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Abstract
Phosphaturic mesenchymal tumours (PMTs) are uncommon soft tissue and bone tumours that typically cause
hypophosphataemia and tumour-induced osteomalacia (TIO) through secretion of phosphatonins including
fibroblast growth factor 23 (FGF23). PMT has recently been accepted by the World Health Organization as a
formal tumour entity. The genetic basis and oncogenic pathways underlying its tumourigenesis remain obscure.
In this study, we identified a novel FN1–FGFR1 fusion gene in three out of four PMTs by next-generation RNA
sequencing. The fusion transcripts and proteins were subsequently confirmed with RT-PCR and western blotting.
Fluorescence in situ hybridization analysis showed six cases with FN1–FGFR1 fusion out of an additional 11
PMTs. Overall, nine out of 15 PMTs (60%) harboured this fusion. The FN1 gene possibly provides its constitutively
active promoter and the encoded protein’s oligomerization domains to overexpress and facilitate the activation
of the FGFR1 kinase domain. Interestingly, unlike the prototypical leukaemia-inducing FGFR1 fusion genes, which
are ligand-independent, the FN1–FGFR1 chimeric protein was predicted to preserve its ligand-binding domains,
suggesting an advantage of the presence of its ligands (such as FGF23 secreted at high levels by the tumour) in
the activation of the chimeric receptor tyrosine kinase, thus effecting an autocrine or a paracrine mechanism of
tumourigenesis.
Copyright © 2014 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Phosphaturic mesenchymal tumour (PMT) is a soft
tissue or bone neoplasm that usually presents with
intractable hypophosphataemia and tumour-induced
osteomalacia (TIO) [1,2], often mediated by tumour
secretion of fibroblast growth factor 23 (FGF23).
FGF23, a phosphatonin also implicated in familial
tumoural calcinosis and X-linked hypophosphataemic
rickets, decreases 1,25-dihydroxyvitamin D3 production
and promotes renal phosphate wasting [3].

Historically, a variety of different mesenchymal
tumours were thought to cause TIO. However, recent

studies have shown that the vast majority of cases are
caused by a morphologically distinctive neoplasm, ie
PMT [2,4]. Pathologically, PMT is characterized by
a hypervascular proliferation of bland, spindled cells
associated with a variable amount of ‘smudgy’ calcified
matrix. A small subset of PMTs exhibit malignant
histological features and may behave in a clinically
malignant fashion [2].

PMTs often overexpress a variety of phosphatonins,
including FGF23, secreted frizzled-related protein 4
(sFRP4), and matrix extracellular phosphoglycoprotein
(MEPE) [3,5]. Of these, FGF23 is the best studied.
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Figure 1. (A) Histology of PMT. The tumour is composed of spindled to ovoidal cells, commonly admixed with a variable amount of osteoid
or chondroid matrix. (B) RNAscope® CISH demonstrates FGF23 mRNA in the tumour tissue. Original magnification: ×200.

Physiologically, FGF23 is secreted chiefly by osteo-
cytes and acts primarily on proximal renal tubular cells.
Unlike most other FGF family members, the binding
of FGF23 to FGF receptors (FGFRs) normally requires
α-Klotho, a transmembrane co-receptor. However, high
levels of FGF23 may activate FGFRs in the absence of
Klotho [6].

Genetic aberrations involving FGFRs have been
linked with various neoplastic and non-neoplastic dis-
orders [7,8]. The best-established receptor of FGF23
is FGFR1, which on ligand binding and activation
conducts its signalling pathways to regulate cell pro-
liferation, survival, migration, and differentiation
[9]. FGFR1 genetic translocations cause a group of
leukaemic diseases, known collectively as ‘8p11 myelo-
proliferative syndrome’, wherein the transmembrane
domain of FGFR1 is fused to the N-terminus of a
constitutively expressed partner protein that dimerizes
or oligomerizes to initiate ligand-independent activation
of FGFR1 kinase domains [10]. To date, however,
the genetic mechanisms underlying the pathogenesis
of PMT, including neoplastic FGF23 overexpression,
remain obscure.

In this study, we have employed high-throughput
next-generation sequencing of the tumour transcriptome
and fluorescence in situ hybridization (FISH) and identi-
fied FN1–FGFR1 fusion genes in 60% (9/15) of PMTs.

Materials and methods

Tumour samples
Frozen or paraffin-embedded samples were collected
from the pathology archive and consultation files of
the National Taiwan University Hospital (Taipei, Tai-
wan) and the Mayo Clinic (Rochester, MN, USA),
with the diagnosis confirmed by an experienced
pathologist (ALF). Representative histology is demon-
strated in Figure 1A. Eleven patients had clinical TIO

and/or hypophosphataemia, and in 14 cases, tumoural
expression of FGF23 mRNA was demonstrated by
RNAscope® CISH, using previously published meth-
ods (Figure 1B) [11]. This research was approved by
the respective institutional ethical boards (N.T.U.H.,
201211081RIC; Mayo Clinic, 10–6605). The clinical
information is summarized in Table 1.

RNA sequencing
Total RNA was extracted with Trizol Reagent (Life
Technologies, Carlsbad, CA, USA), depleted of ribo-
somal RNA with a Ribo-Zero Gold kit (Illumina,
San Diego, CA, USA), and then qualitated with a
Bioanalyser 2100 using an RNA 6000 labchip kit
(Agilent Technologies, Santa Clara, CA, USA). RNA
libraries were constructed with TruSeq RNA Sample
Prep Kits for 101-bp paired-end sequencing on an
Illumina HiSeq2000 platform using TruSeq SBS Kit
v3-HS. UCSC human genome hg19 was used as the
mapping reference. The raw data were uploaded to the
NCBI SRA repository (accession SRP045126; http://
www.ncbi.nlm.nih.gov/sra/SRP045126). Details of
fusion detection and gene expression profiling may be
found in Supplementary Table 1 and the Supplementary
methods.

PCR and direct sequencing
Genomic DNA and total RNA were extracted from
frozen tissue and formalin-fixed, paraffin-embedded
(FFPE) tumour tissue, respectively, using a QIAamp
DNA Micro Kit (Qiagen, Venlo, The Netherlands)
and a RecoverAll Total Nucleic Acid Isolation Kit
(Life Technologies) according to the manufactur-
ers’ instructions. Polymerase chain reaction (PCR)
with/without reverse transcription was performed as
previously described [12]. Primers specific for FN1 and
FGFR1 were designed to amplify the regions flanking
the breakpoints of genomic DNA (including reciprocal
fusions) and fusion transcripts (Supplementary Table 2).
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Table 1. Summary of clinical and molecular findings

Case No Sex
Age

(years) Location TIO/HPS FGF23 CISH RNA sequencing
FN1–FGFR1
fusion FISH* Note

PMT-1† M 44 Thigh Present Positive FN1–FGFR1 Positive (21.2%)
PMT-2† F 57 Thigh Present Positive FN1–FGFR1 Positive (21.5%)
PMT-3 M 43 Toe NP Negative FN1–FGFR1 Failed
PMT-4 F 46 Back Present Positive No fusion found Negative (6.1%)
PMT-5 M 55 Ankle Present Positive NP Positive (40.5%)
PMT-6 M 50 Thigh Present Positive NP Positive (25.4%)
PMT-7 M 50 Lower leg NP Positive NP Positive (22%)
PMT-8 F 48 Femur Present Positive NP Positive (15.1%)
PMT-9‡ M 61 Iliopsoas Present Positive NP Positive (12.4%)
PMT-10 M 69 Foot NP Positive NP Positive (10.7%) Chronic renal failure
PMT-11 M 53 Thigh NP Positive NP Negative (5.3%)
PMT-12 M 65 Pelvis Present Positive NP Negative (4.4%)
PMT-13 F 62 Thigh Present Positive NP Negative (4.0%) Malignant PMT
PMT-14 M 61 Buttock Present Positive NP Negative (3.6%)
PMT-15‡ M 47 Shoulder Present Positive NP Negative (3.3%)

*Numbers in parentheses indicate the percentage of nuclei that harbour fusion signals.
†These cases have frozen tumour samples.
‡These cases have been karyotyped previously, without demonstrable recurrent chromosomal abnormality [14].
CISH= chromogenic in situ hybridization; NP= not present/performed; TIO/HPS= tumour-induced osteomalacia and/or hypophosphataemic syndrome.

Purified PCR products were Sanger-sequenced using a
BigDye v3.1 cycle sequencing kit on an ABI-3730 DNA
analyser (Applied Biosystems, Foster City, CA, USA).

Western blotting
Protein lysates (100 μg) of frozen tumours and control
cell lines were separated by 10% SDS-PAGE, electro-
transferred onto nitrocellulose membranes (Amersham,
Buckinghamshire, UK), and incubated with a primary
antibody against FGFR1 (Cell Signaling Technology,
Danvers, MA, USA) followed by a secondary antibody
(goat anti-rabbit IgG; 1 : 5000 dilution; Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Immunoreactiv-
ity was detected using an enhanced chemiluminescence
kit (Millipore, Bedford, MA, USA).

FISH analysis
FISH probes were synthesized by Empire Genomics,
Inc (Buffalo, NY, USA), using bacterial artificial
chromosomes RP11-585P16, RP11-640 F19, and
RP11-300D18 to cover 5’ regions of the FN1 gene
and RP11-265 K5, RP11-90P5, and RP11-933I10 to
cover 3’ of FGFR1. Interphase FISH was performed on
4-μm-thick FFPE tissue sections as previously described
[13]. At least 50 nuclei were counted for each slide.
Fusion signals were defined as two differently labelled
signals that were less than half the average width of a
signal apart. A tissue microarray containing 48 carcino-
mas of eight common types served as a negative control
which helped to determine the threshold of a positive
result. At least 200 nuclei were counted for cases where
the percentage of nuclei with fusion signals fell within
the range of threshold level ±3%.

Results and discussion

FN1–FGFR1 fusion gene was detected by RNA
sequencing in three out of four PMTs (Supplementary

Table 3). Two alternative fusion transcript forms were
observed in PMT-1 and PMT-2 apiece. In PMT-1, FN1
gene breakpoint at the 3′ end of exon 23 was fused to the
5′ ends of exon 3 and exon 4, respectively, of the FGFR1
gene. In PMT-2, the 3′ end of exon 22 of the FN1 gene
was fused to identical breakpoints of the FGFR1 gene
identified in PMT-1. Interestingly, there were minor
reads spanning non-random junctions between intron
23 (PMT-1) or intron 22 (PMT-2) of FN1 and intron
2 of FGFR1 (Supplementary Table 3). These reads
probably originated from unspliced mRNA precursors
or genomic DNA contaminants and indicated ‘real’
breakpoints at the DNA level. In PMT-3, a different
FN1–FGFR1 fusion was found between the 3′ end of
exon 28 of FN1 and the 5′ end of exon 5 of FGFR1. All
the fusions were predicted to be in-frame.

The gene expression levels are shown in Supple-
mentary Table 4. The four PMTs highly expressed
FN1 and FGFR1, as well as the phosphatonin genes
FGF23, MEPE, and SFRP4. Except FGF1, the remain-
ing FGF genes were expressed at low levels, and so was
the KL gene. These results were corroborated by the
heatmap plot in comparison to the expression of respec-
tive genes in other tumour types (Supplementary Figure
1). Both the MDS and the PCA plots demonstrated,
transcriptome-wise, that PMT-1 and PMT-2 clustered
closely (Supplementary Figure 2). These results suggest
that PMT is a distinctive entity with considerable homo-
geneity, although the sample size is too small to draw a
definite conclusion.

All five variants of the FN1–FGFR1 fusion tran-
scripts as well as the DNA breakpoints in PMT-1 and
PMT-2 were further verified by RT-PCR and PCR,
respectively, with bidirectional Sanger sequencing
(Supplementary Figure 3 and Figure 2A). Furthermore,
FGFR1 immunoblotting using protein lysates from
both PMT-1 and PMT-2 revealed bands at 160–170
kD and >200 kD, larger than the normal counterparts
(Figure 2B). This result corroborated the expression by
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Figure 2. (A) Sanger sequencing of the RT-PCR and DNA PCR products demonstrating the different fusion points. Deletion of one thymidine
(ΔT) was found near the intronic fusion point in PMT-1. (B) Western blot of two PMTs and control cells (composited image). Both PMT-1
and PMT-2 revealed bands at 160–170 and >200 kD. NIH/3 T3 cells expressed endogenous murine FGFR1 (120 and 145 kD), comparable
in size to human FGFR1. HEK293 cells transfected with a full-length FGFR1 construct, showing an additional band at 100 kD, served as
a control. (C) Detection of FN1–FGFR1 fusion by FISH in PMT-2 (upper) and PMT-7 (lower). The 5′-FN1 and 3′-FGFR1 loci are labelled in
green and orange, respectively. The fusion signals present as a pair of green and red signals in close proximity or fused into a yellow signal,
as indicated by arrows.

PMTs of the in-frame chimeric FGFR1 proteins with
increased molecular weights.

An expanded group of PMTs was subsequently
checked for FN1–FGFR1 fusion by FISH. Of the 15
PMTs and 48 control cases tested, 14 and 29 had inter-
pretable results, respectively (Table 1). The ‘fusion’
signals were present in 0–3.9% (mean 1.69%, stan-
dard deviation 1.05%) of nuclei in the control cases.
Accordingly, a cut-off threshold was defined as 10%.
Using this criterion, eight PMTs were positive (range
10.7–40.5%; median 21.35%; Figure 2C).

Overall, we identified a novel FN1–FGFR1 fusion
gene in 60% (9/15) of PMTs. The predicted domains
retained in the fusion protein are illustrated in Figure 3A.
The high prevalence of this fusion gene strongly sug-
gests that it plays a role in PMT tumourigenesis and
supports the classification of PMT as a specific entity,
although its absence in 40% of the cases suggests that
genetic heterogeneity does exist. Of note, the often-
times significant population of non-neoplastic cells in
PMT might account for the relatively low percentage

of cells harbouring fusion signals, and could even
lead to false-negative results. Importantly, the fusion
partners (5′ FN1 and 3′ FGFR1) are both telomeric in
direction; thus, the fusion events might take unusual
forms, such as insertion of a chromosomal segment
containing one partner gene into the other, instead of a
simple reciprocal t(2;8) translocation where the deriva-
tive chromosome harbouring the FN1(5′)–FGFR1(3′)
fusion gene would lose its centromere (Supplementary
Figure 4). Consistent with this theory, the presumed
reciprocal fusion gene (5′FGFR1–3′FN1) was not
found by RNA sequencing or DNA PCR (Supplemen-
tary Table 3 and Supplementary Figure 3). Such an
inserting segment can be too small to be recognized
by conventional karyotyping or even FISH analysis.
Intriguingly, although a prior cytogenetic study showed
no evidence of t(2;8) [14], we found that PMT-9 har-
boured infrequent fusion signals by FISH. It remains to
be determined whether this represents a small insertion
or intra-tumoural heterogeneity. Interestingly, PMT-4,
which was negative for FN1–FGFR1 fusion, expressed
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Figure 3. (A) Predicted domains retained in the chimeric protein. Small arrows indicate the breakpoints of various transcripts in respective
tumour samples. The small dotted arrow indicates the breakpoint with the FGFR1 exon 3 spliced out. TM indicates the transmembrane
domain. Illustrated in the middle is the predominant form of fusion transcript in PMT-2. Note that the FN1-binding self-association domains
of fibronectin and two of the three ligand-binding Ig-like domains of FGFR1 are predicted to be retained in all transcript variants [20]. (B)
The proposed hypotheses of the autocrine/paracrine loop mechanism of PMT tumourigenesis driven by the FN1–FGFR1 fusion gene. The
fusion receptor may possibly dimerize through fibronectin self-association and/or FGF ligand binding and activate the kinase domains to
conduct the FGFR1 signalling pathways, whereby FGF23 may be up-regulated and in turn promote the activation of FN1–FGFR1. Other
FGFs (such as FGF1) may also play a role.

a high level of FGFR1 and had an expression profile
similar to those of the other PMTs, suggesting an alter-
native fusion partner or mechanism that up-regulates
FGFR1 and its downstream signalling pathways.

The high consistency of the FN1 gene as a fusion
partner implies important functional roles. FN1 encodes

fibronectin, an extracellular matrix component consti-
tutively expressed by many cell types. In PMT, FN1
probably provides its promoter to overexpress the
3′ FGFR1. Furthermore, fibronectin can polymerize
to form superfibronectin, which may put multiple
C′-FGFR1 molecules in physical proximity, facilitating
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Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk www.thejournalofpathology.com



6 J-C Lee et al.

their transphosphorylation and activation. Interestingly,
a novel FN1–ALK fusion gene with demonstrable trans-
forming ability has been recently identified in an ovarian
stromal sarcoma, with an FN1 breakpoint identical to
that identified in PMT-1 [15]. It is reasonable to specu-
late that the same mechanisms whereby FN1–ALK is
activated might also apply to FN1–FGFR1.

As a well-known oncogene, FGFR1 has been
implicated in a variety of human cancers through ampli-
fication, translocations, and mutations [8]. Remarkably,
unlike the prototypical FGFR1 fusion proteins in the
8p11 myeloproliferative syndrome, the PMT-associated
FN1–FGFR1 fusion protein is predicted to retain at
least two of three extracellular FGF-binding (Ig-like)
domains. As PMT secretes FGF23, an FGFR1 ligand,
FGF binding possibly contributes to PMT tumouri-
genesis through an autocrine or a paracrine signalling
paradigm. Interestingly, all four PMTs subjected to RNA
sequencing showed minimal expression of α-Klotho,
a usually obligatory co-receptor for FGF23–FGFR1
binding. Perhaps frequent loss of the first Ig-like
domain (through genetic fusion or alternative splicing;
Figure 3A) in the FN1–FGFR1 fusion protein might
enhance its binding affinity to FGF23, as previously
shown [16], and render the presence of α-Klotho
non-obligatory, especially in a microenvironment with
excess FGF23 [6]. Alternatively, FGF1 might replace
FGF23 in this hypothetical autocrine/paracrine loop, as
suggested by its high expression levels.

Regarding the mechanism of neoplastic overex-
pression of FGF23, it is possible that FN1–FGFR1
fusion might preferentially occur in cells that normally
express FGF23, eg osteocytes and their precursors.
However, many PMTs occur in the soft tissues, where
osteocytes are not normally found, and the quantity of
FGF23 expressed by PMT far exceeds physiological
levels. This suggests that high-level FGF23 expres-
sion might be the result of activated FN1–FGFR1,
as FGFR1 signalling has been implicated in FGF23
regulation [7,17]. Our hypothesized autocrine/paracrine
model of oncogenic mechanism also suggests that this
fusion event might confer evolutionary advantages to
subclones of tumour cells that express higher FGF23
levels. The proposed hypotheses of PMT tumourige-
nesis driven by FN1–FGFR1 fusion are illustrated in
Figure 3B.

Importantly, our findings may have therapeutic impli-
cations, as emerging FGFR1 antagonists have shown
some anti-tumour efficacy in clinical trials [18], and
might thus have a role in treating malignant and/or
inoperable PMT. Moreover, a recent clinical trial has
shown some utility of an anti-FGF23 antibody in man-
aging FGF23-induced hypophosphataemic disease [19].
If the binding of FGF23 to FN1–FGFR1 chimeric pro-
teins should prove critical in PMT oncogenesis, this
would additionally support the use of anti-FGF23 anti-
bodies as both symptom-relieving and anti-tumour ther-
apy in PMT.

In conclusion, we have identified a novel FN1–
FGFR1 fusion gene in a significant subset of PMTs.

The chimeric protein might possibly have not only great
biological relevance, in terms of both tumourigenesis
(via an autocrine/paracrine mechanism) and pheno-
types (of FGF23 secretion and the consequent TIO),
but also promising therapeutic implications, although
verification of these hypotheses requires further study.
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