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Abstract: Neurofibromatosis type1 (NF1) is an autosomal dominant disorder caused by mutations
in the NF1gene. Although congenital pseudarthrosis of the tibia (CPT) has frequently been
associated with NF1, the underlying molecular mechanism of CPT in these NF1 patients is yet
ill-understood. The aim of the present study was to detect NF1 mutations from genomic DNA and
to harbor variants associated with CPT in NF1 patients. Whole-exome sequencing was first carried
out with samples from two patients with CPT in one NF1 family, and a novel mutation c.2324A>G
(p.E775G) in NF1 gene was identified. Additionally, a missense variant c.455C>T (p.P152L) in BCOR
gene completely co-segregated with the CPT phenotype within this family. Subsequently, NF1 and
NF2 genes in four other unrelated patients with both NF1 and CPT were screened using targeted
sequencing. Four mutations in NF1 gene, including two known mutations (c.2288T>C/p.L763P, c.574
C>T/p.R192*) and two novel mutations (c.768delT/p.F256Lfs*25, c.2229_2230delTG/ p.V744Qfs*23)
were detected. Further study confirmed that CPT was present in NF1 families, and NF1 mutations
were closely associated with these complex phenotypes. Moreover, the data from the current study
indicated that male gender might be a susceptibility factor for CPT in NF1. Therefore, we
speculated that BCOR variants might be related to CPT phenotype among male NF1 patients.
Keywords: neurofibromatosis type 1; congenital pseudarthrosis of the tibia; whole-exome
sequencing; targeted sequencing; BCOR

Introduction
Neurofibromatosis type 1 (NF1; OMIM#162200) is one of the most common autosomal dominant
genetic disorder affecting multiple organ systems, occurring with a worldwide incidence of 1 in
2,500 to 3,000 individuals [1, 2]. It is caused by mutations in the NF1 gene located at chromosome
17q11.2, which encodes for the protein neurofibromin and is involved in the regulation of the
RAS/mitogen-activated protein kinases (MAPK) pathway. A clinical diagnosis of NF1 is typically
based on distinctive phenotypic features, such as café-au-lait spots, axillary freckling, optic gliomas,
neurofibromas, Lisch nodules, and bone lesions. Bone lesions in NF1 patients include scoliosis,
sphenoid wing dysplasia, and long-bone dysplasia. Long-bone dysplasia is almost always unilateral
and presents as anterolateral bowing that may progress to fracture and nonunion (i.e.,
pseudarthrosis). The long bone dysplasia typically involves the tibia; however, not all individuals
with tibial dysplasia progress to pseudarthrosis. Approximately 3-4% patients with NF1 presented
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clinical and pathological evidence of tibial pseudarthrosis [3].
Congenital pseudarthrosis of the tibia (CPT) is an extremely rare disease with an estimated
frequency of 1/140,000 births [4]. The molecular causes of CPT are yet unknown. As one of the long
bone dysplasia, it is characterized by anterolateral bowing of tibia and recurrent pathological
fractures of the tibia or fibula during early childhood. Consecutive bone healing is usually
insufficient, resulting in the development of pseudarthrosis with fibrous tissue. This fibrous tissue
in the region of pseudarthrosis is also known as fibrous hamartoma [5], in continuity with abnormal
periosteal thickening observed in histological studies [6]. A majority of the cells of this hamartoma
have been identified as fibroblasts [7]. A certain amount of fibrocartilage and hyaline cartilage [8] is
also associated with the fibrous tissue, as well as, several areas of endochondral ossification. The
composition of the pseudarthrotic tissue does not vary significantly, irrespective of its association
with NF1 [9]. Moreover, it has been reported that a large proportion of CPT patients were afflicted
by NF1 (84.0%, CI95=69.6-98.4%) [10], which has been higher in ratio than CPT patients without
NF1.
CPT has long been associated with NF1 through the overlapping of clinical phenotypes and
pathological characteristics, which indicates similar underlying genetic causes. The double
inactivation of the NF1 gene is postulated as essential for the development of CPT [11]. Moreover, a
wide clinical variability of CPT in the same NF1 family occurs, suggesting the possibility of
additional genetic causes and/or modifiers. A variant in the PTPN11 gene (c.1658C>T/ p.T553M,
rs148176616), also involved in the RAS signal transduction pathway, was identified in a patient with
NF1 and CPT, along with one NF1 mutation [12]. Although the above studies have considerably
advanced our understanding of the pathogenic mechanisms of patients with CPT and NF1, the
genetic architecture of these complex phenotypes has not yet been completely clarified. In the
present study, we first detected NF1 mutations in six Chinese Han patients with NF1 and CPT to
determine whether each patient has NF1 mutations and whether these mutations play a role in the
complex phenotypes. Furthermore, we explore whether variants in the other genes, as additional
genetic causes, might be responsible for CPT in these NF1 patients.
Results
We studied six male patients with NF1 and CPT from five unrelated families. Two patients
(A2-II:1 and A3-II:2) were sporadic cases whose first-degree relatives neither presented NF1 nor
CPT, whereas the others inherited NF1 from one of their parents. In these families (A1, A4, A5), the
genetic transmission of NF1 appeared most consistent with autosomal dominant inheritance. The
clinical features of all the patients were listed in Table 1. The NF1-associated dermic phenotype was
age-dependent. Anterolateral bowing of the tibia was unilateral and presented at birth; however,
the onset age of tibial fracture ranged from shortly after birth to 20 years (Table 1).
Analysis of the sequencing data revealed high coverage and read depths in six patients (Table 2).
The initial variants were filtered out using public databases in combination with segregation
analysis. We performed exome sequencing analysis in two affected individuals (A1-II:1, III:1) with
CPT in the same NF1 family. A heterozygous variant (c.2324A>G/ p.E775G) in NF1 gene was
identified in the pedigree, which was completely co-segregated with the disease phenotype of NF1
in the family (Figure 1A). The variant was absent in the five hundred unaffected healthy controls as
assessed by Sanger sequencing. The amino acid residue (p.E775) is highly conserved in
neurofibromin proteins of other species (Figure 1B). Moreover, the amino acid with a negative
charge (Glu) was transformed to an uncharged amino acid (Gly), which may affect the protein
structure. This mutation is a novel pathogenic mutation at genomic position chr17:29554308
(GRCh37/hg19 reference); we did not detect any NF2 rare variants. Also, any variants, except for the
above described in NF1, were not identified in the fifteen other genes involved in the RAS/MAPK
pathway. However, a missense variant (c.455C>T/p.P152L) in BCOR gene (chrX:39934144) was
consistent with the CPT phenotype after co-segregation (Figure 1A). Two patients (A1-II:1, III:1)
2
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with CPT and NF1 carried the maternal allele, indicating that they were hemizygous for the variant.
Although the mother (A1-I:2) of the patient (A1-II:1) was a heterozygote carrier of the variant, she
was normal. On the other hand, the mother (A1-II:3) of the patient (III:1) had been diagnosed as
NF1 before death; however, she did not present any clinical fractures of CPT. It was considered that
she (II:3) might have the same BCOR variant and transmit it from her mother to her son, although
her sample was unavailable. The variant in BCOR gene was not observed in the other available
family members (Figure 1A). Additionally, this variant was not found in the ESP6500 and the 1000
Genomes Project while it was found in the Single Nucleotide Polymorphism Database (rs375342424).
The allele frequency of this variant was 9.132×10-5 in the ExAC database. Moreover, the missense
substitution was also not detected in the five hundred unaffected control individuals, indicating the
rarity of the variation in the demographic population. Pro152 was found at a highly conserved
position, suggesting a critical role for this residue. (Figure1C). The rare variant was predicted to be
possibly damaging by SIFT and PolyPhen2.
Subsequently, we screened for NF1 and NF2 genes in four other unrelated patients with NF1 and
CPT by targeted sequencing. Although no variants in the NF2 gene were detected, four
heterozygous variants in the NF1 gene were identified. Two of these (c.2288T>C/p.L763P, c.574
C>T/p.R192*) were previously reported mutations [13-15], and the others (c.768delT/p. F256Lfs*25,
c.2229_2230delTG/p.V744Qfs*23) were novel (Figure 1A). These variants were predicted as
damaging by SIFT, or formed premature stop codons (PTCs) in one allele of the NF1 gene. These
variants are also highly conserved in the protein neurofibromin in the other species (Figure 1B). The
clinical characteristics and mutations of these patients detected in the NF1gene were summarized in
Table 1. We amplified the coding region of the BCOR and PTPN11 genes using Sanger sequencing.
However, no rare variants were detected in these four unrelated patients with NF1 and CPT.

Discussion
In the six Chinese patients with NF1 and CPT, we identified two missense, one nonsense, and
two deletion mutations in the NF1 gene. These mutations detected using high throughput
sequencing method and validated by Sanger sequencing were rarely found in large sequencing
databases of controls. Two of them were “de novo” mutations, and the others originated from their
parents. Similar to previous studies [8, 11, 12, 16], our results further confirmed that CPT always
existed in the NF1 families and each patient with both NF1 and CPT was found harboring
mutations in the NF1 gene, suggesting these mutations were closely associated with the complex
phenotypes. In addition, the age of patients sustaining tibial fracture was found to be distinctly
different. Age at tibial fracture ranged from 0.8 to 2 years in the patients with truncated mutations
while that of tibial fracture ranged from 8 to 20 years in those with missense mutations. Patients
with truncated mutations had earlier CPT onset than those with missense mutations, suggesting a
correlation between the types of mutation in the NF1 gene and the age of CPT onset.
The marked variability in clinical phenotypes was observed among affected individuals from the
same NF1 family [17], which was also observed in this study. Not all individuals with NF1 have
CPT. All the patients with NF1 and CPT in our study were male. Thus, a male predominance was
observed among these patients with complex phenotypes. Stevenson also described the
phenomenon and postulated that male gender may be a susceptibility factor for CPT in NF1,
through a descriptive analysis of CPT in a large cohort of NF1 patients [18].
Although the molecular pathogenesis of NF1-related tibial pseudarthrosis was poorly understood,
it may partially be explained by genetic modifiers [12]. In the current study, we found a rare
missense variant (c.455C>T/p.P152L) in the BCOR gene completely co-segregated with the CPT
phenotype in the family A1. It was rarely found in large sequencing databases of controls and was
predicted on being possibly damaging, suggesting that it might be of unknown significance in the
Chinese pedigree. BCOR gene is localized on chromosome Xp11.4 and encodes the ubiquitously
3

Preprints (www.preprints.org)

| NOT PEER-REVIEWED

| Posted: 7 September 2016

doi:10.20944/preprints201609.0024.v1

expressed BCL-6 corepressor [19]. It may specifically inhibit the gene expression when recruited to
promoter regions by sequence-specific DNA-binding proteins such as BCL6 and MLLT3. This
repression may be mediated at least partially by class I and II histone deacetylases [20].
Furthermore, BCL-6 corepressor, involved in repression of TFAP2A, acts as a negative regulator of
osteo-dentinogenic capacity in adult stem cells [21]. FBXL11 histone demethylase function was
activated by associating with BCL-6 corepressor, and FBXL11 regulated osteo-dentinogenic
differentiation in MSCs [22]. BCL-6 corepressor may also participate in osteo-dentinogenic
differentiation. Moreover, most mutations in the BCOR gene were known to cause Lenz
microphthalmia and oculofaciocardiodental syndromes (OFCD, OMIM 300166) [23]. Interestingly,
these two syndromes are inherited in an X-linked pattern and comprise skeletal anomalies.
Compared with these two syndromes, our patients with the BCOR variants were male with skeletal
manifestations. We speculated that the probability of developing CPT might be high among these
male NF1 patients with BCOR variants. However, tissues from the tibial pseudarthrosis region were
not collected from the two individuals with the variant. Moreover, the number of these cases in the
present study was small for a clear genetic evidence to support this speculation.
Experimental Section
Patients and DNA extraction
A cohort of six male Chinese patients (mainland China) with NF1 and CPT was recruited from
the orthopedics clinic of the Xiangya Hospital, Central South University, from June 2013 to June
2015. Two of these patients belonged to the same NF1 family (A1-II:1, III:1), remarkably. Each
patient met standard neurofibromatosis I diagnostic criteria created by the National Institute of
Health (NIH) [24]. These patients were diagnosed with CPT independently by clinical and
radiological signs of dislocation by at least two well-experienced orthopedists. CPT phenotype was
showed on these radiographs of five probands (Figure 2). In total, five hundred healthy Chinese
individuals were recruited from the Xiangya Wellness Center as a control group. The study was
approved by the Ethics Committee of the Xiangya Hospital of the Central South University in China
(equivalent to an Institutional Review Board) and carried out in accordance with the approved
guidelines. A written informed consent was obtained from patients or parents of sick children.
Genomic DNA was extracted from peripheral blood leukocytes by standard extraction methods.
Whole exome sequencing and variant discovery
The SeqCap EZ Human Exome Library was used to enrich exonic DNA from two individuals
with CPT and NF1 in the same pedigree (A1). Subsequent sequencing using HiSeq2000 (Illumina,
San Diego, CA, USA) was performed to generate paired-end reads (90 bp at each end). The
sequenced reads were aligned to the human genome reference (UCSC hg19) using
Burrows-Wheeler Alignment (BWA) software [25]. Duplicate read removal, format conversion, and
indexing were performed with Picard. The Genome Analysis Tool was used to recalibrate the base
quality scores, perform local realignments around potential indels, and to call and filter the variants
[26, 27]. Subsequently, genetic variations were annotated using ANNOVAR package. The candidate
variants were shared with two patients. We focused only on variants located in the splice sites or
coding sequences. We also filter out the synonymous substitutions. The common variants
(frequency>1%) were excluded by comparing the identified variants with those in the dbSNP
(http://www.ncbi.nlm.nih.gov/projects/ SNP/), the NHLBI Exome Sequencing Project 6500
(ESP6500), and the 1000 Genome Project (http://www.1000genomes.org). The potential
disease-causing variants were evaluated by reference tools such as SIFT predictions
(http://sift.jcvi.org/) or association with an appropriate clinical syndrome. After the above filtering
pipeline, rare variants shared among two patients were initially investigated including NF1 and
NF2 genes. Subsequently, fifteen other genes involved in the RAS/MAPK pathway (SPRED1,
RASA1, RAF1, HRAS, BRAF, KRAS, MEK1/MAP2K1, MEK2/MAP2K2, PTPN11, SOS1, PTEN, KIT,
MAPK1/ERK2, SPRED2, and TP53) were also studied. Finally, variant investigation was expanded
4
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to the genes responsible for inherited disorders characterized by skeletal features (SLC26A2, COMP,
COL9A1, FGFR1, FGFR2, FGFR3, COL1A1, COL1A2, CRTAP, SLC35D1, ARSE, EBP, TCOF1, CLCN7,
and BCOR) and genes associated with metabolism, development of bone, and proliferation and
differentiation of mesenchymal stem cells (MSCs). The variant counts at each stage of filtering are
summed in supplementary figure1.
Targeted sequencing and Sanger sequencing
A custom capture array (Roche Nimble Gen, Madison, WI, USA) was designed to capture two
genes (NF1and NF2) known to be associated with neurofibromatosis. We examined genomic DNA
samples from four clinically affected subjects with NF1 and CPT by targeted sequencing. To verify
the detected NF1/ NF2 variants and candidate variants in these probands, we used Sanger
sequencing to screen family members and five hundred individuals as a healthy control. Primer 5.0
was used to generate primers for the amplification of the target gene sites and related flanking
sequences (NF1; RefSeq NM_001042492). We also amplified the coding region of BCOR
(RefSeqNM_001123385) and PTPN11 (RefSeqNM_002834), including the flanking intronic
sequences. Primer sequences were seen in supplementary table1-3.
Genomic DNAs were amplified by polymerase chain reaction (PCR) using Roche Fast Start PCR
Master Mix polymerase (Roche Diagnostics Corp, USA). Sequencing reactions were performed by
mixing previous PCR products and primers with ABI BigDye dye terminator cycle sequencing kits
(Applied Biosystems, Foster City, CA, USA) in an ABI3730XL DNA analyzer (Applied Biosystems).
Further analysis was performed using Chromas software 2.22 (Technelysium Pty Ltd, Brisbane,
Australia).
Conclusion
Taken together, we identified five NF1 mutations in patients with NF1 and CPT from mainland
China and speculated that BCOR variants might be related to CPT phenotype among NF1 patients.

5
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Fig.1.Pedigrees with Neurofibromatosis 1 (NF1)-Congenital pseudarthrosis of the tibia (CPT)
and putative pathogenic mutations
(A) Each proband is indicated by an arrow. The diagonal line indicates a deceased family member.
The family members enrolled in this study are marked with asterisks. Segregation of mutations
6
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with Sanger sequencing is represented by arrows. (B) Some conservation of the protein residues is
targeted by the mutation identified in NF1 patients. (C) Protein sequence alignment of BCOR
orthologs shows the region surrounding the mutated P152L.

Fig.2. Radiographs of five probands showing Congenital pseudarthrosis of the tibia (CPT), just
before surgical intervention.
(A) Lateral radiograph of right leg (the patient A1-III:1) ; (B) Anteroposterior radiograph of left leg
(the patient A2-II:1); (C) Lateral radiograph of left leg (the patient A3-II:2); (D) Lateral radiograph of
left leg (the patient A4-II:1); (E) Lateral radiograph of right leg (the patient A5-II:1)

7

Preprints (www.preprints.org)

| NOT PEER-REVIEWED

| Posted: 7 September 2016

doi:10.20944/preprints201609.0024.v1

Table 1. Clinical features of each CPT patient with NF1 and summary of mutations detected in the NF1 Gene
Patient

Age
(y)

Age at
tibial
fracture

Gender

Symptoms
and signs

Inherited

Exon

Nucleotide
variation

Amino acid
mutation

pattern

Type/effect

Comment

(y)
A1-II:1

54

20

male

CALs/DNf/C
PT

AD

19

c.2324A>G

p.E775G

Missense

novel

A1-III:1

26

18

male

CALs/CPT

AD

19

c.2324A>G

p.E775G

Missense

novel

A2-II:1

13

8

male

CALs/CPT

sporadic

19

c.2288T>C

p.L763P

Missense

known [13,14]

A3-II:2

20

2

male

CALs/CPT

sporadic

8

c.768delT

p. F256Lfs*25

Deletion/

novel

Frameshift
A4-II:1

2

1.5

male

CALs/CPT

AD

5

c.574 C>T

p.R192*

Nonsense/

known [13,15]

Truncating
A5-II:1

1.8

0.8

male

CALs/CPT

AD

c.2229_2230del
TG

18

p.V744Qfs*23

Deletion/
Frameshift

CALs: Cafè-au-Lait Spots, DNf: Dermal Neurofibromas, CPT: congenital pseudarthrosis of the tibia, AD: autosomal dominant

8

Novel

Preprints (www.preprints.org)

| NOT PEER-REVIEWED

| Posted: 7 September 2016

doi:10.20944/preprints201609.0024.v1

Table 2. Overview of data generation
Patient

A1-II:1

A1-III:1

A2-II:1

A3-II:2

A4-II:1

A5-II:1

Whole exome

Whole exome

NF1, NF2

NF1, NF2

NF1, NF2

NF1, NF2

Raw reads

146079974

165561368

28663620

39678421

28694073

34674385

Reads mapped to targeted region

107280276

119981218

19459821

29768932

19438762

20984769

Coverage of targeted region (%)

99.6

99.6

100.00

100.00

100.00

99.59

Mean depth of targeted region

65.38

67.88

198.17

643.08

178.71

228.77

Depth of targeted region 4X (%)

98.6

98.5

100.00

100.00

100.00

99.56

Depth of targeted region 10X (%)

96.9

96.7

98.9

100.00

98.3

97.8

Depth of targeted region 30X (%)

92.1

92.0

96.11

99.94

95.41

91.27

Targeted region
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