
Unravelling vascular tumors : combining molecular and computational
biology
IJzendoorn, D.G.P. van

Citation
IJzendoorn, D. G. P. van. (2020, January 16). Unravelling vascular tumors : combining
molecular and computational biology. Retrieved from https://hdl.handle.net/1887/82754
 
Version: Publisher's Version

License: Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/82754
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/82754


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/82754 holds various files of this Leiden University 
dissertation. 
 
Author: IJzendoorn, D.G.P. van 
Title: Unravelling vascular tumors : combining molecular and computational biology 
Issue Date: 2020-01-16 
 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/82754
https://openaccess.leidenuniv.nl/handle/1887/1�


Part I

Diagnosis and treatment

51





Chapter 3

Fusion events lead to truncation of FOS
in epithelioid hemangioma of bone

This chapter is based on the publication: van IJzendoorn DGP, de Jong D, Romagosa
C, Picci P, Benassi MS, Gambarotti M, Daugaard S, van de Sande M, Szuhai K, Bovée
JVMG. Fusion events lead to truncation of FOS in epithelioid hemangioma of bone. Genes
Chromosom Cancer. 2015;54: 565-574.
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3.1 Abstract

Epithelioid hemangioma of bone is a locally aggressive vascular neoplasm. It can be
challenging to diagnose because of the wide histological spectrum, which can make it
difficult to differentiate from other vascular neoplasms such as epithelioid hemangioen-
dothelioma or epithelioid angiosarcoma. COBRA-FISH karyotyping identified a balanced
t(3;14) translocation. Transcriptome sequencing of the index case and two other epithe-
lioid hemangiomas revealed a recurrent translocation breakpoint involving the FOS gene,
which was fused to different partners in all three cases. The break was observed in exon
4 of the FOS gene and the fusion event led to the introduction of a stop codon. In all
instances, the truncation of the FOS gene would result in the loss of the transactivation
domain (TAD). Using FISH probes, we found a break in the FOS gene in two additional
cases, in none of these cases a recurrent fusion partner could be identified. In total, FOS
was split in 5/7 evaluable samples. We did not observe point mutations leading to early
stop codons in any of the 10 cases where RNA was available. Detection of FOS rearrange-
ment may be a useful diagnostic tool to assist in the often-difficult differential diagnosis
of vascular tumors of bone. Our data suggest that the translocation causes truncation of
the FOS protein, with loss of the TAD, which is thereby a novel mechanism involved in
tumorigenesis.

3.2 Introduction

Epithelioid hemangioma of bone (previously known as angiolymphoid hyperplasia with
eosinophilia or histiocytoid hemangioma) is a locally aggressive neoplasm composed of
cells that have an endothelial phenotype and epithelioid morphology (1). Tumors usually
involve long tubular bones (40%), distal lower extremities (18%), flat bones, (18%), ver-
tebrae (16%), and small bones of the hands (8%) (1, 2). It is slightly more common in
males and occurs at an average age of 35 years (3). Approximately 18-25% of the tumors
display multifocal regional spread (2, 4). The tumors have a lobular architecture, and con-
sist of epithelioid endothelial cells that form vascular lumina or grow in solid sheets (1).
The diagnosis of epithelioid hemangioma is challenging, and distinction from epithelioid
angiosarcoma can sometimes be difficult (4). Treatment with curettage or marginal en
bloc excision is sufficient in most cases, although the tumor can show locally aggressive
growth and rare lymph node involvement (2).

The classification of vascular tumors of bone has been controversial, and different clas-
sification systems have been proposed over the years (5). They include a heterogeneous
group ranging from benign to malignant tumors, including hemangioma, epithelioid he-
mangioma, epithelioid hemangioendothelioma, and epithelioid angiosarcoma. Part of the
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controversy in literature is caused by the fact that cases reported in the past as "he-
mangioendothelioma of bone" (6–10) probably reflect epithelioid hemangiomas (2, 5, 11),
a term which is now generally accepted (1). The new classification of vascular tumors
of bone as proposed in the 2013 WHO is supported by the rapid elucidation of novel,
characteristic translocations in the different entities. Epithelioid hemangioendothelioma
was shown to contain WWTR1-CAMTA1 or, more rarely, YAP1-TFE3 fusions (12–14).
Recently, a ZFP36-FOSB fusion was identified in a subset of epithelioid hemangiomas
with atypical features (15). In this study, we used molecular karyotyping to characterize
classic epithelioid hemangioma of bone, followed by next generation sequencing analysis.
Using COBRA-FISH a balanced translocation t(3;14) was found and by breakpoint map-
ping using Bacterial Artificial Chromosomes (BAC) clones the approximate locations of
the translocation breakpoints were identified. Using transcriptome sequencing, a chimeric
sequence was found resulting in a FOS-MBNL1 fusion gene, as well as fusions involving
FOS rearranged with different partner genes in two additional cases. In all three cases, the
fusion led to a truncated form of FOS due to early termination of translation. Additional
cases were analyzed by interphase FISH probes flanking the FOS locus.

3.3 Materials and methods

3.3.1 Patient samples

Eleven epithelioid hemangiomas of bone were available (table 3.1). Cases were acquired
from the archives of the Leiden University Medical Center (LUMC), Leiden, The Nether-
lands, Rizzoli Institute Laboratory of Oncologic Research, Bologna, Italy, and the De-
partment of Pathology, University of Copenhagen, Denmark. Two of the cases from the
LUMC showed multifocal regional spread and for all these cases frozen and FFPE material
was available from multiple foci (figure 3.1).

For all cases histology was reviewed by two pathologists (JVMGB, CR) and the di-
agnosis of epithelioid hemangioma was confirmed (table 3.1). All samples were handled
according to the Dutch code of proper secondary use of human material as accorded by
the Dutch society of pathology (www.federa.org). The samples were handled in a coded
(pseudonymised) fashion according to the procedures as accorded by the LUMC ethical
board.

www.federa.org
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3.3.2 Combined binary ratio labeling with multiple Fluorescence

In Situ Hybridization (COBRA-FISH)

The tumor sample L3933 was obtained immediately after surgery and metaphase slides
were prepared as described before (16). COBRA-FISH was performed as described by
our group (16, 17).

3.3.3 Fluorescence In Situ Hybridization

FISH mapping using BAC clones selected from the 1MB clone set from the Welcome Trust,
Sanger Institute (supplementary data 1 available online) were used to narrow down the
translocation breakpoints in case L3933. Later, clones flanking the FOS locus were se-
lected. Proximal and distal to FOS, BAC clones RP11-173A8 pooled with RP11-316E14
and RP11-361H10 pooled with RP11-368K8 were selected to detect rearrangements, re-
spectively. DNA was extracted from the BAC clones using the High Pure Plasmid isolation
kit (Roche, Woerden, The Netherlands). The two-color FISH was performed by labeling
the probes with either biotin-11-dUTP or digoxigenin-11-dUTP (Roche, Woerden, The
Netherlands) using a nick translation labeling reaction (18).

A two-color FISH for FOS break-apart (translocation) detection was performed on all
cases. Four micrometer paraffin slides were prepared as described before and the labeled
probe and the slides were denatured simultaneously at 80°C for 10 min. Thereafter slides
were hybridized in a moist chamber overnight at 37°C. Posthybridization washing steps
and fluorescent detection of probes were performed as described earlier (18). Slides were
scanned using the Pannoramic MIDI scanner (3DHistech, Budapest, Hungary). Tumor
areas were selected based on the hematoxylin and eosin stained slides and scored using
Pannoramic Viewer software (3DHistech, Budapest, Hungary) by counting 100 nuclei.
Cases were considered positive for a break when >20% of the nuclei showed a break-apart
signal. Slides were scored by one observer (DGPIJ) and the conclusion was confirmed by
a pathologist (JVMGB).

3.3.4 RNA sequencing using transcriptome sequencing

RNA was extracted from samples L3141, L3393, and L4065 for RNA sequencing. The
samples were collected after surgery and stored at -80°C. From each sample 15, 20 µm
slides were cut for RNA isolation. TRIzol (Life technologies, Carlsbad) was added to the
cut tissue sections. The nucleotides were extracted from the mixture using chloroform and
the content was precipitated using 2-propanol. The total nucleotides were washed using
75% ethanol and resuspended in Milli-Q water. An additional RNA purification step was
included using the RNeasy Mini kit (Qiagen, Venlo, The Netherlands) according to the

https://doi.org/10.1002/gcc.22269
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Figure 3.1: Epithelioid hemangioma case L4065 displaying multifocal regional spread re-
vealing identical translocations in all separate tumors. (a) MRI image of multiple lesions
in the foot. (b) Macroscopical image, at the same plane as the MRI, of the foot show-
ing involvement of three separate tarsal bones (indicated by arrows). (c) H&E staining
demonstrating vasoformative areas admixed with spindled and hemorrhagic areas at low
power view. (d) High power view shows epithelioid cells lining vascular channels.
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manufacturers protocol. The total RNA was send to BGI (Hong Kong) for sequencing
with the HiSeq2000 platform (Illumina, San Diego).

3.3.5 RNA sequencing analysis with Defuse

An in-house pipeline was used to align the sequenced reads to the hg19 reference genome
(http://genome.ucsc.edu) and analyze the data for SNVs. Sequence alignment was
performed with TopHat2 (v2.0.13) aligning to the hg19 (http://genome.ucsc.edu/) and
hg38 (http://genome.ucsc.edu/). SNVs were called with VarScan (v2.3.7). Annovar
was used to annotate and filter the detected variants using the genomicSuperDups (http:
//genome.ucsc.edu/), snp138 (http://genome.ucsc.edu/) 1000 Genomes (http://
www.1000genomes.org/), Exome Sequencing Project (http://evs.gs.washington.edu/
EVS/), and the LJB23 nonsynonymous variant annotations (v2.3). Fusion detection was
performed with Defuse (v0.6.2) aligning to the hg19 (http://genome.ucsc.edu/) and
filtering with the repeats library from UCSC (http://genome.ucsc.edu/). Detected
fusions were sorted according to fusion spanning reads.

3.3.6 RT-PCR

Total RNA was isolated from 10 frozen epithelioid hemangioma samples according to the
protocol described above. cDNA was made using a mixture of RNasin, 5x RT-buffer,
oligodT, random primer, dNTP’s, and AMV-RT enzyme (Promega, Madison), which was
added to the total RNA after denaturing the RNA for 15 min at 60°C and placing it
on ice. The reverse transcriptase reaction was performed at 42°C for 1 hr. Then the
enzyme was inactivated by heating the mix to 65°C for 15 min. Primers were designed
for the fusions that were identified with Defuse. Primers for FOS-MBNL1, FOS-VIM,
and FOS-lincRNA(RP11-326N17.1), were designed using Primer3 (v0.4.0). For FOS-
VIM the forward primer 5’-GAGAAAAGGAGAATCCGAAGG-3’ and reverse primer 5’-
ATCTTCCGCTAGCAAGATGC-3’ were used. For FOS-MBNL1 the forward primer 5’-
GAGAAAAGGAGAATCCGAAGG-3’ and reverse primer 5’-TCCATAAGACGTGTGGG-
TGT-3’ were used. For FOS-lincRNA(RP11-326N17.1) the forward primer 5’-GAGAAAA-
GGAGAATCCGAAGG-3’ and the reverse primer 5’- GAAAATCTGAGCTGTAACCAAGC-
3’ were used. To compare wild-type FOS expression with the expression of the fusion
genes primers were also made for the normal exon 4 of FOS. The forward primer 5’-
GAGAAAAGGAGAATCCGAAGG-3’ and reverse primer 5’-GTCAGAGGAAGGCTCAT-
TGC-3’ were used. RT-PCR was performed using the CFX touch 96 (BIO-RAD, Her-
cules). Primers were added to SYBR Green I (Life technologies, Carlsbad) and cDNA.
RT-PCR ran at 55°C for 40 cycles with a 40 sec elongation time at 72°C. Sanger sequenc-

http://genome.ucsc.edu
http://genome.ucsc.edu/
http://genome.ucsc.edu/
http://genome.ucsc.edu/
http://genome.ucsc.edu/
http://genome.ucsc.edu/
http://www.1000genomes.org/
http://www.1000genomes.org/
http://evs.gs.washington.edu/EVS/
http://evs.gs.washington.edu/EVS/
http://genome.ucsc.edu/
http://genome.ucsc.edu/
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ing of the PCR product was performed by the LGTC (Leiden, The Netherlands) and the
sequences were analyzed using Chromas (v2.1.1).

3.4 Results

3.4.1 A balanced t(3;14) and the approximate location for a translo-

cation is determined

Using COBRA-FISH, we identified a balanced translocation 46,XX,t(3;14) in L3933 (fig-
ure 3.2). The approximate location of the translocation breakpoints was determined
using BAC clones. Annealing locations for the BAC clones on the L3933 case are shown
in supplementary data 1 available online. The break on chromosome 3 was between nt
151,839,044 and 152,021,576. The break on chromosome 14 was between nt 75,518,664
and 76,145,087.

Figure 3.2: COBRA-FISH identifies a balanced 46,XX,t(3;14) translocation. Arrowheads
are indicating the translocated chromosomes.

3.4.2 Three fusions involving FOS were identified

In index case L3933, Defuse identified a FOS-MBNL1 translocation. FOS starts at posi-
tion 75,745,477 on chromosome 14, matching to the fusion location that was identified us-
ing COBRA-FISH.MBNL1 is located on chromosome 3 and starts at position 151,961,617
which matched to the expected location from the COBRA-FISH. In addition, Defuse iden-
tified fusions involving FOS in the two additional cases: L3141 had a FOS-VIM fusion

https://doi.org/10.1002/gcc.22269
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and L4065 had a FOS-lincRNA (RP11-326N17.1). All fusions were validated by RT-PCR
(figure 3.3). In all three cases, the fusion-breakpoint in FOS is in exon 4. In the index
case (L3933) nt position c.858 in exon 4 of FOS was fused to intron 2 of MBNL1, leading
immediately to a stop codon at translation (figure 3.3a and GenBank accession number:
KP790137). At the protein level this would lead to a truncation of the last 95 C terminal
amino acids of the FOS protein. In case L3141 the break in FOS occurred at c.828 in
exon 4 fused to the reverse complementary strand downstream of VIM. In the predicted
fusion protein FOS would gain an additional (scrambled) 13 amino acids at the C terminal
end before there is a stop codon (GenBank accession number: KP790138). In the case of
L4065 the fusion occurred at c.806 in exon 4, where FOS was fused to a long non-coding
RNA (RP11-326N17.1). FOS would gain an additional ten scrambled amino acids before
a stop codon is encountered (GenBank accession number: KP790139). Therefore, in all
three cases approximately 100 amino acids would be lost at the C terminal of the FOS
protein, with loss of the transactivation domain (TAD) of FOS.

We sought for recurrent translocation events in our panel of epithelioid hemangioma
samples performing an RT-PCR in the remaining 7 cases using all three translocation com-
binations using the index cases as positive controls; however, a recurrent fusion product
was not detected in any of these cases.

Since truncation could also be caused by point mutation of the FOS gene, we examined
exon 4 of FOS using RT-PCR and Sanger sequencing. No mutations were found in any
of the 11 cases for which frozen material was available.

3.4.3 Cases with multifocal regional spread display identical fu-

sion products in different Foci

For index case L3933 RNA was available from six separate tumors and for case L4065
there was RNA from three separate tumors. RT-PCR was performed on all tumor loca-
tions for the three identified fusions and the products were Sanger sequenced. None of the
cases were positive for the FOS-VIM fusion. In the index case all separate tumors were
positive for identical FOS-MBNL1 fusions and in L4065 all separate tumors were posi-
tive for identical FOS-lincRNA (RP11-326N17.1), suggesting that the separately located
tumors within one patient are derived from one single clone. Using FISH it was clear
that the normal cells surrounding the tumor did not carry the translocation, excluding
the possibility of a germline translocation.
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Figure 3.3: (a) The fusion product between FOS and MBNL1 in case L3933. FOS gains
a stop codon directly at the site of the translocation truncating the gene. (b) The fusion
between FOS and lincRNA (RP11-326N17.1) in case L4065 resulting in a stop codon. (c)
The FOS-VIM fusion in case L3141. FOS fuses to the reverse strand of VIM but gains
a stop codon. Stop codons are highlighted in red.
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3.4.4 A recurrent FOS break is present in 5/7 samples

As no recurrent translocations were detected using RT-PCR, interphase FISH analysis
was performed to identify FOS rearrangement in the other cases. Five out of seven cases
had a break-apart of FOS of which four out of six showed a scorable break-apart signal
in the FOS locus (figure 3.4). Five cases could not be scored, including case L4065 that
was found to have a fusion by transcriptome sequencing and RT-PCR.

Figure 3.4: FOS break events. (a) Case L3142 showing four cells with a split signal
(arrows). (b) Case L3154 shows two cells with a split signal (arrows). Both cases show a
split and a colocalized signal in cells lining the vascular channel (star). The surrounding
cells show only colocalized signals.

3.5 Discussion

While usually translocations in mesenchymal tumors lead to tumorigenesis by the creation
of a chimeric transcription factor (deregulating transcription), or lead to upregulation of
expression of a specific (onco) gene by promotor swap (deregulating transcription con-
trol) (19), we here report an uncommon mechanism in which a balanced translocation
leads to truncation of a specific protein. We observed translocations involving the FOS
gene with various partners in three epithelioid hemangiomas using transcriptome sequenc-
ing. Involvement of the FOS gene in bone and soft tissue epithelioid hemangioma was
also very recently presented by Antonescu et al in an abstract (20). Intriguingly, based
on the sequence it can be predicted that none of the fusion genes lead to an extended
translation and formation of a chimeric protein. Instead, the translocation leads to a
transcribed chimeric RNA with an early stop codon that may result in truncation of the
FOS protein at translation.

Involvement of FOS by fusion events seems to be a highly specific and driving event in
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epithelioid hemangioma. Complex genomic rearrangements were not detected in our index
case using COBRA FISH based karyotyping, indicating that the balanced translocation
might be a sole event. Also, transcriptome analysis of the three cases revealed no other
recurrent mutations. Moreover, we observed FOS rearrangement by using split-apart
FISH probe sets in two additional cases. Thus, in total, FOS rearrangement was found
in five out of seven epithelioid hemangiomas of bone. Interestingly, none of the detected
fusion events were found to be recurrent, indicating that in these two additional cases,
yet other, novel fusion partners are involved. Since the introduction of a stop codon could
also occur due to point mutations or small in/dels we sequenced exon 4 of FOS in 11 cases
including the two cases without FOS rearrangements, without finding any mutations.

The diagnosis of vascular tumors of bone has been difficult, as there is considerable
histomorphological overlap and immunohistochemical markers that can help in the distinc-
tion are lacking. The recent elucidation of WWTR1-CAMTA1 and YAP1-TFE3 fusions
in epithelioid hemangioendothelioma has provided novel molecular tools that can help in
the classification (14, 21, 22). Recently, a new translocation was identified involving a
fusion between ZFP36 and FOSB in a subset of epithelioid hemangiomas with atypical
histological features (15). Also, for pseudomyogenic hemangioendothelioma, a recently
described rare vascular tumor that also can occur in bone, a SERPINE1-FOSB fusion
was described leading to upregulation of FOSB (23).

Approximately 18-25% of epithelioid hemangiomas demonstrate multifocal regional
spread (7, 14), which was also seen in six of our cases. In the two cases for which we elu-
cidated the exact fusion product using transcriptome sequencing, we could demonstrate
using RT-PCR that in separate tumors, affecting different bones, an identical fusion prod-
uct was present. Similar to our observations, in multifocal epithelioid hemangioendothe-
lioma of the liver, identical WWTR1-CAMTA1 fusions could be identified in the different
foci (12). Our results indicate that also in epithelioid hemangioma the separate tumours
affecting multiple bones as well as soft tissue are of monoclonal origin. Moreover, our
FISH results excluded that the translocation occurs in the germline. Therefore, we may
conclude that germline predisposition or a "field-effect" predisposing to the development
of multiple independent neoplastic lesions in multiple adjacent bones is highly unlikely.
Instead of the generally used "metastasis", we prefer the term "multifocal regional spread"
as the multiple foci represent local spread of a single neoplastic clone to adjacent bones
and soft tissue.

The predicted loss of approximately 100 amino acids at the C terminal region of the
FOS protein results in the loss of the TAD. With primers covering the exon 4 of FOS
we performed RT-PCR showing a substantial expression of the wild-type FOS (with
average Ct value of normal FOS = 30, for fusions = 28, data not shown) in all cases,
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indicating that the translocation does not lead to strong decreased expression of the
intact allele. The in silico predicted, truncated FOS protein shows a high structural
similarity to FOSL1, which also lacks the TAD (figure 3.5). FOS and FOSB are part
of the FOS family of proteins, which also includes FOSL1 (also known as FRA-1) and
FOSL2 (also now as FRA-2). All the members of the FOS family are involved in forming
the Activator Protein-1 (AP-1) protein. The canonical AP-1 complex consists of FOS
and JUN protein heterodimer, but other variants involving members of the FOS and JUN
family of transcription factors have been described to be involved in the heterodimer as
well, because of their structural similarities (24). FOSL1 knockdown in endothelial cells
resulted in a decrease in angiogenesis through upregulation of the aVβ3 receptor, which
is an important regulator of angiogenesis (25). It was shown that FOSL1 correlated with
upregulation of adhesion proteins such as CD44 and integrin α5 resulting in an increase
in adhesion (26). This is in contrast to endothelial cells where FOSL1 downregulates
integrins, illustrating the different tissue-specific functions of FOSL1.

In models where FOS was knocked down, it was shown that many of the functions of
FOS were taken over by FOSL1, although for some target genes FOSL1 fails to induce
expression, indicating FOSL1 is not a full replacement for FOS (27). Furthermore, the
activation pattern of FOSL1 and FOS is different. It was shown that by stimulation of
fibroblasts by serum FOS and FOSB are rapidly and transiently induced whereas FOSL1
and FOSL2 are expressed in a more delayed and stable pattern (28, 29). In ER-positive
breast cancer, patients with high FOSL1 expression showed significantly shorter survival
and higher rates of lung metastasis. Furthermore, it was shown that fibroblastoid cells,
which did not express FOSL1, transfection with FOSL1 led to a strong enhancement of
mobility in the cell line (30). It is tempting to speculate that these functions of FOSL1
may underlie the multifocal regional spread of epithelioid hemangioma of bone.

In conclusion, we identified rearrangement of FOS with various non-recurrent fusion
partners in five out of seven classic epithelioid hemangiomas of bone. Detection of FOS
rearrangement may therefore be a useful diagnostic tool to assist in the often-difficult
differential diagnosis of vascular tumors of bone. In silico prediction shows that the
translocations cause truncation of the FOS protein, with loss of the TAD, which is thereby
a novel mechanism involved in tumorigenesis, which requires further studies.
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Figure 3.5: The fusions are predicted to result in the loss of 100 amino acids from
FOS. This results in the loss of the TAD. The truncated FOS shows a large similarity in
structure with FOSL1, which is also part of the FOS family of proteins.
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