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Abstract

The growth behaviors of cutaneous neurofibromas in patients with Neurofibromatosis type 1

are highly variable. The role of the germline NF1 mutation, somatic NF1 mutation and muta-

tions at modifying loci, are poorly understood. We performed whole exome sequencing of

three growing and three non-growing neurofibromas from a single individual to assess the

role of acquired somatic mutations in neurofibroma growth behavior. 1–11 mutations were

identified in each sample, including two deleterious NF1 mutations. No trends were present

between the types of somatic mutations identified and growth behavior. Mutations in the

HIPPO signaling pathway appeared to be overrepresented.

Introduction

Neurofibromatosis type 1 (NF1), is an autosomal dominant disorder that affects approximately

one in 3500 people[1]. The underlying cause is a heterozygous mutation in the Neurofibroma-

tosis type 1 gene (NF1). Cutaneous neurofibromas (CN) are one the most frequent manifesta-

tions and a key portion of the diagnostic criteria. NF1 has considerable variability in clinical

presentation among affected individuals, within families, and even within an individual

throughout life[2]. CN can vary from a few to thousands, develop throughout life at different

rates and may or may not continue to grow once they have appeared. The genomic underpin-

nings of CN growth and development are poorly understood.

Analysis of various types of tumors in NF1 patients, including CN, have demonstrated that

independent NF1 somatic mutations likely contribute to tumorigenesis in a “second hit”

model[3]. Second hit mutations in NF1, when identifiable, appear at a distinct locus from the

germline mutation, and from other somatic NF1 mutations in separate tumors within the

same individual, suggesting temporally distinct somatic events[4]. The type of mutation and
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genomic location, of both germline and somatic NF1 mutations, likely effect CN burden and

behavior. Limited genotype-phenotype correlations have been described related to the growth

behaviors of CN in NF1 for both the specific germline NF1 mutation and for acquired somatic

mutations[5]. Numerous investigations have demonstrated that phenotypic expression of NF1

is likely significantly affected by the genotype at other modifying loci outside NF1, although

the role of these mutations remains unclear[6]. For example, phenotypic similarity appears to

decrease with the degree of relationship between individuals[7]. Traditionally it was believed

that all CN harbored a somatic NF1 mutation. However, only about 60% of CNs have an iden-

tifiable NF1 somatic mutation suggesting distinct somatic events outside NF1 may be sufficient

for tumorigenesis[4]. Some studies have suggested a role for microsatellite instability in NF1,

although the specific effects on growth behaviors are unclear[7].

Whether the clinical phenotypic variability of CN growth patterns correlates with the germ-

line NF1 mutation type/location or the acquired somatic mutation type, location or timing,

remains unknown. This is further complicated by the fact that over 1000 different mutations

of the NF1 gene have been identified across the spectrum of substitutions, indels, splice site

alterations and gross chromosomal rearrangements, making the identification of causative

associations difficult.

The fact that multiple CNs occur in a given individual provides an ideal, internally con-

trolled, model for studying the isolated somatic events leading to CN formation and growth

patterns. In order to investigate this relationship, we performed whole exome sequencing

(WES) on six CN from a single patient and paired blood. Three of these tumors had demon-

strated clinically measurable growth in size (growing tumors), while the other three had not

changed in size during the same observation period (non-growing tumors).

Methods

This project was approved by the IRB of UCSF and was given an exempt status an exempt sta-

tus as all information was de-identified. Fresh-frozen tissue from surgically resected CNs and

matched blood were obtained from a thirty-seven year old patient under Institutional Review

Board approved protocols from University of California San Francisco. All tumor samples

were snap-frozen at the time of surgery and stored at -80 until the time of processing. Six

tumors from different body sites were selected for exome sequencing (3 growing, 3 non-grow-

ing) based on stringent quality assessment of normal and tumor DNA. Growing tumors dem-

onstrated clinically apparent growth by serial physical exam and measurement by the senior

author (MK) on 3–6 month serial exams, for greater than one year. Non-growing tumors were

similarly evaluated. Before analysis, the diagnosis of each specimen underwent central patho-

logical review and typical neurofibroma was confirmed. None of the tumors demonstrated

atypical histology or evidence of malignant peripheral nerve sheath tumor. Snap frozen tumor

tissue samples were analyzed by frozen section to assess neoplastic cellularity. Tumors were

macrodissected to enhance tumor tissue, as confirmed by serial frozen sections. DNA was

extracted using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according the manu-

facturers guidelines. Library preparation and whole exome sequencing was performed at Cen-

trillion Technologies (Palo Alto, CA) using Agilent SureSelect Human All Exon v5 (Santa

Clara, CA) on an Illumina HiSeq 2000 (San Diego, CA).

100bp paired-end reads were aligned against NCBI build 37 (hg19) of the human genome

with BWA-MEM[8]. Duplicate reads were marked, local indel realignment performed, and

base-quality scores recalibrated for each sample with the Picard suite (https://github.com/

broadinstitute/picard) and the Genome Analysis Toolkit (GATK)[9]. Novel point mutations

were identified using MuTect, while indels were identified using GATK Somatic Indel
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Detector, in tumor samples when compared against the normal[10]. Copy number segmenta-

tion was performed on log tumor/normal per-exon coverage ratios using CNVKit and the R

package ’DNAcopy’[11,12]. Visual inspection of mapped reads within the entire NF1 gene,

and all identified mutations, was performed in IGV[13].

Pathway and network analyses were performed with Ingenuity Pathway Analysis (Qiagen,

Redwood City, CA) by loading all high confidence mutations into the analysis platform with

non-modified settings.

Results

The mean depth of coverage across the seven samples was 40X-70X. Interrogation of the germ-

line sample was performed and revealed a missense mutation in NF1, f2741v. Copy number

analysis revealed no changes. Whole exome somatic mutation analysis identified 84 mutations

total (15–26 mutations per sample) (S1 Table). After visualization in IGV this was narrowed to

32 high confidence mutations (1–11 mutations per sample). The average number of mutations

per sample was five (Table 1). Two somatic mutations were found in NF1. Three mutations

were cataloged in COSMIC (http://cancer.sanger.ac.uk/cosmic): CD5, NF1 and SFN. Addition-

ally, a mutation in HLA-A was present in the COSMIC Cancer Gene Census (http://cancer.

sanger.ac.uk/census) as known to cause cancer. Canonical pathway overrepresentation analy-

sis revealed the HIPPO pathway as significantly overrepresented (p value, 2.48E-4), which

included the genes SFN, RASSF1 and DLG-4 (Fig 1). Biologic network overrepresentation anal-

ysis identified Nervous System Development and Function as the most significantly overrepre-

sented (p value 4.98E-4), which included the genes: DLG4, HFE, HLA-A, and NF1.

Discussion

Patients with NF1 characteristically develop CN. The number, age of occurrence, and the

growth rates of these tumors are highly variable among individuals and even within the same

individual. The NF1 gene encodes for the protein Neurofibromin. Neurofibromin is a negative

regulator of the Ras/mitogen-activated protein kinase (MAPK) pathway[5]. As such, NF1 is

considered a classic tumor suppressor gene and its mechanism in NF1 is felt to be consistent

with Knudson’s two-hit hypothesis in which a patient carries a mutated germline NF1 gene

copy and tumor development, including CN, then requires a second hit[14]. While the germ-

line mutations in NF1 are well cataloged, with >1000 mutations identified to date, there is a

paucity of information on the assumed acquired somatic mutations in CN[15]. This deficiency

is likely related to both the difficulty of detecting somatic mutations in CN due to cellular het-

erogeneity within the tumors and also the small number of CN analyzed. Most analyses of

somatic mutations in CN identify high confidence NF1 mutations in only about half of the

tumors[4,7].

While biallelic inactivation of NF1 in CN is traditionally felt to be necessary for tumor

development, somatic mutations affecting other tumor suppressor genes, (TP53, CDKN2A and

RB1) have been identified in NF1 associated tumors including CN, suggesting that modifying

loci may be sufficient for tumor growth in the absence of a second NF1 mutation, or that the

acquisition of a mutation at a modifying loci, in addition to a second NF1 hit, may be a one of

the factors affecting tumor growth behaviors[7]. Complicating this picture is the fact that the

genotype-phenotype correlation of the underlying germline mutations is poorly understood

and thus, make interpretation of all findings muddied. In order to control for this, we per-

formed WES of three growing and three non-growing CN from a single patient with NF1 to

investigate if similarities and/or differences in the types of somatic mutations between growing

and now-growing CN could be identified.

Exome Sequencing of Cutaneous Neurofibromas
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It has been hypothesized that certain germline NF1 mutations may predispose to particular

phenotypes. For example, germline splice site mutations in NF1 may increase the risk of tumor

development[16]. Similarly, full NF1 deletion is associated with early appearance and higher

burden of CN[17], while a 3-bp in-frame deletion of Exon 17 is associated with fewer CN[18].

Therefore, as a first step, we interrogated the germline to identify the germline NF1 muta-

tion in this individual. A single missense mutation, f2741v was identified. While this mutation

does not appear in COSMIC or cBioPortal (www.cbioportal.org), a frameshift insertion at the

same location has been reported. Copy number analysis did not reveal any copy number

variants.

Thirty-two high confidence somatic mutations were identified in the six samples. The only

recurrently mutated gene was NF1, which contained two deleterious mutations: a stop gain

(Growing 3) and an in frame deletion (Non-growing 1). Two other mutations in separate

samples were also cataloged in COSMIC: CD5 (Growing 1) and SFN (Non-growing 3). CD5

Table 1. Somatic Mutations in Growing and Non-growing Neurofibromas.

Samples

Growing 1 Growing 2 Growing 3 Non-Growing 1 Non-Growing 2 Non-Growing 3 Variant classification

RASSF1 x synonymous

TRAV9-1 x missense

SUDS3 x missense

KLHL20 x frameshift

CD5 x missense_variant

DLG4 x missense_variant

WIBG x missense_variant

UNC5CL x missense_variant

HFE x missense_variant

HECW1 x missense_variant

VPS36 x synonymous

COL22A1 x synonymous

UBASH3A x missense

CYFIP2 x missense

PTPRZ1 x sequence

RYR1 x synonymous

NF1 x stop gained

NF1 x disruptive inframe deletion

DCAF13 x missense

PSD2 x missense

SLC25A14 x synonymous, splice region

NIPBL x missense

ITIH1 x missense

INA x missense

PRTG x missense

TTC28 x missense

EIF4G1 x missense, splice region

ABCC3 x synonymous

SFN x synonymous

CYP17A1 x missense

NOA1 x missense

HLA-A x missense

doi:10.1371/journal.pone.0170348.t001
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encodes a transmembrane glycoprotein that belongs to the highly conserved scavenger-receptor

cysteine-rich superfamily. CD5 is felt to regulate antitumor immune response by potentiating

tumor-specific T-cell reactivity[19]. The mutation at CD5 is a missense mutation, Ser485Cys,

also reported in lung cancer (http://cancer.sanger.ac.uk/cosmic/mutation/overview?id=

689345). The SFN (Stratifin) gene encodes for the 14-3-3σ protein. The 14-3-3σ protein regu-

lates numerous cellular processes that are important in cancer biology, including apoptosis and

Fig 1. HIPPO Signaling Pathway. Components of HIPPO signaling pathway. Magenta circles represent genes/gene products mutated in NF1 tumors. 14-3-

3 protein is encoded by SFN gene.

doi:10.1371/journal.pone.0170348.g001
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cell-cycle checkpoints[20]. The mutation at SFN is a silent mutation, Cys96Cys, also reported in

biliary tract cancer (http://cancer.sanger.ac.uk/cosmic/mutation/overview?id=5511476).

In addition to the mutations present in COSMIC, the gene HLA-A (major histocompatibil-

ity complex; class I; A) is present in the COSMIC Cancer Gene Census, which is a catalog of

genes causally implicated in cancer. Loss of HLA class I antigens has been reported to be mecha-

nism by which tumor cells escape immune attack[21]. The HLA-A mutation is a missense

mutation, Lys292Glu. Four additional genes with mutations in our cohort have been reported

to play a role in tumorigenesis in the literature: TTC28, COL22A1, DLG4 and RASSF1. TTC28 is

a target of TP53 and is reported to inhibit tumor cell growth[22]. COL22A1 has been identified

as a recurrently mutated gene in lung cancer[23]. DLG4 has been suggested to function as a

tumor suppressor and is involved in the development of HPV related cancers[24]. RASSF1 is a

recognized tumor suppressor. RASSF1 promoter methylation is one of the most frequent alter-

ations found in human tumors[25]. Lastly a missense mutation in PRTG was of interest as it has

a known role in neurogenesis[26].

In order to investigate if any pathways were overrepresented in our gene sets we performed

a canonical pathway overrepresentation analyses using Ingenuity Pathway Analysis. Interest-

ingly, HIPPO signaling was identified as the single highly overrepresented pathway. The SFN,

RASSF1 and DLG-5 gene products exist with this signaling cascade. HIPPO signaling is known

to regulate cell cycle progression, apoptosis and cell differentiation[27]. Dysregulation of the

HIPPO pathway is felt to contribute to cancer development through tumor initiation and pro-

gression and has considerable cross-talk with the WNT, SMAD and NOTCH pathways[27–

29]. Dysregulation of the HIPPO signaling cascade has not previously been reported in NF1

and warrants further investigation.

One existing hypothesis regarding growth and arrest of CN is that NF1 mutation triggers

activation of Ras which then leads to oncogene induced senescence[30]. Additional mutations

are then necessary for escape from this senescence, arguing in favor of modifying genes as a

factor that could account for variable growth behaviors. This feedback cycle involves a number

of genes as reviewed by Courtois-cox et al[30]. No mutations were identified in these senes-

cence pathways. Further investigation of the transcriptome and epigenetic modifications of

growing and non-growing CN may help further investigate this hypothesis.

While our study generates a number of interesting hypotheses for further investigation, there

are a number of limitations. First, while our samples were separated into growing and non-

growing by serial physical exam by a single author, a more objective measurement of growth

was not obtained as the study was conducted in a retrospective fashion. The lack of an objective

measurement of growth could account for a portion of the difficult in identifying a unifying

theme among growing or non-growing CNs. Second, the fact that only 33% of the tumors had

identifiable mutations in NF1, despite good coverage at the NF1 locus, may reflect the known

difficulty in identifying somatic NF1 mutations due to cellular heterogeneity, or may reflect the

concept that mutations at modifying loci may be sufficient for CN growth and account for dif-

ferences in CN growth behavior. All samples appear to have a mutation in at least one gene that

could potentially be causative; however, whether these mutations are passenger or drivers is

unclear. There were no identifiable trends regarding the number of mutations or types of muta-

tions within or between growing and non-growing samples as hypothesized. Additional studies

with larger cohorts are needed to further investigate this question.

Conclusions

CN growth behavior in NF1 is poorly understood due to the multitude of variables potentially

effecting tumor development and growth. Here we performed WES on three growing and

Exome Sequencing of Cutaneous Neurofibromas

PLOS ONE | DOI:10.1371/journal.pone.0170348 January 18, 2017 6 / 9

http://cancer.sanger.ac.uk/cosmic/mutation/overview?id=5511476


three non-growing CN from a single individual to test the hypothesis that somatic mutations

in modifying loci could account for differences in growth behaviors between growing and

non-growing CN. We identified between 1–11 mutations per samples with deleterious NF1
mutations in two samples. While provocative mutations were identified in each of the samples

at potential modifying loci, no trends were identified between mutations and in growing and

non-growing samples. Mutations in genes in the HIPPO pathway appeared to be over-repre-

sented. Additional studies of the exome and transcriptome, as well as epigenetic modifications,

in larger cohorts of growing and non-growing CN, are needed.

Supporting Information

S1 Table. Somatic mutations. All identified somatic mutations. Highlighted samples are high

confidence.

(XLSB)

Author Contributions

Conceptualization: DLF MK TT JD.

Data curation: DLF SA JD.

Formal analysis: DLF SA.

Funding acquisition: MK.

Investigation: DLF.

Methodology: DLF MK TT JD SA.

Project administration: DLF.

Resources: TT SA DLF MK JD.

Software: SA.

Supervision: DLF.

Validation: DLF SA.

Visualization: DLF SA.

Writing – original draft: DLF.

Writing – review & editing: DLF SA MK JD TT.

References
1. Lammert M, Friedman JM, Kluwe L, Mautner VF. Prevalence of neurofibromatosis 1 in German children

at elementary school enrollment. Archives of dermatology. 2005; 141(1):71–4. doi: 10.1001/archderm.

141.1.71 PMID: 15655144

2. DeBella K, Szudek J, Friedman JM. Use of the national institutes of health criteria for diagnosis of

neurofibromatosis 1 in children. Pediatrics. 2000; 105(3 Pt 1):608–14.

3. Spurlock G, Griffiths S, Uff J, Upadhyaya M. Somatic alterations of the NF1 gene in an NF1 individual

with multiple benign tumours (internal and external) and malignant tumour types. Familial cancer. 2007;

6(4):463–71. doi: 10.1007/s10689-007-9149-5 PMID: 17551851

4. Emmerich D, Zemojtel T, Hecht J, Krawitz P, Spielmann M, Kuhnisch J, et al. Somatic neurofibromato-

sis type 1 (NF1) inactivation events in cutaneous neurofibromas of a single NF1 patient. European jour-

nal of human genetics: EJHG. 2015; 23(6):870–3. doi: 10.1038/ejhg.2014.210 PMID: 25293717

Exome Sequencing of Cutaneous Neurofibromas

PLOS ONE | DOI:10.1371/journal.pone.0170348 January 18, 2017 7 / 9

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170348.s001
http://dx.doi.org/10.1001/archderm.141.1.71
http://dx.doi.org/10.1001/archderm.141.1.71
http://www.ncbi.nlm.nih.gov/pubmed/15655144
http://dx.doi.org/10.1007/s10689-007-9149-5
http://www.ncbi.nlm.nih.gov/pubmed/17551851
http://dx.doi.org/10.1038/ejhg.2014.210
http://www.ncbi.nlm.nih.gov/pubmed/25293717


5. Laycock-van Spyk S, Thomas N, Cooper DN, Upadhyaya M. Neurofibromatosis type 1-associated

tumours: their somatic mutational spectrum and pathogenesis. Human genomics. 2011; 5(6):623–90.

doi: 10.1186/1479-7364-5-6-623 PMID: 22155606

6. Easton DF, Ponder MA, Huson SM, Ponder BA. An analysis of variation in expression of neurofibroma-

tosis (NF) type 1 (NF1): evidence for modifying genes. American journal of human genetics. 1993; 53

(2):305–13. PMID: 8328449

7. Thomas L, Kluwe L, Chuzhanova N, Mautner V, Upadhyaya M. Analysis of NF1 somatic mutations in

cutaneous neurofibromas from patients with high tumor burden. Neurogenetics. 2010; 11(4):391–400.

doi: 10.1007/s10048-010-0240-y PMID: 20358387

8. Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM.

arXiv:1303.3997v1 [q-bio.GN]. 2013.

9. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The Genome Analysis

Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data. Genome

research. 2010; 20(9):1297–303. doi: 10.1101/gr.107524.110 PMID: 20644199

10. Cibulskis K, Lawrence MS, Carter SL, Sivachenko A, Jaffe D, Sougnez C, et al. Sensitive detection of

somatic point mutations in impure and heterogeneous cancer samples. Nature biotechnology. 2013; 31

(3):213–9. doi: 10.1038/nbt.2514 PMID: 23396013

11. Olshen AB, Venkatraman ES, Lucito R, Wigler M. Circular binary segmentation for the analysis of

array-based DNA copy number data. Biostatistics (Oxford, England). 2004; 5(4):557–72.

12. Talevich E, Shain AH, Botton T, Bastian BC. CNVkit: Genome-Wide Copy Number Detection and Visu-

alization from Targeted DNA Sequencing. PLoS computational biology. 2016; 12(4):e1004873. doi: 10.

1371/journal.pcbi.1004873 PMID: 27100738

13. Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative geno-

mics viewer. Nature biotechnology. 2011; 29(1):24–6. doi: 10.1038/nbt.1754 PMID: 21221095

14. Cichowski K, Jacks T. NF1 tumor suppressor gene function: narrowing the GAP. Cell. 2001; 104

(4):593–604. PMID: 11239415

15. Thomas L, Spurlock G, Eudall C, Thomas NS, Mort M, Hamby SE, et al. Exploring the somatic NF1

mutational spectrum associated with NF1 cutaneous neurofibromas. European journal of human genet-

ics: EJHG. 2012; 20(4):411–9. doi: 10.1038/ejhg.2011.207 PMID: 22108604

16. Alkindy A, Chuzhanova N, Kini U, Cooper DN, Upadhyaya M. Genotype-phenotype associations in

neurofibromatosis type 1 (NF1): an increased risk of tumor complications in patients with NF1 splice-

site mutations? Human genomics. 2012; 6:12. doi: 10.1186/1479-7364-6-12 PMID: 23244495

17. Upadhyaya M, Ruggieri M, Maynard J, Osborn M, Hartog C, Mudd S, et al. Gross deletions of the neuro-

fibromatosis type 1 (NF1) gene are predominantly of maternal origin and commonly associated with a

learning disability, dysmorphic features and developmental delay. Human genetics. 1998; 102(5):591–

7. PMID: 9654211

18. Upadhyaya M, Huson SM, Davies M, Thomas N, Chuzhanova N, Giovannini S, et al. An absence of

cutaneous neurofibromas associated with a 3-bp inframe deletion in exon 17 of the NF1 gene (c.2970-

2972 delAAT): evidence of a clinically significant NF1 genotype-phenotype correlation. American jour-

nal of human genetics. 2007; 80(1):140–51. doi: 10.1086/510781 PMID: 17160901

19. Tabbekh M, Mokrani-Hammani M, Bismuth G, Mami-Chouaib F. T-cell modulatory properties of CD5

and its role in antitumor immune responses. Oncoimmunology. 2013; 2(1):e22841. doi: 10.4161/onci.

22841 PMID: 23483035

20. Hermeking H. The 14-3-3 cancer connection. Nature reviews Cancer. 2003; 3(12):931–43. doi: 10.

1038/nrc1230 PMID: 14737123

21. Kaneko K, Ishigami S, Kijima Y, Funasako Y, Hirata M, Okumura H, et al. Clinical implication of HLA

class I expression in breast cancer. BMC cancer. 2011; 11:454. doi: 10.1186/1471-2407-11-454 PMID:

22014037

22. Brady CA, Jiang D, Mello SS, Johnson TM, Jarvis LA, Kozak MM, et al. Distinct p53 transcriptional pro-

grams dictate acute DNA-damage responses and tumor suppression. Cell. 2011; 145(4):571–83. doi:

10.1016/j.cell.2011.03.035 PMID: 21565614

23. George J, Lim JS, Jang SJ, Cun Y, Ozretic L, Kong G, et al. Comprehensive genomic profiles of small

cell lung cancer. Nature. 2015; 524(7563):47–53. doi: 10.1038/nature14664 PMID: 26168399

24. Handa K, Yugawa T, Narisawa-Saito M, Ohno S, Fujita M, Kiyono T. E6AP-dependent degradation of

DLG4/PSD95 by high-risk human papillomavirus type 18 E6 protein. Journal of virology. 2007; 81

(3):1379–89. doi: 10.1128/JVI.01712-06 PMID: 17121805

25. van der Weyden L, Adams DJ. The Ras-association domain family (RASSF) members and their role in

human tumourigenesis. Biochimica et biophysica acta. 2007; 1776(1):58–85. doi: 10.1016/j.bbcan.

2007.06.003 PMID: 17692468

Exome Sequencing of Cutaneous Neurofibromas

PLOS ONE | DOI:10.1371/journal.pone.0170348 January 18, 2017 8 / 9

http://dx.doi.org/10.1186/1479-7364-5-6-623
http://www.ncbi.nlm.nih.gov/pubmed/22155606
http://www.ncbi.nlm.nih.gov/pubmed/8328449
http://dx.doi.org/10.1007/s10048-010-0240-y
http://www.ncbi.nlm.nih.gov/pubmed/20358387
http://dx.doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/pubmed/20644199
http://dx.doi.org/10.1038/nbt.2514
http://www.ncbi.nlm.nih.gov/pubmed/23396013
http://dx.doi.org/10.1371/journal.pcbi.1004873
http://dx.doi.org/10.1371/journal.pcbi.1004873
http://www.ncbi.nlm.nih.gov/pubmed/27100738
http://dx.doi.org/10.1038/nbt.1754
http://www.ncbi.nlm.nih.gov/pubmed/21221095
http://www.ncbi.nlm.nih.gov/pubmed/11239415
http://dx.doi.org/10.1038/ejhg.2011.207
http://www.ncbi.nlm.nih.gov/pubmed/22108604
http://dx.doi.org/10.1186/1479-7364-6-12
http://www.ncbi.nlm.nih.gov/pubmed/23244495
http://www.ncbi.nlm.nih.gov/pubmed/9654211
http://dx.doi.org/10.1086/510781
http://www.ncbi.nlm.nih.gov/pubmed/17160901
http://dx.doi.org/10.4161/onci.22841
http://dx.doi.org/10.4161/onci.22841
http://www.ncbi.nlm.nih.gov/pubmed/23483035
http://dx.doi.org/10.1038/nrc1230
http://dx.doi.org/10.1038/nrc1230
http://www.ncbi.nlm.nih.gov/pubmed/14737123
http://dx.doi.org/10.1186/1471-2407-11-454
http://www.ncbi.nlm.nih.gov/pubmed/22014037
http://dx.doi.org/10.1016/j.cell.2011.03.035
http://www.ncbi.nlm.nih.gov/pubmed/21565614
http://dx.doi.org/10.1038/nature14664
http://www.ncbi.nlm.nih.gov/pubmed/26168399
http://dx.doi.org/10.1128/JVI.01712-06
http://www.ncbi.nlm.nih.gov/pubmed/17121805
http://dx.doi.org/10.1016/j.bbcan.2007.06.003
http://dx.doi.org/10.1016/j.bbcan.2007.06.003
http://www.ncbi.nlm.nih.gov/pubmed/17692468


26. Wong YH, Lu AC, Wang YC, Cheng HC, Chang C, Chen PH, et al. Protogenin defines a transition stage

during embryonic neurogenesis and prevents precocious neuronal differentiation. The Journal of neuro-

science: the official journal of the Society for Neuroscience. 2010; 30(12):4428–39.

27. Mauviel A, Nallet-Staub F, Varelas X. Integrating developmental signals: a Hippo in the (path)way.

Oncogene. 2012; 31(14):1743–56. doi: 10.1038/onc.2011.363 PMID: 21874053

28. Plouffe SW, Hong AW, Guan KL. Disease implications of the Hippo/YAP pathway. Trends in molecular

medicine. 2015; 21(4):212–22. doi: 10.1016/j.molmed.2015.01.003 PMID: 25702974

29. Yeung B, Yu J, Yang X. Roles of the Hippo pathway in lung development and tumorigenesis. Interna-

tional journal of cancer Journal international du cancer. 2016; 138(3):533–9. doi: 10.1002/ijc.29457

PMID: 25644176

30. Courtois-Cox S, Genther Williams SM, Reczek EE, Johnson BW, McGillicuddy LT, Johannessen CM,

et al. A negative feedback signaling network underlies oncogene-induced senescence. Cancer cell.

2006; 10(6):459–72. doi: 10.1016/j.ccr.2006.10.003 PMID: 17157787

Exome Sequencing of Cutaneous Neurofibromas

PLOS ONE | DOI:10.1371/journal.pone.0170348 January 18, 2017 9 / 9

http://dx.doi.org/10.1038/onc.2011.363
http://www.ncbi.nlm.nih.gov/pubmed/21874053
http://dx.doi.org/10.1016/j.molmed.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25702974
http://dx.doi.org/10.1002/ijc.29457
http://www.ncbi.nlm.nih.gov/pubmed/25644176
http://dx.doi.org/10.1016/j.ccr.2006.10.003
http://www.ncbi.nlm.nih.gov/pubmed/17157787



