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Abstract
Ossifying fibromyxoid tumor (OFMT) is a soft tissue tumor frequently displaying gene fusions, most of which affect the
PHF1 gene. PHF1 encodes plant homeodomain finger protein 1, which is involved in various processes regulating gene
transcription, including those orchestrated by the polycomb repressor complex 2. Here, a series of 37 OFMTs, including 18
typical, 9 atypical, and 10 malignant variants, was analyzed with regard to transcriptomic features, gene fusion and copy
number status, and/or single-nucleotide variants. The effects on gene expression and chromatin accessibility of three
detected fusions (EP400–PHF1, MEAF6–PHF1, and PHF1–TFE3) were further evaluated in fibroblasts. Genomic
imbalances showed a progression-related pattern, with more extensive copy number changes among atypical/malignant
lesions than among typical OFMTs; loss of the RB1 gene was restricted to atypical/malignant OFMTs, occurring in one-third
of the cases. RNA sequencing identified fusion transcripts in >80% of the cases analyzed, including a novel CSMD1–
MEAF6. The gene-expression profile of OFMT was distinct from that of other soft tissue tumors, with extensive
transcriptional upregulation of genes in OFMT. These findings were largely recapitulated in gene fusion-expressing
fibroblast lines, suggesting that genes involved in, e.g., Wnt signaling and/or being regulated through trimethylation of lysine
27 in histone 3 (H3K27me3) are pivotal for OFMT development. The genes showing differentially higher expression in
fusion-expressing cells paralleled increased chromatin accessibility, as revealed by ATAC sequencing. Thus, the present
study suggests that OFMT develops through gene fusions that have extensive epigenetic consequences.

Introduction

Ossifying fibromyxoid tumor (OFMT) is a soft tissue neo-
plasm with highly variable clinical features; although it
typically affects adults (median age 50 years) it may occur
also in children and tumors may arise anywhere in the body,
either subcutaneously or within skeletal muscle [1, 2].
OFMT derives its name from its morphological character-
istics, namely nests and cords of round to ovoid cells in a
fibromyxoid stroma usually surrounded by an incomplete
layer of bone [3]. On the basis of nuclear grade, cellularity
and mitotic rate, OFMT can be subdivided into typical,
atypical, and malignant tumors [1]. Local recurrences and
metastases can occur in all three subtypes, but more often
among the malignant lesions [1, 4].

Gene fusions constitute important pathogenetic events in
OFMT development. More than 85% of the cases, including
typical, atypical, as well as malignant lesions, harbor a gene
fusion [5, 6]. The most common ones (accounting for ~50%
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of all OFMTs) all involve the PHF1 gene—EP400–PHF1,
MEAF6–PHF1, EPC1–PHF1, and PHF1–TFE3—but rare
cases with ZC3H7B–BCOR, CREBBP–BCORL1, and
KDM2A–WWTR1 fusions have also been described [6–9].
A common feature among these fusions is that one of the
proteins (PHF1, BCOR, BCORL1, KDM2A) in the fusion
chimeras is involved in histone modification. Apart from the
gene fusions, which presumably constitute the primary
genetic events, little is known about the genetics of OFMT
or the impact of secondary mutations on tumor progression.

Here, we have characterized the genetic features of a
cohort of typical, atypical, and malignant OFMTs using
single-nucleotide polymorphism (SNP) arrays for copy
number analysis and, in selected cases, RNA sequencing
(RNA-seq) for gene fusion assessment and global gene-
expression profiling, and whole-exome sequencing (WES)
for the detection of sequence variants. In addition, the cel-
lular effects of three of the recurrent fusions, EP400–PHF1,
MEAF6–PHF1, and PHF1–TFE3, were investigated in
fibroblasts using the Tet-On 3G inducible gene-expression
system. This allowed us to compare changes in gene
expression in vivo with those in vitro, identifying several
downstream targets of the fusion proteins. Furthermore, we
were able compare the effects on gene expression with
changes in chromatin accessibility by performing an assay
for transposase-accessible chromatin (ATAC-seq).

Methods

Patients and tumors

The study included tumors from 37 patients with OFMT
(Supplementary Table 1). Tissue samples for genetic ana-
lyses were derived from sarcoma centers in Boston, Lund,
Nijmegen, Birmingham, and Stockholm. Tumors were
classified into typical (n= 18), atypical (n= 9), or malig-
nant (n= 10) OFMT (by VYJ and CDMF), as described
[7]. The morphology, cytogenetics, FISH, and SNP-array
results of cases 2, 19, and 28 have been reported before [7].

The global gene-expression profiles of seven fresh-
frozen OFMT were compared with those of 50 other soft
tissue tumors, including dermatofibrosarcoma protuberans
(n= 10), myxoinflammatory fibroblastic sarcoma (n= 8),
inflammatory leiomyosarcoma (n= 5), myxoid liposarcoma
(MLS; n= 7), pleomorphic liposarcoma (n= 5), PRDM10-
rearranged tumor (n= 6), and sclerosing epithelioid fibro-
sarcoma (SEF; n= 9). In addition, RNA-seq data on three
formalin-fixed paraffin-embedded (FFPE) OFMT were used
to study the expression levels of selected genes and were
compared with corresponding data from 31 other soft tissue
tumors, including angiofibroma (n= 5), calcifying apo-
neurotic fibroma (n= 6), SEF (n= 15), and MLS (n= 5).

All tumors used for comparison with OFMT were diag-
nosed according to established criteria [10].

Immunohistochemical (IHC) analysis with regard to tri-
methylation of lysine 27 on histone H3 (H3K27me3) and
expression of β catenin (CTNNB1) was performed on five
tumors (Supplementary Table 1) using 4 µM FFPE sections
after deparaffinization at 42 °C. Antigen retrieval was per-
formed using citrate buffer (pH 6.0) and pressure cook. For β
catenin, a mouse monoclonal antibody (BD Bioscience,
#610154) was used at a 1:1000 dilution; H3K27me3 anti-
body (Cell Signaling Technology, Danvers, MA) was used
at a 1:500 dilution. Appropriate positive and negative con-
trols were used throughout. β-catenin immunohistochemistry
was scored according to nuclear staining, and H3K27me3
was interpreted as “lost” only if nuclear staining was absent
in lesional cells with intact staining in nonneoplastic cells
(i.e., endothelial cells and inflammatory cells).

All samples were obtained after informed consent and
the study was approved by the institutional review boards of
the participating sarcoma centers.

Cell lines

The TERT-immortalized Bj5ta human fibroblast cell line
had previously been transduced with the pLVX-Tet3G
vector encoding the regulator Tet-On 3G protein [11]. Cells
were further transduced with one of four different response
plasmids; E–P encoding the EP400–PHF1 fusion found in
case 20, M–P encoding the MEAF6–PHF1 fusion found in
case 29, P–T encoding the PHF1–TFE3 fusion found in case
2, or EV containing an empty vector. Transductions were
performed with the RetroNectin-bound virus infection
method according to the manufacturer’s instructions
(Takara/Clontech, Gothenburg, Sweden).

Response plasmids were selected for by adding pur-
omycin at a final concentration of 0.5 µg/ml. The tran-
scription of the inserted gene constructs was turned on by
adding doxycycline (dox) to the culture medium at a final
concentration of 1 μg/ml for 48 h. Cells were harvested and
pelleted in RLT buffer (Qiagen, Valencia, CA) with 1% 2-
Mercaptoethanol.

RNA-seq

RNA was extracted from fresh-frozen samples and from the
Bj5ta fibroblast cell lines as described [11]. cDNA libraries
were prepared from poly-A selected RNA using the TruSeq
RNA Sample Preparation Kit v2 (Illumina, San Diego,
USA) according to the manufacturer’s instructions. Paired-
end 151 bp reads were generated from the cDNA libraries
on a NextSeq 500 (Illumina).

Unstained 4 µM FFPE sections mounted on slides from
20 cases and unstained 10 µM FFPE scrolls from two
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cases were available for RNA extraction. RNA of suffi-
cient quantity and quality, i.e., with DV200 values ≥ 30%,
could be obtained in 10 cases, using Qiagen’s RNeasy
FFPE Kit (Qiagen, Valencia, California). cDNA libraries
were prepared from 20 to 400 ng of RNA, depending on
the DV200 value, using the capturing chemistry of the
TruSeq RNA Access Library Prep Kit (Illumina) or using
the TruSight RNA Fusion Panel (Illumina) according to
the manufacturer’s instructions. The gene fusion panel
targets a total of 507 genes and for all previously reported
gene fusions in OFMT at least one of partner genes was
included in the list of target genes. Paired-end 85 nt reads
were generated from the cDNA libraries on a NextSeq 500
(Illumina).

ChimeraScan 0.4.5 and FusionCatcher 1.0 with default
settings and STAR-Fusion 1.4.0 with parameters --min_-
junction_reads 0 --FusionInspector validate were used to
identify candidate fusion transcripts from the sequence data
[12–14]. The GRCh37/hg19 build was used as the human
reference genome.

The raw unfiltered RNA-seq reads were aligned to
human reference genome hg19 using STAR 2.5.0a [15].
Gene-expression values were calculated as fragments per
kilobase of transcript per million reads (FPKM) using
Cufflinks 2.2.1 [16].

SNP array

SNP-array analysis on DNA from fresh-frozen tumor sam-
ples was performed using the Illumina HumanCNV370 or
Illumina HumanOmni-Quad version 1.0 arrays (Illumina,
San Diego, CA, USA), and on DNA from 4 µM FFPE
sections scraped-off from slides using Affymetrix Oncoscan
CNV arrays (Affymetrix, Santa Clara, CA, USA), as
described [7, 11]; the platform used in individual cases is
shown in Supplementary Table 1. Tumor Aberration Pre-
diction Suite and Rawcopy were used, in combination with
visual inspection, for segmentation of copy number shifts
and for copy number evaluation [17, 18]. The position of
the chromosomal imbalances was based on the GRCh37/
hg19 sequence assembly.

RT-PCR

RT-PCR was performed to verify the novel fusion CSMDI-
MEAF6 identified in case 1. Reverse transcription and PCR
amplification was performed using the following primers:
CSMD1-Ex41F: 5′-TTGGACAATTTAGCGGCACG-3′
and MEAF6-Ex7R: 5′-CTGGTGCCAGCCAGTTTTG-3′.
Amplified fragments were purified from agarose gels and
Sanger sequenced using the Big Dye v1.1 cycle sequencing
kit (Applied Biosystems, CA, USA) on an ABI-3130
genetic analyzer (Applied Biosystems).

WES

DNA from seven fresh-frozen tumor samples was used for
WES and accompanying peripheral blood samples were
available for three tumors. Whole exome capture, template
preparation, and sequencing on the Ion Chef and Ion Proton
systems, using the Ion PI IC 200 kit (Thermo Fisher Scien-
tific, Waltham, MA, USA), were performed as described [19].

Variant calling for tumors with accompanying blood
samples was performed with the AmpliSeq exome tumor-
normal pair work-flow in Ion Reporter (Thermo Fisher
Scientific), as well as with the Torrent Variant Caller plugin
in the Torrent Suite Software (Thermo Fisher Scientific),
using standard parameters for somatic variant detection.
Annotation of detected variants was performed in Ion
Reporter, using the GRCh37/hg19 assembly.

Only missense mutations with ≥20× coverage and ≥10%
alternate allele frequency were retained. For tumors lacking
corresponding peripheral blood, variants reported in dbSNP
(v138) were removed and variants reported in cosmic (v67)
were kept. All remaining variants were manually inspected
using IGV.

From the four samples lacking constitutional DNA, also
targeted sequencing of 50 neoplasia-associated genes was
performed, using the Ion AmpliSeq Cancer Hot Spot Panel
v2 (Thermo Fisher Scientific, Waltham, MA, USA) as
described [20].

ATAC-seq

ATAC-seq was performed on biological duplicates or tri-
plicates of the Bj5ta cell line with E–P, M–P, P–T, or EV
constructs after 48 h of dox treatment. Libraries were pre-
pared from 50,000–75,000 cells (per replicate) according to
the Omni-ATAC protocol [20] with minor adjustments. In
order to remove primer-dimers and large fragments, the
final spin column purification step was replaced with
double-sided (0.5× and 1.3×) AMPure XP bead purification.
Libraries were sequenced on a NextSeq 500 (Illumina) with
paired-end reads of 80 bp.

Remaining adapter sequences were removed from the
FASTQ files using Trim-galore (v0.4.1). The trimmed
reads were aligned to the human reference genome hg19
using BWA-MEM (v0.7.10) and duplicate reads were
removed using Picard (v2.2.4). Bam files were filtered
using SAMTools (v1.3). Reads from mitochondrial DNA
and the Y chromosome were removed and only properly
paired reads with high mapping quality (-q 30) were used
for further analysis. An average of 108 million reads per
sample was retained after filtering and the fragment-size
distribution for the individual bam files was used for
quality control (Supplementary Fig. 1). Coverage tracks
for visualization were generated using deepTools
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bamCoverage with parameters -bs= 1 -normal-
izeUsingRPKM. Peak calling was performed with Gen-
rich using the parameter -j (ATAC-seq mode) and encode
blacklisted regions were excluded. Peak files from all
samples were combined and overlapping peaks were
merged using bedtools. The number of reads per peak was
counted separately for each sample using featureCounts
and library size normalization was performed using
DEseq2 [21, 22].

De novo motif discovery and annotation of peak regions
was performed with HOMER [23].

Evaluation of RNA-seq and ATAC-seq data

Correlation-based principal component analysis (PCA) and
hierarchical clustering analysis were performed using the
Qlucore Omics Explorer version 3.3 (Qlucore AB, Lund,
Sweden). FPKM and DEseq2 values were log2 transformed
and the data were normalized to a mean of 0 and a variance of
1. Variables were filtered based on variance and the projection
score was used to determine the optimal filtering threshold
[24]. Hierarchical clustering of both samples and variables
was performed using Euclidean distance and average linkage.

Two-sided t test, corrected for multiple testing by the
Benjamini–Hochberg method, was used to identify statis-
tically significant differences between groups. Fold
change ≥ 2 and FDR ≤ 0.05 were used as cutoffs unless
otherwise specified.

Gene set enrichment analysis (GSEA) was performed on
gene-expression data using Qlucore Omics Explorer (v3.3).
Signal-to-noise ratio was used as ranking metrics for ana-
lyzing curated gene sets (C2: KEGG and H3K27me3)
acquired from the Molecular Signatures Database. Gene sets
with <15 or >500 genes were excluded. Enriched gene sets
after 1000 permutations at a false-discovery rate of ≤0.05
were considered significant.

Results

SNP array

All 37 OFMTs (18 typical, 9 atypical, 10 malignant) were
analyzed with SNP arrays. Excluding copy number changes
<100 Kb and copy-neutral LOH <1Mb, a total of 30 cases
showed imbalances (Supplementary Table 2; Fig. 1).
Typical OFMTs had a median of 2 imbalances per case
(range 0–7, mean 2.2), compared with 6 (range 2–12, mean
6.1) in atypical and 7 (range 0–16, mean 8.0) in malignant
lesions. The most commonly involved chromosome band
was 6p21, to which PHF1 maps, showing deletions in 16/37
(43%) of the samples across all subtypes. Imbalances
affecting other chromosome bands harboring genes

involved in fusions were deletions in 12q24 (EP400) in 2/7
cases with EP400–PHF1 fusions and duplications in both
16p13 (CREBBP) and Xq26 (BCORL1) in the single OFMT
with a CREBBP–BCORL1 fusion. Monosomy 13 or dele-
tion of parts of 13q were seen only in atypical (4/9) and
malignant (3/10) OFMTs, with a minimal shared region
including three genes: ITM2B, RB1, and RCBTB2.

SNVs

WES achieved an average coverage of 82× in the targeted
regions. From the three cases with corresponding peripheral
blood, 8, 10, and 21 non-synonymous exonic SNVs were
identified. For the four cases lacking peripheral blood, WES
reported an average of 6 SNVs while no pathogenic muta-
tions were detected at gene panel analysis. No gene was
found to be recurrently mutated among the seven OFMT
samples (Supplementary Table 3).

Gene fusion status in tumors

The gene fusion status was investigated in a total of 17 cases
by either RNA-seq (nine cases) or a gene fusion panel (eight
cases). Gene fusions were identified in all samples analyzed
by RNA-seq and in 5/8 samples analyzed by the gene fusion
panel (Supplementary Table 4). The most commonly iden-
tified gene fusion was EP400–PHF1 found in seven cases
followed by PHF1–TFE3 in three. The remaining fusions
EPC1–PHF1, MEAF6–PHF1, CREBBP–BCORL1, and
CSMD1–MEAF6 were found in one sample each. All
fusions except CSMD1–MEAF6 have been reported in
OFMT before [25]. The novel CSMD1–MEAF6 fusion was
verified by RT-PCR, confirming that CSMD1 exon 41
(NM_033225) was fused in-frame with MEAF6 exon 7
(NM_022756; Supplementary Fig. 2).

Gene-expression profile of OFMT

The gene-expression profiles of seven OFMT were com-
pared with those of 50 other soft tissue tumors. By unsu-
pervised hierarchical clustering of the 1568 genes retained
after variance filtration, OFMTs formed a distinct expres-
sion cluster (Fig. 2), with 845 coding genes being sig-
nificantly differentially expressed between OFMT and the
other tumor types (FDR < 0.1; Supplementary Table 5). The
vast majority (95%) of the differentially expressed genes
were upregulated in OFMTs.

Gene-expression profile and ATAC-seq findings in
cell lines

Extensive differences in gene expression were observed
between the cells expressing fusions and those with an
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empty vector. In agreement with gene-expression data from
tumors, the majority of the genes found to be differentially
expressed between cells with EV or a fusion construct were
upregulated (mean 81%). Among the 794 genes found to be
upregulated in OFMTs, 33% were upregulated also by all
three fusion constructs. In addition, by GSEA, several gene
sets were found to be enriched in both tumors and cell lines,
including the Wnt, Hedgehog, and calcium signaling path-
ways (Supplementary Table 6). However, the most strongly
enriched gene set was defined as genes with high-CpG-
density promoters bearing histone mark H3K27me3 in

neural progenitor cells [26]. Many of the top upregulated
genes in OFMTs, including GCGR, SFRP5, WNT7B, and
KREMEN2, were highly expressed also in the cell lines, as
well as in the three FFPE OFMT samples (Supplementary
Fig. 3). IHC for H3K27me3 and CTNNB1 in five OFMTs
showed retained expression of the former and no nuclear
staining for the latter.

The gene-expression profiles in the cell lines were also
investigated by unsupervised PCA by which variation
between the different fusion constructs was observed. While
E–P and M–P seemed to have similar effects on the cells,

Fig. 1 Circos plot showing SNP-array results in OFMT. Samples
are ordered by case number with the inner most circle representing
case 1 and outer most circle representing case 37. Blue= loss of one

copy; dark blue= homozygous loss; red= gain of one copy; dark
red= gain of two or more copies; yellow= copy-neutral loss of
heterozygosity.
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P–T cells formed a distinct group and resulted in more
extensive changes in gene expression (Supplementary
Fig. 4A). These results were in line with the ATAC-seq
data; unsupervised PCA of differentially accessible peaks
demonstrated that the M–P and E–P cells clustered together
while P–T formed a separate group and the largest variation
was observed between EV and P–T (Supplementary
Fig. 4B). Although there was considerable overlap among
the different fusion constructs with regard to upregulated
genes and differentially accessible peaks in promoter
regions (Fig. 3a, b), the effect on these shared targets was
stronger in P–T cells (Fig. 3c, d).

A comparison of the peaks found to be differentially
open in the fusion-expressing cells compared with those in
EV using de novo motif discovery identified several enri-
ched transcription factor (TF) binding motifs. Enriched TF-
motifs shared among the fusion-expressing cells included
JunB, Egr2, and BORIS (Supplementary Table 7).

Discussion

The central role played by gene fusions in the development of
OFMT was confirmed in the present study. Fusions were

found in 14 of 17 cases analyzed by RNA-seq or a gene
fusion panel, a frequency that is similar to the 85% reported
before using various methodologies [5, 6]. However, there is
reason to expect that the true frequency is even higher; the
starting material (RNA extracted from archival FFPE slides
that were mounted on slides) was clearly suboptimal for
fusion panel analysis, not only limiting the number of cases
that could be analyzed but also possibly creating false nega-
tive results; two of the three cases that were negative for gene
fusions showed deletions in 6p21, where PHF1 is located, on
SNP-array analysis. Indeed, 6p21, which harbors the PHF1
gene, was the most commonly involved chromosome band in
chromosomal imbalances, showing deletions in 16 cases.
PHF1 is transcribed in the opposite direction in relation to its
fusion partners (EP400, EPC1, MEAF6, and TFE3), meaning
that in-frame fusions with these genes cannot be achieved
through simple translocations. Hence, the frequent finding of
copy number shifts in 6p21 could reflect that the PHF1
fusions require more than two double strand breaks. Fur-
thermore, 6p21 deletions were roughly as common in benign
OFMTs (7/18) as in atypical/malignant cases (9/19), sug-
gesting that the deletions are not progression related.

The spectrum of gene fusions in OFMT was further
expanded by the identification of a novel CSMD1–MEAF6

Fig. 2 OFMT forms a distinct expression cluster by unsupervised
hierarchical clustering of 1568 genes. The upper panel of colored
boxes below the dendrogram indicate the tumor type of each sample
and the lower colored boxes indicate OFMT classification; DFSP
dermatofibrosarcoma protuberans; IL inflammatory leiomyosarcoma;

MLS myxoid liposarcomas; MIFS myxoinflammatory fibroblastic
sarcoma; PLS pleomorphic liposarcoma; PRT PRDM10-rearanged
tumors; SEF sclerosing epithelioid fibrosarcoma. Turquoise color in
the dark blue panel to the left highlights genes found to be upregulated
by all three fusion constructs.

1336 J. Hofvander et al.



fusion. MEAF6 encodes a member of the acetyl transferase
complexes and has previously been reported as the 5′partner
in fusions together with PHF1. CSMD1 encodes a
membrane-bound complement inhibitor [27], which has
been suggested to act as a tumor suppressor gene in various

malignancies [28]. The remaining gene fusions were in line
with previous data, with EP400–PHF1 being the most
common variant, found in all types of OFMT. The second
most common fusion was PHF1–TFE3, detected in two
typical and one malignant OFMT. Thus, we could not

Fig. 3 Analysis of overexpressed genes and differentially open
promoter regions in the TERT-immortalized Bj5ta human fibro-
blast cell line with the EP400–PPHF1 (E–P), MEAF6–PHF1
(M–P), PHF1–TFE3 (P–T), or empty vector (EV) plasmids. a Venn
diagram of upregulated genes in E–P, M–P, and T–P compared with
EV. b Venn diagram of differentially accessible promoter regions E–P,
M–P, and T–P compared with EV. c Heatmap of the 1425 upregulated

genes found to be shared between E–P, M–P, and P–T. d visualization
of coverage (RPKM) in the 417 differentially open promoter regions
shared between E–P, M–P, and P–T. Plots display a region of ±1 kb
from the peak centers (PC). The heatmap shows the coverage around
shared open regions and the line plot shows the mean coverage around
the same regions.
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corroborate the suggestion by Suurmeijer et al. that the
PHF1–TFE3 fusion is associated with malignant OFMT
[6]. This notwithstanding, it was of interest to note that the
P–T construct had the strongest effect on the cells, resulting
in a higher number of differentially expressed genes and
differentially accessible regions. In addition, although the
three different fusions shared several targets with regard to
upregulated genes and differentially accessible promoter
regions, the effect on these targets was stronger for the
PHF1–TFE3 fusion.

As our data suggest that all types of OFMT share a
similar spectrum of gene fusions, atypical and malignant
OFMTs likely represent progression-related variants of
typical OFMTs, rather than distinct entities. The SNP-array
data support this interpretation. Genomic imbalances were
more common among atypical/malignant lesions than
among typical OFMTs, and some specific genomic imbal-
ances were more common among the former lesions (Sup-
plementary Table 2 and Fig. 1). Notably, losses involving
13q were exclusively found (in 7/19 cases) in atypical/
malignant OFMTs, and the minimal shared region of loss
included only three genes, one of which was the tumor
suppressor RB1. Thus, it seems likely that at least some of
the morphological differences between typical and atypical/
malignant OFMTs are due to clonal evolution. By contrast,
SNVs and indels seem to have little impact on OFMT
development or progression, as no recurrent variants were
detected.

Despite the fact that five different fusions were found
among the seven OFMTs available for gene-expression
analysis, they formed a uniform group, easily distinguish-
able from the seven other soft tissue sarcoma subtypes by
unsupervised hierarchical clustering. The expression pattern
of OFMT was characterized by global upregulation, with
95% of the differentially expressed genes being expressed at
higher levels than in the other sarcoma subtypes. Similar
observations were made in cell lines expressing the E–P,
M–P, and P–T fusion constructs; when compared with
Bj5ta fibroblasts harboring an empty vector all three fusion
constructs resulted in a general upregulation of gene
expression. Furthermore, many of the top upregulated genes
in OFMT tumor samples overlapped with genes upregulated
by all three PHF1 fusion constructs in the cell lines,
including GCGR, WNT7B, KREMEN2, and SFRP5. The
impact of the gene fusions on the gene-expression profile
was further supported by GSEA as several gene sets were
found to be highly enriched in both tumors and cell lines.
These included signaling pathways associated with differ-
entiation and development, such as Wnt and Hedgehog, as
well as polycomb repressor complex 2 (PRC2) target genes,
i.e., genes associated with the H3K27me3 mark.

Bearing in mind that OFMT is one of few soft tissue
tumors frequently displaying bone formation, the high

expression of the Wnt signaling pathway in tumors and
Bj5ta cells is intriguing. Wnt signaling in general is well
known to be critical for osteogenic differentiation, as shown
in both human diseases and stem cells and in experimental
animal models [29, 30]. In tumor tissues, several Wnt genes
(WNT3A, WNT4, WNT6, WNT7A, WNT7B, WNT10A, and
WNT11) were significantly upregulated in OFMTs. The
highest fold change was seen for WNT7B, the induced
expression of which has been shown to increase the number
of osteoblasts and stimulate bone formation in mice, pre-
sumably through activation of the mammalian target of
rapamycin complex 1 (mTORC1) rather than by activating
β-catenin [31, 32]. In line with these findings, we here
showed by IHC that OFMTs do not display nuclear
expression of CTNNB1. However, known targets of
mTORC1 signaling, such as EIF4EBP1, RPS6KB1, and
RPS6KB2, were not among the differentially expressed
genes in OFMTs (Supplementary Table 5). Furthermore,
known antagonists of canonical Wnt signaling, including
KREMEN2 and SFRP5, were also highly upregulated in
OFMTs; whether this is a physiological response to the
upregulation of Wnt genes remains to elucidated.

The PRC2 target genes are also of particular interest in
OFMT. PRC2 is a complex of proteins with histone
methyltransferase activity and mainly mediates transcrip-
tional repression through trimethylation of histone H3 at
lysine 27 (H3K27me3) [33, 34]. PRC2 has essential roles in
the maintenance of cell identity, differentiation, and pro-
liferation, and its components appear to have complex roles
in tumorigenesis, with both gain-of-function and loss-of-
function mutations occurring in several types of cancer [35].
The PHF1 gene, which is involved in the majority of
OFMT-associated fusions, encodes plant homeodomain
finger protein 1, a 456 aa protein involved in the repair of
DNA double strand breaks, as well as in transcriptional
regulation [34, 36, 37]. It is an accessory component of
PRC2, and contains a Tudor domain (aa 28–87, encoded by
exons 2–4) that specifically binds trimethylated lysine 36 on
histone H3 (H3K36me3). It preferentially binds to partially
unwrapped nucleosomes, thereby facilitating transcription
through enhanced nucleosome accessibility, by decreasing
the dissociation rate of DNA-binding proteins, and by
protecting chromatin from transcriptional repression by the
PRC2 complex [38–41]. However, not only the Tudor
domain and its interaction with PRC2, but also the two PHD
fingers and interactions with a variety of methylation marks
and proteins are important for the epigenetic impact of
PHF1 [37]. In all reported gene fusions involving PHF1,
irrespective of whether it occurs as the 5′- or 3′-partner, the
Tudor domain, as well as the zinc finger domains encoded
by exons 4–8, are included. Furthermore, almost all of them
will contain the entire amino-terminal domain (aa 2–28),
which has been shown to strongly enhance the ability of the
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Tudor domain to increase DNA accessibility in nucleo-
somes [41].

Driver mutations affecting the function of the PRC2
complex have previously been reported in other sarcomas,
including malignant peripheral nerve sheath tumor
(MPNST) and endometrial stromal sarcoma (ESS). MPNST
harbors recurrent loss-of-function alterations in the PRC2
core components SUZ12 and EED. These tumors display
global loss of the H3K27me3 mark, resulting in a general
upregulation of gene expression when compared with
MPNST with wt SUZ12 and EED [42, 43]. ESS, like
OFMT, harbors chromosomal translocations affecting pro-
teins associated with PRC2, including SUZ12, PHF1, and
EPC1 [25, 44]. The fusion proteins in ESS have been
suggested to initiate activation of the Wnt signaling path-
way by impairment of PRC2 [45, 46]. Similar to our find-
ings in OFMT, gene-expression analysis of ESS showed
that 88% of differentially expressed genes were upregu-
lated, and there was strong enrichment of genes associated
with the Wnt signaling pathway among the upregulated
genes [46]. Most likely, the fusion of PHF1 with ectopic
sequences will give rise to a chimeric protein that cannot
properly function in one or more of the many
protein–protein interactions in which wt PHF1 participates
[37]. Our results strongly suggest that the PHF1 fusions
deregulate gene expression through alterations in chromatin
accessibility. However, this effect is unlikely to be achieved
through blocking of PRC2, as both we and others [43] have
found retained H3K27me3 staining by IHC in OFMTs.
Thus, further studies are needed to understand how the
chimeric proteins affect chromatin regulation.
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