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Introduction

　Infantile myofibromatosis (IM) is a benign fibrous tumor 
of infancy and childhood that was first described by Stout in 
19541. IM is usually apparent at birth or develops shortly 
thereafter, occurring in about 90% of cases before 2 years of 
age2. It is classified into two categories: solitary and multicentric 
IM. A single lesion arises in the cutaneous or subcutaneous 
tissues in solitary IM. Soft tissues, including skeletal muscles 
and bones, are involved in multicentric IM, and visceral 
locations are involved in 26-35% of cases2,3. IM can be either 
sporadic or familial with autosomal dominant inheritance4,5. 
Many mutations in platelet-derived growth factor receptor 
beta (PDGFRB) have been reported recently in IM patients 
independently6-13. 
　We encountered a Japanese family with IM in which nine 

members were affected across four generations. Whole-
exome sequencing (WES) was performed on this pedigree, 
and a known causative mutation was identified in exon 12 of 
the gene for PDGFRB, c.1681C>T p.R561C. 

Materials and Methods

Subjects

　A Japanese family consisting of 37 members across 4 
generations included 9 patients with myofibromatosis (Figure 
1). The index case developed severe refractory multicentric 
IM and was treated with vinblastine and methotrexate 
according to a previous study14. III-1 had solitary IM as a 
congenital splenic tumor. The rest of the affected cases 
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developed recurrent solitary myofibroma. Unaffected members 
in the pedigree had no symptoms or signs of myofibromatosis 
or other tumors based on interviews. A total of 14 members 
participated in this study after providing their written 
informed consent (Figure 1). 
　All experimental procedures in this study have been 
approved by the Institutional Review Board for Ethical, 
Legal, and Social Issues of Nagasaki University.

DNA extraction and linkage analyses

　Blood samples were obtained from all of the participants. 
DNA extraction was performed by using QIAamp® DNA 
Mini Kit (Qiagen, Düsseldorf, Germany) according to the 
manufacturer s̓ protocol. Genotyping data for linkage analyses 
were obtained using the GeneChip Mapping 10K Xba Assay 
Kit (Affimetrix, Santa Clara, CA, USA). DNA (250 ng) was 
processed according to the standard protocol provided by 
the Affymetrix and the genotype was identified using the 
Affymetrix GeneChip Genotyping Analysis Software Program 
(GTYPE) 4.0. Genotype information was converted by in-
house Ruby scripts and analyzed by using the MERLIN 
Software Package version 1.1.2 (Instron, Norwood, MA, 
USA)16. As a dominant model used for the parametric 
linkage analysis, the disease allele frequency was 0.001 and 

the penetrances for 0-, 1-, and 2-copies were 0.0001, 1.0, and 
1.0, respectively.

WES analyses

　WES was performed on four members of the family in 
this study (marked with ̒ #ʼ on the pedigree chart), consisting 
of two affected (II-4, III-4) and two unaffected members 
(III-3, IV-1). Genomic DNA (3 µg) was subjected to exon 
enrichment using the SureSelect® Human All Exon V4 (Ag-
ilent, Santa Clara, CA, USA). The exon enrichment was 
performed according to the manufacturerʼs protocol except 
for the use of KAPA HiFi DNA polymerase. A SOLiD 5500xl 
system (Life Technologies, Carlsbad, CA, USA) was used 
for sequencing. Emulsion polymerase chain reaction (PCR) 
was performed with non-labeled Library PCR Primer 1 (5ʼ-
CCACTACGCCTCCGCTTTCCTCTCTATG-3ʼ) and biotin-
labeled Library PCR Primer 2 (5 -̓CTGCCCCGGGTTCCTCAT-
TCT-3ʼ) using KAPA HiFi DNA polymerase. The emulsion 
was broken with butanol, and P1-beads coated with clonally 
amplified DNA were enriched manually using Capture Beads 
and an enrichment column supplied by Life Technologies. 
The raw data was analyzed by using the Novoalign CSMPI 
software package [http://nobocraft.com/], the Picard tools 
[http://picard.sourceforge.net], the Genome Analysis Toolkit 
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Figure 1. Pedigree chart.
Asterisks and pound symbols indicate family members who underwent linkage analyses and whole-exome se-
quencing analyses, respectively. 

Table 1. 

II-4 III-3 III-4 IV-1
mean depth

coverage　　　5x
　　　　　　10x
　　　　　　15x

 37.66x
95.6%
87.5%
77.1%

 45.04x
97.1%
91.8%
84.8%

 24.24x
92.1%
78.5%
63.7%

 31.72x
94.7%
85.4%
74.1%
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(GATK) version 2.4 (Broad Institute of MIT and Harvard, 
Cambridge, MA, USA)15,16, and the ANNOVAR software 
package (University of Pennsylvania, PA, USA)17.

Results

Linkage analyses

　The mean SNP call rate was 98.98%, which was sufficient 
for further linkage mapping in 14 DNA samples. We therefore 
proceeded to calculate the LOD scores using these data. The 
linkage data using the MERLIN software program revealed 
3 loci to have LOD scores over 2.00: 5q23.1-31.2, 6p12.3-
p22.2 and 19q13.11-q13.13 (Figure 2). The physical positions 
of these loci in the GRCh37/hg19 reference genome were 
chr5: 1170282357-140298815, chr6: 24963255-46626353, and 
chr19: 34334857-38494504, respectively. The LOD score was 
not high enough to confirm conclusive linkage but was 
theoretically the highest as far as we used 14 samples in the 
family. 

WES analyses

　Nineteen variants, including 15 single nucleotide variants 
(SNVs) and 4 indels, were identified as candidate mutations 
for myofibromatosis. Five variants, including 4 SNVs and 
one indel, were included in the regions identified on the 
linkage analysis. Finally, two variants completely segregated 
with affection status in the family. Of the two, PDGFRB, 
c.1681C>T p.R561C in exon12 of PDGFRB (NM_002609) 
was deemed likely causative.

Discussion

　We identified the causative mutation and gene responsible 
for familial IM by a WES analysis and linkage analysis. The 
mutation in exon12 of PDGFRB (NM_002609), c.1681C>T 
p.R561C, was reported by two groups simultaneously in 
20136, 7 and another group in the following year8-13. Based on 
the fact that the same mutation was identified by independent 
groups, it is likely that the amino acid p.561R is important 

Figure 2.
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Figure 2. Linkage analysis plot.
Multipoint LOD scores calculated by MERLIN in three chromosomal regions (A: 5q23.1-31.2, B: 6p12.3-
p22.2 and C: 19q13.11-q13.13) are shown. 
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for regulating the kinase signal transduction from PDGFRB. 
All affected patients of this pedigree had a germline mutation 
in PDGFRB, but their myofibroma lesions were formed in 
various tissues at various ages. Incomplete penetrance has 
also been recognized in previously reported families with 
an autosomal dominant form of IM8, suggesting that the 
p.561R mutation alone is not sufficient to cause myofibroma 
and interaction with some other factors is necessary for 
tumorigenesis.
　PDGFRB mutations have been reported to have a causal 
influence on other clinical entities. Takenouchi et al. reported 
two cases of novel overgrowth syndrome that had a mutation 
in exon 12 of PDGFRB c.1751C>G or p.P584R. Pro584 
embedded in the zipper or linker peptide segment within the 
juxtamembrane domain of PDGFRB. One of the two patients 
also developed myofibroma18. Subsequently, they reported 
the identification of a mutation in PDGFRB, c.1696T>C 
p.Trp566Arg, in two unrelated patients with skeletal overgrowth, 
further confirming the existence of PDGFRB‐related overgrowth 
syndrome arising from mutations in the juxtamembrane domain 
of PDGFRB19. In addition, Nicolas et al. identified three 
causative genes of idiopathic basal ganglia calcification 
(IBGC): SLC20A2, PDGFRB, and PDGFB; the latter is a 
nonsense mutation in exon 4 of PDGFB, c.439C>T p.Q147X, 
and loss of function of PDGFB, the main ligand of PDGFRB, 
has been shown to cause brain calcification through a 
disruption of the blood-brain barrier integrity in mice20. 
Therefore, it is likely that the loss of signal transduction 
from PDGFB also leads to basal ganglia calcification in 
human21. A third example is Penttinen syndrome, a distinctive 
disorder characterized by a prematurely aged appearance 
with lipoatrophy, epidermal and dermal atrophy, thin hair, 
underdeveloped cheekbones, and marked acro-osteolysis21. 
Although only sporadic cases have been reported previously, 
three unrelated patients with Penttinen syndrome had the 
same de novo mutation of PDGFRB c.1994T>C p.V665A. 
The clinical findings in Penttinen syndrome do not overlap 
with those of IM, IBGC, and Takenouchi-Kosaki overgrowth 
syndrome. PDGFRB seems to have multiple functions that 
vary with tissues. 
　While the gain of function of PDGFRB greatly contributes 
to the development of IM9, the mechanism underlying 
tumorigenesis remains unknown. Linhares et al8 recently 
showed that not only two siblings with IM but also their 
unaffected mother had the same PDGFRB mutation, and that 
both of the affected children also had a mutation in the gene 
for receptor protein tyrosine phosphatase gamma (PTPRG), 
an enzyme dephosphorylating PDGFRB, from their unaffected 
father. Therefore, the additional PTPRG variation may explain 

the full phenotypic penetrance in the affected siblings. In 
addition to PDGFRB, mutations in NOTCH3 and PTPRG, both 
of which are involved in the PDGFR signaling pathway7,8,12,22, 
have been reported in autosomal dominant IM7,8. However, 
Arts et al.9 performed targeted sequencing in 16 cases of 
solitary myofibroma or multicentric myofibromatosis, and 
identified PDGFRB mutations in 6 out of 8 patients with 
multicentric myofibromatosis and one 1 of 8 patients with 
isolated myofibroma. One sporadic case of multicentric 
myofibromatosis had the same somatic mutation of PDGFRB 
c.1681C>T p.R561C as in our study, accounting for 47% of 
all alleles, and a second somatic mutation of c.1998C>A p.
N666K, accounting for 6% of the reads. Since a receptor with 
both p.R561C and p.N666K mutations was reported constitutively 
phosphorylated in vitro in transfection experiment9, it is 
hypothesized that p.N666K may represent a second hit 
necessary for achieving the full activation of PDGFRB in 
cells that have been primed by p.R561C. 
　Given these findings, we hypothesize that the excess 
phosphorylation of PDGFRB activates the PDGFRB signal 
pathway and contributes to tumorigenesis. The affected 
patients in the present study developed myofibroma in various 
organs at different times despite having the same mutation 
with PDGFRB. Therefore, there may exist some other variants 
in addition to the PDGFRB mutation responsible for such 
phenotypic heterogeneity. Although we found no other 
mutations in the PTPRG and NOTCH3 genes or additional 
mutations of PDGFRB in peripheral blood mononuclear cells, 
further experiments with tumor cells derived from those 
patients are required to reveal the mechanisms inducing 
tumorigenesis of PDGFRB-mutated cells.
　Multicentric IM is often refractory to various treatment 
regimens and life threatening, as in the index case in this 
study. Establishing a first-line therapy is therefore a matter of 
great urgency. In this regard, identifying the gene mutations 
responsible for this disease and better understanding the 
molecular mechanisms underlying the development of IM 
will provide us with promising novel therapeutic strategies. 
PDGF ligands and receptors are oncogenic signaling components 
that can be activated by various types of genetic alterations 
in cancer cells. Tyrosine kinase inhibitors, such as imatinib, 
an ATP analog designed to block the kinase activity of the 
BCR-ABL oncogene in leukemia, was found to inhibit 
PDGFRs by binding to the inactive receptor with high affinity. 
Imatinib has been used successfully to treat gastrointestinal 
stromal tumors, dermatofibrosarcoma protuberans, and myeloid 
malignancies associated with PDGFR fusions10,11. The mutation 
identified in PDGFRB (NM_002609), c.1681C>T or p.R561C, 
is situated in the cytoplasmic juxtamembrane domain. 
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Therefore, imatinib, which can bind to the cytoplasmic 
kinase domain of PDGFRB, may be effective for treating 
severe-type IM23. Sunitinib and other tyrosine kinase inhibitors 
have been shown to be promising agents for IM with a p.
R561C mutation in PDGFRB in a cell line derived from an 
IM tumor24.
　In conclusion, we reported the first Japanese pedigree 
with a p.R561C germ-line mutation in PDGFRB. The same 
mutation has previously been identified in patients with IM 
of various racial backgrounds. The pedigree in this study 
showed a wide spectrum of phenotypes, suggesting that a 
second hit that contributes to PDGFRB phosphorylation 
would be necessary to induce the development of IM. 
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