious/damaging alterations were present in 

COL14A1, CELSR2, CUBN and FCGBP. Rare changes in PASK and MROH2B were also 

predicted to be deleterious/damaging. The consequences of these variants is unclear, with 

most not having clinical interpretations listed in ClinVar. For variants with clinical 

interpretation which achieved consensus, there were 7 variants considered likely benign and 

5 variants considered unlikely inheritance, with only 1 pathogenic variant. While this would 

be problematic if we were searching for the primary cause of disease, for modifier variants, 

such results are not unexpected. Given that reduced protein levels can result from reduced 

mRNA expression, we analyzed available mRNA expression data from neurofibroma 

compared to normal peripheral nerve [39]. Like NF1, significant down-regulation of 

CELSR2, KIFC1, COL14A1, and CUBN was found in tumors compared to nerve (Fig. 2d).

Somatic variants were rarely shared among the 3 cohorts, and most were missense variants 

with very low alternative reads ratio. However, rare somatic variants were predicted to 

induce stop gains (Suppl. Fig 3a), and the mRNA levels of some candidate genes were 

reduced in tumors versus normal tissue (Suppl. Fig 3b). Bioinformatics tools predicted 

effects of some identified variants on protein function (Suppl. Tables 4; Supplemental 

Fig3c).
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Of note, two large genes, OBSCN and PKHD1L1, like NF1, showed bi-allelic variants in 

one and two tumor samples each (Group I), and in the DNF and PNF validation cohorts 

(Suppl. Fig 4a and 4b). Other PNF tumors harbored either one allele germline or somatic 

variant in OBSCN and/or PKHD1L1. PKHD1L1 gene variants at Y884 and G1223 were 

identified in both a PNF and a DNF sample; one variant, T3104I, occurred in 3/30 PNF 

(Suppl. Tables 3, 5 and 7). Supplemental Figs 4b and 4c show the type and position of the 

variants. Many of these variants were predicted to be deleterious/damaging to the protein by 

bioinformatics tools.

To determine if some germline or somatic variants were consistently changed in tandem we 

used cBioPortal. We generated an Oncoprint of combined germline and somatic variants in 

PNF, but did not identify patterns of alterations (Suppl. Fig. 5). Notably, T1 (with a 

CDNKN2A deletion) and T2 (with small genome-level alterations) did not show increased 

numbers of variants in these genes, consistent with the histological diagnosis of 

neurofibroma.

Pathway and signaling analysis of genes showing variants

Identification of multiple genes in a similar pathway support the relevance of the identified 

pathway to disease. STRING analysis of the genes showing germline variants in the PNF 

datasets identified DNA damage and repair as a candidate pathway. (Fig. 2e). “Biological 

Process” term-based GO enrichment analysis confirmed the enriched functional category of 

telomerase catalytic core complex assembly (GO:1904882 (p=0.00000489) and related 

terms--ATM and ATR (data not shown). Fig. 2f shows the genes identified as showing 

germline variant, verified by variant burden test; and showing reduced gene expression. Four 

common genes were identified: ATM, ATR, CUBN, and CELSR2.

ATM germline variants correlate with DNA damage in neurofibromas

We focused on ATM, a DNA repair-related tumor suppressor gene, which showed variants in 

the germline of 27% of individuals in PNF cohorts (44% in our test cohort and 24% in the 

validation PNF cohort), and in the DNF validation cohort at lower incidence (15%) (Fig. 2a). 

The ATM germline variants are described (Fig. 3a, Suppl. Fig 6, Suppl. Tables 3, 5 and 7). 

Clinically, none of the identified ATM variants have been deemed pathogenic in Ataxia 

Telangiectasia (A-T) patients. Some are of uncertain significance while other are designated 

benign. Instead, consistent with the fact that modifiers need not be pathogenic on their own 

[25], they may have modifier functions in the context of NF1 mutant Schwann cells. The 

role of individual ATM variants on the function of the very large ATM protein will require 

further analysis in neurofibroma cells. Indicating possible disease relevance in cancer 

predisposition, however, the ATM variants S49C and F858L were reported in A-T patients 

who developed breast cancer [57, 67]. Notably, a breast cancer patient with an ATM F858L 

variant showed excess loss of heterozygosity (LOH) in breast cancer tissue [27], consistent 

with a modifier role for this variant. S49C, present in 2/30 PNF, was associated with risk for 

melanoma, prostate cancer and oropharyngeal cancer [16]. Western blot analyses of a T-cell 

line derived from a patient with G2023R (T5a/c) allele did not show expression of full 

length ATM protein, suggesting that this variant may be not stable [9]. S707P showed LOH 

in one PNF sample. Although C2464R was reported to not interfere with ATM kinase 
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activation [59], ATML2332P, T2333K and C2464R are located in the FAT domain of the 

ATM protein, which is important for regulating ATM activity [34] (Fig. 3a, Suppl. Fig 6).

We verified ATM variants in 3 PNF specimens identified by WES using Sanger sequencing. 

Results are shown for a missense variant (T2223K) (Fig3b), and two others (Suppl. Fig 7a 

and 7b). DNA was unavailable to verify other variants. In addition, ATM gene expression 

was down-regulated in DNF and PNF tumors as compared to normal nerve (Fig. 2d and 3c), 

although not in cultured Schwann cells (Fig. 2d). We hypothesized that NF1 patient PNF 

cells with ATM germline variants might have compromised ability to repair DNA damage, 

because ATM acts upstream in the repair of DNA double-strand breaks via homologous 

recombination [8, 11].

We compared numbers of synonymous and non-synonymous DNA variants in SC (with 

biallelic NF1 loss) versus FB, comparing cells from PNF with (n=4) and without (n=5) ATM 
variants. Importantly, there were significantly more variants in SC than in FB in all 4 PNF 

with variant ATM compared to those without ATM variants (p=0.0057; Fig. 3d). In this 

context, it should be noted that deficiency for various DNA repair pathways, including 

downstream HR proteins, crosslink repair and mismatch repair can lead to increased levels 

of point mutations [46, 75]. The above effect (Fig. 3d) is likely to result from oncogenic 

stress in SC with bi-allelic NF1 mutations (with elevated Ras-GTP) versus stress in FB, 

which retain one functional NF1 allele. Oncogenic stress activates the RAS/MAPK pathway, 

which can itself compromise the DNA damage response [1, 32, 69]. ATM variant in some 

neurofibroma samples additively increase the defect of DNA damage repair.

To further test whether NF1 patient neurofibroma cells with ATM variants are compromised 

in DNA damage repair, we monitored foci assembled by γH2AX, a marker for DNA strand 

breaks [45, 54], in PNF tissue sections (Fig 3e). ATM WT PNF contained few cells with 

more than 5 γH2AX foci, and most cells harbored none, while in PNF sections with ATM 
variants significantly more γH2AX foci are present (Fig 3f). There was no significant 

difference in Ki67 staining between neurofibromas with and without ATM variants (Suppl. 

Fig 7c), excluding the possibility that γH2AX foci are increased due to increased cell 

proliferation. Senescent cells are rare in neurofibromas [13], and thus unlikely to account for 

the increase in foci. Thus, increased levels of γH2AX foci suggest increased levels of 

unrepaired DNA damage in neurofibromas with ATM germline variants.

These results predicted that subsets of unselected neurofibromas might show increased 

numbers of γH2AX foci. Indeed, quantification of γH2AX foci in neurofibromas of 

unknown ATM genomic status (n=17) versus normal peripheral nerve (n=5) identified a 

subset of tumors with increased γH2AX foci (Fig. 4a). We also cultured DNF-derived 

Schwann cells from 4 individuals (with unknown ATM genomic status), and exposed them 

to the DNA damaging agent doxorubicin. Cells from each individual showed different levels 

of nuclear focus formation, as marked by 53BP1 (TP53-binding protein 1) which is recruited 

to sites of DNA damage (Fig. 4b), and variable timing of DNA damage level repair as 

monitored by comet assay, a single cell gel electrophoresis assay which indicates residual 

(unrepaired) DNA strand breaks (Fig. 4c). The variability in DNA damage repair capacity in 

Schwann cells from different DNFs, indicated by assembly of γH2AX and 53BP1 foci that 
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correspond to DNA double-strand breaks, and as measured using a Comet assay, is 

consistent with the idea that variants in DNA damage related genes are relevant in some but 

not all neurofibromas.

ATM missense alleles decrease ATM protein expression

Analysis of individual ATM missense variants is important, but expression of the very large 

ATM cDNA, especially stable expression, has proven challenging [48]. We used the 

CRISPR/Cas9 system to introduce the ATM missense variant G2023R and S707P into 

immortalized mouse kidney (MK4) cells (Suppl. Fig 8a), and verified the presence of a 

heterozygous G2023R missense variant and a homozygous S707P missense variant in single 

colonies by Sanger sequencing (Fig. 5a). We chose these variants because western blot 

analyses of a T-cell line derived from a A-T patient with G2023R (T5a/c) allele did not show 

expression of full length ATM protein, suggesting that this variant might not be not stable 

[9] and because S707P showed LOH in one PNF sample. Fig. 5b show western blots of 

protein lysates from parental cells and cells expressing one allele ATM G2023R and two 

alleles S707P. Both changes decreased protein expression by about half. We also generated 

clones without ATM alterations after CRISPR/CAS9; in those clones, ATM protein 

expression level was equal to that of parental cells (not shown).

shAtm promotes Schwann cell precursor self-renewal and neurofibroma formation

To directly test if decreased ATM function affects SC tumorigenesis, we used embryonic 

Schwann cell precursor cells (SCPs), a cell-of-origin for PNF51. SCPs grow as self-renewing 

spheres that can be passaged in vitro, and form small neurofibromas on transplantation [29, 

70]. Two shRNAs (shAtm-43 and shAtm-47) showed similar decreases of Atm in extent of 

mRNA reduction (Fig. 5c); the average percent of reduction over 4 experiments was 49% vs. 

55%. Reduction in protein was also observed. Genetically reducing Atm significantly 

increased the number of floating spheres formed by wild type and Nf1−/− SCPs (Fig. 5d, 

5e). Representative experiments are shown for one shRNA, but both gave similar results. 

Reduced ATM significantly increased SCP self-renewal, especially when SCP were deficient 

in Nf1 and with increasing numbers of passages, consistent with an increase in self-renewal 

(Fig. 5e). In contrast to these effects on SCPs, there was no effect of shAtm on proliferation 

of wild type or NF1 deficient immortalized human SC (Suppl. Fig. 8b and 8c), or mouse 

Schwann cells (eSC) (Suppl. Fig. 8d and 8e).

To test if reducing Atm in SCP increases tumorigenic potential, we injected SCPs 

subcutaneously into nude mice. Wild type SCP (with or without shAtm) did not form 

tumors. Half of the mice grafted with Nf1−/− SCP formed lesions, confirming previous 

results [70]. Consistent with increased tumor initiation, all mice grafted with Nf1−/−; shAtm 
SCP formed neurofibromas (Fig. 5f). Histology of the neurofibroma-like lesions formed by 

SCPs of both genotypes were similar; the benign lesions contained SOX10+ cells (SCPs and 

SCs) and S100+ SCs (Fig. 5g). Blood vessels and nerves infiltrated the lesions. Cell 

proliferation was low, with occasional Ki67 positive cells (Fig. 5g). Each lesion showed 

mast cell accumulation, a feature of neurofibromas; numbers of mast cells were similar 

between Nf1 null neurofibromas with shAtm or non-targeting controls (not shown). Thus, 

Yu et al. Page 12

Acta Neuropathol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reducing Atm in Nf1 mutant SCPs increases self-renewal in vitro and increases 

neurofibroma initiation in vivo.

Atm heterozygosity increases neurofibroma number

These shRNA experiments left open the possibility of off-target effects of shAtm, and the 

possibility that Atm was more than 50% reduced in the SCPs, a situation unlikely in ATM 
variants. To test if a 50% reduction in Atm increases neurofibroma formation in vivo we 

turned to a mouse model. In the DhhCre;Nf1fl/fl model all mice form paraspinal 

neurofibromas, which are visible on magnetic resonance imaging (MRI) in 4 month old mice 

[73]. We generated Atm+/−; DhhCre;Nf1fl/fl mice and aged them to 4 months of age (Fig. 

6a). At this early time point, Atm+/−; DhhCre;Nf1fl/fl mice showed increased tumor burden 

versus littermate controls (Fig. 6b). This could result from increased tumor number and/or 

tumor size. To discriminate these alternatives, we aged mice to 7 mo. and performed gross 

dissections, and histology of tumors. Consistent with shAtm increasing SCP self-renewal 

and tumor formation on grafting (Fig. 5), on dissecting mice at 7 months old we observed 

increased tumor number in Atm+/−; DhhCre;Nf1/fl/fl mice versus littermate controls 

(DhhCre;Nf1/fl/fl); tumor size only slightly changed (Fig6c, d, e). Although Atm+/−; 

DhhCre;Nf1/fl/fl sections showed increased numbers of mast cells per high powered field 

(Suppl. Fig 9b), there was no change in tumor grade between the groups; mitoses and atypia 

were absent, and cell proliferation (Ki67+ cells) was similar (Suppl. Fig 9a). The data are 

consistent with Atm heterozygosity modifying neurofibroma number.

DISCUSSION

NF1 is a monogenic disorder, and NF1 mutation alone accounts for NF1 disease. Modifier 

genes can affect disease expressivity. We conclude that plexiform neurofibroma initiation 

can be modified by germline variants in the DNA repair-related gene ATM. This conclusion 

is based on our identification of ATM germline variants in 8/30 (27%) of resected PNF from 

NF1 patients and on data in cell culture models and a genetically engineered mouse model 

system showing that reduced Atm increases neurofibroma initiation. There is also an 

increase in germline variants in other identified genes in these samples, all from patients 

with neurofibromas. Our results are in line with studies of other tumor predisposition 

cohorts, including large scale studies on families with predisposition to sarcoma, which 

show increased number of variants in specific genes [4, 10]. Whether ATM also plays a role 

in DNF initiation remains unclear; fewer (2/13; 15.4%) DNF showed ATM variants. Other 

recurrent germline variants, predicted to be deleterious/damaging, also occur in PNF and in 

DNF (e.g. COL14A1, CELSR2, CUBN, OBSCN and PKHD1L1) and require investigation 

for roles in NF1. Much larger cohorts will define the relative percentages of dermal and 

plexiform neurofibromas with ATM variants, and variants in other genes.

We inferred germline sequence by comparing genotypes of tumor FB and matched SC from 

each PNF. Identification of variants in the same genes - in addition to NF1- in our analysis 

of cells and in 2 other cohorts, for which blood was used as a control, supports our use of FB 

as a germline control. However, it remains formally possible that in some tumors these 

alterations are not germline, but occur in development prior to somatic NF1 loss in SCs. 
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During embryological development Schwann cells develop from neural crest cells, as do 

endoneurial fibroblasts [30]. Perineurial fibroblasts are not crest-derived [20]. Therefore, if 

somatic loss of function in NF1 occurred prior to divergence of perineurial and SC lineages 

during development, or if endoneurial FB were sufficiently abundant, we might have 

identified some FB with biallelic NF1 mutations. Our data are consistent with findings that 

SCs are the only cell type within a neurofibroma harboring a ‘second hit’ in the NF1 gene 

[33].

Separating neurofibroma FBs and SCs enabled the detection of germline and somatic NF1 
variants in PNF. In individual NF1 patients, somatic NF1 mutation in each DNF tumor 

results from an independent mutational event in Schwann cells [33, 64], and we show that 

this also occurs in PNF (e.g. the two PNFs from P5). Also, in some PNF, a second, rare, 

somatic NF1 mutant can be detected. A second heterozygous SC may undergo a somatic 

NF1 mutation in a neurofibroma-bearing peripheral nerve, or an adjacent fascicle contains 

Schwann cells with a different somatic mutation. Whether the low alternative reads ratio 

somatic variants are drivers or passengers in neurofibroma development, or sequencing 

artifacts, remains to be determined.

We detected low frequency somatic variants in a set of genes. Recurrent somatic changes 

were not reported in a previous study, because the authors only studied variants with >30% 

alternative reads ratio [42]. Interestingly, an HMCN1 somatic mutation was reported in 1 of 

7 DNFs from one NF1 patient [19]; our analysis detected HMCN1 variants predicted to be 

deleterious/damaging to protein in 3 of 9 PNFs, so analysis of additional tumors may 

identify recurrent alterations. The significance of these remains unclear.

We used changes in gene expression as an additional criterion to ensure that a gene flagged 

as variant is expressed in the cells/tissue of interest, as recommended [28]. CELSR2 
expression was down-regulated in dermal and PNF Schwann cells and tumors, and showed 

germline variants in PNF (47%) and DNF (23%), some of which were potentially 

deleterious/damaging. CELSR2 encodes a Ciliopathy gene implicated in Joubert syndrome, 

and plays roles in the planar cell polarity pathway [7].

OBSCN and PDKHL1 each showed germline alterations in PNF and DNF. PKHD1L1 is a 

poorly studied homolog of the autosomal recessive polycystic kidney disease gene, 

containing 78 exons and spanning 168-kb [26]. OBSCN haploinsufficiency predisposes to 

dilated cardiomyopathy [35], so alterations in one allele might be disease relevant. OBSCN 

contains a Rho-GEF domain and a kinase domain (Suppl. Fig. 4c); reduced levels of 

OBSCN decreased Rho-GTP signaling [44]. OBSCN encodes numerous cell type specific 

protein isoforms (50kd - 900kd) generated through alternative splicing. Variants in OBSCN 
have been reported in breast and colon cancers; intriguingly, reduced levels of OBSCN 

increased breast cancer cell viability after DNA damage [43]. OBSCN is also a very large 

gene with many variants reported in ExAC, so more work will be needed to prove functional 

effects in NF1 tumors.

Most germline variants we defined in NF1 patients in the DNA repair genes ATR and ATM 
were heterozygous, consistent with roles for their haploinsufficiency in predisposition to 
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cancer [40, 65]. Our studies in cell culture and in mouse models strongly support a role for 

Atm heterozygosity in modifying neurofibroma number in mice. Haploinsufficiency of ATM 
in a RAS-driven model of pancreatic cancer increased numbers of tumors and numbers of 

metastases [17]. Furthermore, we demonstrated that ATM variants correlate with increased 

numbers of γH2AX foci in human samples, similar to increased percentage of cells with 

γH2AX foci in precancerous epithelial cells [17]. The DNA comet assay supports the 

hypothesis that DNF SC (with increased Ras-GTP) from some individuals have reduced 

DNA damage repair capacity. We found that patients harboring ATM variants, but not those 

with WT ATM, also display low but increased levels of somatic mutations, demonstrated by 

increased levels of variants in SCs versus fibroblasts (Fig. 3d). While neurofibromas are 

characterized by a stable genome, ATM variants could result in rare downstream mutations, 

some of which could contribute to the development of neurofibroma growth or progression. 

It should be noted that a small increase in the level of somatic mutations associated with 

ATM variants could be in any gene or in other areas in the genome, and not necessarily lead 

to readily detectible recurrent mutations. Also, while ATM has canonical roles in repair of 

DNA double strand breaks (DSBs), it also has non-canonical roles in cell survival and 

genome stability, and as a Redox sensor that could contribute to its role in self-renewal [6, 

14].

Our identification of ATM missense variants in NF1 patients with plexiform neurofibroma is 

consistent with missense variants functioning as modifier variants. Of note, the ATM S49C 

variant is reported in the ExAC dataset in the control European population at 1.1%. This 

frequency would preclude this variant from consideration as a primary, highly penetrant, 

cause of a Mendelian condition, and this variant would be considered benign for the primary 

NF1 phenotype as reported in ClinVar. However, it is not necessary that a modifier is rare in 

the general population, because modifiers alter a primary gene’s impact. Thus, without NF1 
mutations, these modifier alleles might have a lesser effect.

While to date we have been unable to generate Atm missense mutants in primary cells to test 

the functional significance of identified variants on DNA repair, mRNA stability, or protein 

kinase activity in NF1 mutant cells, the increased mutational burden in ATM mutant human 

neurofibroma SC suggests that in SC with biallelic NF1 mutations and elevated RAS-GTP, 

effects of ATM variants are enhanced. Importantly, ATM expression was decreased in PNF 

and DNF compared to normal nerve in our previous microarray analysis and G2023R, 

identified in one patient (T5a/c) is an A-T patient mutation [9]. In immortalized mK4 cells, 

cells with the heterozygous missense G2023R allele and homozygous S707P alleles, each 

decreased protein expression. Potentially, other missense variants identified by sequencing 

may also decrease ATM expression, and so mimic the heterozygous loss of Nf1 in our 

murine study (Fig. 6). As new technologies enable missense mutant generation without 

requiring clonal selection, it will be of importance to study the properties of each identified 

variant to identify their effect in NF1.

Recent studies identified ATM and ATR as potential germline risk alleles for human 

sarcoma, including MPNST. The ATM and ATR kinases are activated by different types of 

DNA-damage and regulate DNA damage response. Their functions are largely not redundant 

[34], and ATM and ATR proteins can work together to co-regulate downstream processes 
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[8]. In our study, ATM -- but not ATR -- variants correlated with increased DNA variant 

burden in SC versus FB. Our finding of increased γH2AX foci in tumors harboring 

identified ATM variants supports a role for these variants in DNA repair, and P1 and P2, 

harboring germline sequence variants in ATM and ATR, respectively, showed mild genome-

wide genomic CNA (Fig. 1d). Also, Nf1;p53 mice develop MPNST that show a weak 

mutator phenotype [23]. However, we cannot exclude the possibility that some ATM variants 

are silent polymorphisms or have effects outside DNA repair functions. In addition to 

modifying NF1 initiation, reduced levels of ATM might facilitate loss of the previously 

normal NF1 allele in neurofibroma, or facilitate progression to malignancy, possibilities we 

have not yet tested. Consistent with Atm heterozygosity modifying neurofibroma number, 

our in vivo experiments show that Atm loss increases neurofibroma number without 

changing tumor size or grade. Future studies will be needed to assess whether at later time 

points Atm increases transformation to malignancy.

In conclusion, we identified predicted deleterious/damaging damgermline variants in 21 

genes, in addition to the known driver mutation NF1, in neurofibroma cells. None of these 

have previously been evaluated in NF1 tumorigenesis. Genes, including ATM, showing 

germline variants in neurofibroma are potential modifiers of tumor formation and/or 

transformation to malignancy, and sets of variants occurring in different neurofibromas may 

contribute to clinical variability.
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Figure 1. Workflow for variant calling.
(a) Patient samples were separated into Schwann cells (SC) and fibroblasts (FB) by acute 

cell sorting or differential primary cell culture. (b) SNP and INDEL variant calling used 5 

different methods and downstream analyses. MAF=minor allele frequency. (c) Genotype 

similarity among 9 matched cell samples. (d) Copy-number patterns in chromosome 9; P3-

P7 show normal allele ratios. P1 and P8 showed frequent small regions of altered allele 

rations. Only P2 showed a CDKN2A deletion typical of atypical neurofibroma,a whole-gene 

deletion of CDKN2A, present in a fraction of SC (logRatio = −9.94 at chr9:21968184–

21968284, logRatio = −5.12 at chr9:21970900–21971207, logRatio = -inf at 
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chr9:21974475–21974826, logRatio = -inf at chr9:21994137–21994453) and a partial 

deletion of CDNK2B (logRatio = −4.21 at chr9:22005985–22006246, logRatio= −1.45 at 

chr9:2200871522008952).
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Figure 2. Genes harboring germline variants.
(a) A list of non-synonymous rare (MAF < 0.01) germline variants. (b) Genes with 

significant burdens (p < 1E-5) predicted by burden tests using non-common (allele 

frequency < 0.05) non-synonymous variants found in protein coding regions, against 

ExAC’s ad mixed American (AMR) sub-population. The level of artifact inflation/deflation 

were measured using the λΔ95 metric implemented in TRAPD. We detected the small levels 

of inflation (i.e. above the expected λΔ95 > 1.00) and could not eliminate entire artifacts 

probably due to the small case sample size and incomplete ancestry information. (c) The 
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percent of PNF (average of cell data set from Figure 1 and Pemov et al. data) and DNF 

containing variants in each designated gene are shown. (d) Heatmap of RNA expression of 

those genes with rare germline variants in tumor SC vs. normal SC and/or tumor tissue vs. 

nerve. (e) STRING analysis showing the predicted interactions (confidence level >= 0.15, 

Maximum interaction number of the first shell <= 5) of the candidate genes, and identifies 

DNA damage and repair as a candidate pathway. Nodes shown in color are genes with 

variants identified in PNF tumors. The dark-gray nodes are genes are cross-link genes. (f) A 

Venny diagram showing the candidate gene filtering strategy.
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Figure 3. Germline ATM variants and related DNA damage in neurofibroma cells.
(a) Lollipop plots show ATM germline variants and their predicted functional effect on 

protein structure in all analyzed PNF and DNF. (b) Sanger sequencing confirmation of an 

ATM germline variant. (c) ATM mRNA is reduced in neurofibroma. Expression is shown as 

Log2 expression change, normalized to the average expression level of ATM in controls 

(normal human nerve). (d) Variants are increased in SC versus FB in neurofibromas from 

patients with ATM variants. The change in number of total somatic (including synonymous 

and nonsynonymous) variants between SC and FB per PNF tumor (ATM wildtype or ATM 
variant) are indicated (un-paired t-test). (e) Fluorescent detection of γH2AX foci in 

neurofibroma sections with ATM wildtype (ATM WT) or ATM variant (ATM MU). Blue: 

DAPI (nuclei); Green: γH2AX foci. (f) Analysis of γH2AX foci in nuclei of neurofibroma 

tissue sections with ATM WT or ATM variant. The percent of nuclei with 0, 1–5, or >5 

γH2AX foci within a nucleus was calculated. (2Way ANOVA, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001.)
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Fig 4. Variable DNA damage repair in neurofibroma cells from patients with unknown ATM 
status.
(a) Analysis of γH2AX foci in nuclei of peripheral nerve and neurofibroma tissue sections. 

The percent of nuclei with 0, 1–5, or >5 γH2AX foci within a nucleus was calculated. (b) 
53BP1 foci in Schwann cells cultured from DNFs. The percent of nuclei with 0–3, 4–7 or >7 

53BP1 foci was counted 1 recovery after exposure to 0.1uM Doxorubicin (2-way ANOVA). 

(c) Comet assay. Time course shows the percent of nuclei with DNA comet tail moment >50 

in each of 4 individual DNF samples exposed to 1uM doxorubicin. Repair was delayed in 2 
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of the samples. Images of DNA comet with DNA damage repaired (upper right) and 

unrepaired (lower right).
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Fig 5. Atm missense variants effect on protein expression and ATM effects on SCP self-renewal 
and tumorigenesis.
(a) Sanger sequencing identified a heterozygous Atm G2023R variant and a homozygous 

S707P variant in colonies of mK4 cells. (b) Western blot indicated that heterozygous Atm 
G2023R allele and homozygous Atm S707P change reduce of protein expression (relative 

ATM protein quantification by ImageJ). (c)Atm mRNA and protein are reduced in E12.5 

mouse SCP treated with shAtm versus non-targeting (NT) control. (d) Photomicrographs of 

SCP spheres formed by wild type or Nf1−/− SCP with non-targeting control or shAtm, 4 

days after plating at passage 5. (e) shAtm increases self-renewal of SCP spheres (2-way 

ANOVA, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (f) shAtm increases SCP tumor 

number. A Fisher Exact test was performed. (g) Left, gross image of a xenograft tumor 

under the skin of a mouse grafted with Nf1−/−; shATM SCPs. The ruler shows 1 mm 

markings. Right, histological analysis of paraffin sections. The inset shows a higher 

magnification image of a de-granulated metachromatic (purple) mast cell in a toluidine 

(Tol.) blue stained section.
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Fig 6. Atm heterozygosity increases neurofibroma number.
(a) Schematic of generation of neurofibroma mice breeding with or without Atm 
heterozygosity. (b) Volumetric measurements of MRI scans of mice at 4 months of age. (n=6 

Nf1 fl/fl; DhhCre, n=6 Atm+/−; Nf1 fl/fl; DhhCre). Tumor volume was increased in Atm+/
−; Nf1 fl/fl; DhhCre mice. Un-paired t-test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

(c) Representative images of gross dissections of spinal cords attached to peripheral nerves 

and tumors from mice at 7 months of age. (d, e) Statistical analysis (n=8 mice, Nf1 fl/fl; 
DhhCre, n=11 mice, Atm+/−; Nf1 fl/fl; DhhCre, at 7 months of age. (d) Tumor number/

mouse, unpaired t-test. (e)Tumor diameter: Nf1 fl/fl; DhhCre mouse total of 30 tumors and 

Atm+/−; Nf1 fl/fl; DhhCre total of 102 tumors, unpaired t-test.
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