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Comprehensive Genetic Analysis Identifies a
Pathognomonic NAB2/STATé Fusion Gene,
Nonrandom Secondary Genomic Imbalances,
and a Characteristic Gene Expression Profile in
Solitary Fibrous Tumor
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Solitary fibrous tumor (SFT) is a mesenchymal neoplasm displaying variable morphologic and clinical features. To identify
pathogenetically important genetic rearrangements, 44 SFTs were analyzed using a variety of techniques. Chromosome
banding and fluorescence in situ hybridization (FISH) showed recurrent breakpoints in 12ql3, clustering near the NAB2
and STAT6 genes, and single nucleotide polymorphism array analysis disclosed frequent deletions affecting STAT6. Quantita-
tive real-time PCR revealed high expression levels of the 5’-end of NAB2 and the 3’-end of STAT6, which at deep sequenc-
ing of enriched DNA corresponded to NAB2/STAT6 fusions. Subsequent reverse-transcriptase PCR (RT-PCR) analysis
identified a NAB2/STATé fusion in 37/4| cases, confirming that this fusion gene underlies the pathogenesis of SFT. The
hypothesis that the NAB2/STAT6 fusions will result in altered properties of the transcriptional co-repressor NAB2 - a key
regulator of the early growth response | (EGRI) transcription factor — was corroborated by global gene expression analy-
sis; SFTs showed deregulated expression of EGRI target genes, as well as of other, developmentally important genes. We
also identified several nonrandom secondary changes, notably loss of material from 13q and 14q. As neither chromosome
banding nor FISH analysis identify more than a minor fraction of the fusion-positive cases, and because multiple primer
combinations are required to identify all possible fusion transcripts by RT-PCR, alternative diagnostic markers might instead
be found among deregulated genes identified at global gene expression analysis. Indeed, using immunohistochemistry
on tissue microarrays, the top up-regulated gene, GRIA2, was found to be differentially expressed also at the protein level.
© 2013 Wiley Periodicals, Inc.

INTRODUCTION

Solitary fibrous tumor (SF'T) is a mesenchymal
tumor composed of fibroblast-like neoplastic cells
arranged in a patternless way in a collagenous
matrix. Several, often overlapping, morphologic
patterns have been described, and tumors showing
more prominent branching vessels were previously
known as hemangiopericytomas, while those with a
significant adipocytic admixture were called lipom-
atous hemangiopericytomas. As all morphologic
subtypes share certain cellular features as well as
immunophenotypic characteristics, such as frequent
expression of CD34, they are now considered a
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single biologic entity (Vallat-Decouvelaere et al.,
1998; Guillou et al., 2002; Weiss and Goldblum,
2008). Since the first description of SF'T" as a pleu-
ral neoplasm (Klemperer and Rabin, 1931), it has
become clear that it can occur virtually anywhere in
the body. Irrespective of anatomical site, it typically
presents as a painless lump in middle-aged adults,
without any gender predilection. There are cur-
rently no specific markers to confirm the diagnosis
of SF'T'. Furthermore, some 10% of cases behave
aggressively, with local recurrences and/or distant
metastases; tumor site, size, growth pattern, and
mitotic activity are associated with aggressive
behavior, but prediction of outcome is difficult in
the individual case (Fletcher et al., 2013a). SF'T's
are in general insensitive to chemo- and radiother-
apy, and, hence, surgery with adequate margins is a
prerequisite for cure (Demicco et al., 2012).

Because of the differential diagnostic problems,
the difficulties in predicting outcome in SFT
patients, and the lack of treatment targets in malig-
nant cases, efforts have been made to identify
characteristic genetic markers. While chromosome
banding, comparative genomic hybridization and
array-based genomic analyses have failed to iden-
tify any consistent aberrations (Miettinen et al.,
1997; Bertucci et al., 2013; Mitelman Database of
Chromosome Aberrations and Gene Fusions in
Cancer, 2013), next generation sequencing (NGS)
of RNA and DNA from SF'T's recently resulted in
the identification of a NABZ/STATG6 fusion gene in
the majority, if not all, cases (Chmiclecki et al.,
2013; Robinson et al., 2013).

In this study, we employed a variety of investi-
gative approaches—high-resolution single nucleo-
tide polymorphism (SNP) arrays, NGS, global
gene expression analysis, chromosome banding,
quantitative real-time PCR (qRT-PCR), reverse-
transcriptase PCR (R'T-PCR), fluorescence in situ
hybridization (FISH), and immunohistochemistry
(IHC)—on a series of SFTs, disclosing a high
frequency of NABZ2/STAT6 fusions, nonrandom
secondary chromosomal changes, as well as gene
and protein expression data of potential diagnostic
relevance.

MATERIALS AND METHODS

Patients and Tumors

The study included tumors diagnosed as SF'T
from 44 patients (24 women, 20 men; median age
at diagnosis 53 years, range 16-89 years). Clinical
features are shown in Supporting Information
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Table S1. In summary, 21 tumors were located
in the extremities, followed by pleura/thoracic cav-
ity (#=29), trunk wall (#=75), retroperitonecum/
abdominal cavity (#z =3), head and neck (#=3),
and meninges/spinal cord (7 =3). Fresh tumor
samples were obtained for cytogenetic and molecu-
lar analyses from the sarcoma centres in Lund and
Stockholm, Sweden, and Leuven, Belgium. The
histopathologic diagnoses were based on the crite-
ria outlined by Guillou et al. (2002). The sampling,
storage and analysis of the tumors and blood sam-
ples included in this study were approved by the
Regional Ethics Committee of Lund University.

Cytogenetic and FISH Analyses

Cell culturing, harvesting, and G-banding were
performed as described and the karyotypes were
written following the recommendations of the
International System for Human Cytogenetic
Nomenclature (Mandahl et al., 1988; Shaffer et al.,
2009).

The bacterial artificial chromosome (BAC) and
fosmid probes that were used to delineate the
breakpoints in 12q13 were obtained from the
BACPAC Resource Center (http:/bacpac.chor-
rorg). The probes are specified in Supporting
Information Table S2. Clone preparation, hybrid-
ization and analysis were performed as described
(Jin et al., 2012).

SNP Array Analysis

DNA from 20 patients with SF'T was analyzed
with SNP array to detect global copy number
changes and allelic imbalances. From two patients,
two tumor samples were available, and from six of
the patients also a blood sample was analyzed
(data not shown). The DNA was extracted from
fresh frozen tumor biopsies using the DNeasy
Tissue Kit including the optional RNase A treat-
ment, according to the manufacturer’s instructions
(Qiagen, Valencia, CA). DNA concentrations were
measured with a Nanodrop ND-1000 spectropho-
tometer (Saveen & Werner AB, Malmo, Sweden).
DNA was hybridized to the Illumina Human
Omni-Quad version 1.0 BeadChips (Illumina, San
Diego, CA), containing 1.2 million markers,
following standard protocols supplied by the man-
ufacturer. The positions of SNPs were according
to the UCSC hg 19/NCBI Build 37. SNP data
analysis was performed using the BeadStudio
software version 3.1 (Illumina), and imbalances
were identified through visual inspection.
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Constitutional copy number variations were
excluded through comparison with the Database
of Genomic Variants, (http://projects.tcag.ca/varia-
tion/; accessed September 12, 2012). Nonrecurrent
aberrations smaller than 0.5 Mb were also
excluded from the aberration list.

Global Gene Expression Analysis

From a previous study (Moller et al., 2011),
global gene expression data were available for five
SFTs and 35 other soft tissue tumors (17 low-
grade fibromyxoid sarcomas LGFMS,; six desmoid
tumors, six extraskeletal myxoid chondrosarcomas,
and six myxofibrosarcomas) serving as controls
(accessible at NCBI’s Gene Expression Omnibus
database: http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgiracc=GSE24369). Extraction of total RNA
from frozen tumor biopsies, RNA concentration
and quality measurements and hybridization of
c¢cDNA to the Human GeneChip® Gene 1.0 ST
array  (Affymetrix, Santa Clara, USA) were
performed as described (Moller et al., 2011). Back-
ground correction, normalization and probe
summarization were done using the Robust Multi-
chip Average (RMA) method implemented in the
Expression Console software version (v) 1.0
(Affymetrix).

qRT-PCR Analysis

To detect any differences in the expression
levels consistent with breakage within NABZ or
STAT6, TagMan gene expression assays were per-
formed on 35 SF'T's using probes mapping to the
5’- and 3’-ends of each gene. RNA from desmoid
tumors, low-grade fibromyxoid sarcomas, synovial
sarcomas, and myxofibrosarcomas were used as
control. HPRT1 was used as endogenous control,
based on its stable expression at global gene
expression analysis. The following TagMan gene
expression assays were used: Hs01082003_m1
(NAB2 5’5 exons 1-2), Hs00195573_m1 (NABZ2 3’;
exons 6-7), Hs01127471_gl1 (§TA76 5’; exons
5-6), Hs00598625_m1 (S7TAT6 3’; exons 19-20),
and Hs02800695_m1 (HPRTT7). Total RNA from
one of the desmoid tumors was used as calibrator
in both series. qRT-PCR was performed according
to the manufacturer’s instructions and all reactions
were run in triplicate (Applied Biosystems, Foster
City, CA). Calculations were done using the
comparative Cp method (i.e., AACt method)
(Livak and Schmittgen, 2001), using the SDS soft-
ware 1.3.1.

Capturing, Sequencing, and Analysis of
Target Genomic Region

In order to identify the genomic breakpoints
involved in potential fusion events, DNA was
extracted from 11 SF'T samples and four blood
samples from 10 patients. Baits for enrichment of
a 1.0 Mb region in chromosome band 12q13
(Chr12: 57,300,000-58,300,000) were obtained
from Agilent Technologies (Stockholm, Sweden)
and the target region was captured using solution-
based targeted enrichment by hybridization (Agi-
lent SureSelect XT  Custom MP3). Window
Masker and Repeat Masker were used to exclude
repeated sequences, leaving 67.5% of the nucleo-
tides in the target region available for capture.
Tumor and blood DNA (3 pg of input material)
was fragmented to 300 bp using a Covaris S2
instrument. At ScilLifelLab (Stockholm, Sweden),
clustering was performed on a cBot cluster genera-
tion system using a HiSeq paired-end read cluster
generation kit according to the manufacturer’s
instructions. The samples were sequenced on an
[Mlumina HiSeq 2000 and base conversion was
done using Illumina’s OLB v1.9, according to the
manufacturer’s instructions. The generated raw
sequence files contained paired-end reads (read-
length 101 bp) in fastq format with base quality
scores in the phred64/I1lumina 1.3+ format.

For each library (sample), the paired-end reads
were mapped to the human genome reference
sequence (UCSC hgl9) using the functions
“index,” “aln,” and “sampe” of the BWA program
(Li and Durbin, 2009). The results of the
alignment were stored in the Binary Alignment/
Map (BAM) format using the SAMtools package
(Li et al., 2009). Addition of readgroups, coordi-
nate sorting of readpairs, removal of duplicate
reads, building the bam index and validation of
the bam files were done using the Picard toolkit
(htep://picard.sourceforge.net/, accessed Jan 10,
2013). Local realignment around indels for tumor
and normal pairs, and base quality score recalibra-
tion were done using the IndelRealigner and
BaseRecalibrator, respectively, from the Broad
Institute Genome Analysis Toolkit (De Pristo
et al., 2011).

FusionMap was employed to identify gene
fusions (Ge et al., 2011), either using unmapped
reads extracted from the BAM files or using the
raw reads in fastq files. Methods for general
structural variant detection such as Pindel v0.2.4t
(Ye et al., 2009) and DELLY v0.0.9 (Rausch et al.,
2012) were also used in order to delineate
the structural rearrangements resulting in gene
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fusions. Pindel does not detect interchromosomal
rearrangements and performs best in detection of
structural variants less than 10 kbp, whereas
DELLY is able to detect interchromosomal

rearrangements and structural variants larger than
10 kbp (Rausch et al., 2012).

RT-PCR

Total RNA was extracted from frozen tumor
samples using the Qiazol reagent (Qiagen,
Valencia, CA). Reverse transcription and PCR
amplifications were performed as described (Pana-
gopoulos et al., 2001; Jin et al, 2012). Primers
specific for NAB2 and STAT6 were designed to
detect possible fusion transcripts (Supporting
Information Table S3). Transcripts were amplified
using an initial denaturation for 2 min at 94°C,
followed by 30 cycles of 30 sec at 94°C, 30 sec at
58°C, and 3 min at 72°C and a final extension for
3 min at 72°C. Amplified fragments were purified
from agarose gels and directly sequenced using
the Big Dye v1.1 cycle sequencing kit (Applied
Biosystems, Foster City, USA) on an ABI-3130
genetic analyzer (Applied Biosystems). The
BLASTN software (http://www.ncbi.nlm.nih.gov/
blast) was used for the analysis of NABZ and
STATG6 sequence data.

IHC

A tissue microarray (TMA), previously described
in detail by Moller et al. (2011), with nine SF'Ts,
10 low-grade fibromyxoid sarcomas, 11 myxofibro-
sarcomas, 12 desmoid tumors, six extraskeletal
myxoid chondrosarcomas, and one myoepithelial
tumor was used to evaluate the expression of
GRIA2. Each case was represented twice per
"TMA block, and the TMA blocks were prepared
in duplicate; thus, four cores per case were studied.
Epitope retrieval was achieved by heating 4 pm
"T'MA slides in citrate buffer (pH 6.0) in a pressure
cooker. The sections were stained with an
anti-GRIAZ rabbit monoclonal antibody (clone
EP929Y; Abcam, Cambridge, MA) at 1:100
dilution. The Evision Plus detection system
(Dako, Carpinteria, CA) was used as a secondary
antibody.

Statistical Analyses

Correlation-based principal component analysis
and hierarchical clustering analysis of global gene
expression data were performed using the Qlucore
Omics Explorer version 2.2 (Qlucore, Lund,
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Sweden). Differences between tumor groups in
log, transformed expression data were calculated
using a /-test and corrections for multiple testing
were based on the Benjamini-Hochberg method
(Qlucore). Genes with a P-value <0.001 and a
false discovery rate < 0.01 were considered signifi-
cantly altered.

For genes implicated in EGR1-signaling, the
Chi Square test, two-tailed, with Yates’ correction
was used when comparing proportions of deregu-
lated genes.

RESULTS

Cytogenetic and FISH Findings
A total of 47 samples from 44 SFT patients

were analyzed after short-term culturing, revealing
an abnormal karyotype in 31 samples from 29
patients (Table 1). Considering only one sample
per patient, 13 had pseudodiploid, five hypodi-
ploid, five hyperdiploid, two near-triploid, and
four near-tetraploid chromosome numbers. The
most common breakpoint in structural rearrange-
ments was 12q13 (five cases). The most frequent
imbalances, combining unbalanced structural and
numerical changes, were loss of 13q14-q32 (five
cases), and, in three cases each, loss of 1q31-q43,
7p22, 12q13, and 14q22-qter and gain of chromo-
some 8. No recurrent interchromosomal rearrange-
ment was seen.

Metaphase and interphase FISH analysis of 14
cases revealed at least one breakpoint in the
~1 Mb region flanked by RP11-9761.20 and
RP11-571M6, i.e., near or within the NABZ and
STAT6 genes, in nine cases (Table 1).

SNP Array Results

SNP array analysis was performed on 22 sam-
ples from 20 patients with SF'T (Table 1, Support-
ing Information Table S4). Imbalances (ranging
from 1 to >25 per sample) were found in 15 of the
patients, the most common being a hemizygous
deletion in 12q13 (six patients, with minimal
shared regions at 57.515-57.521 Mb and 57.527-
57.615 MB in five patients each; Supporting
Information Table S5). In addition, three
patients showed complex rearrangements with
multiple gained regions in 12q. Other imbalances
seen in three or four cases included hemizygous
deletions affecting 10q (including homozygous
deletion in one patient), 13q and 14q, and gain
of 5p, 8p (including amplification in one patient)
and 8q.
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Global Gene Expression Analysis

Unsupervised principal component analysis
based on the expression of the 695 most variable
genes (g/omax = 0.4) showed that the five SFT's
formed a group that had an expression profile sepa-
rate from the control tumors (Supporting Informa-
tion Fig. S1). Of the 695 most variable genes, 125
genes showed a significantly different (82 with
higher and 43 with lower) expression between SF'T
and the control tumors (P <0.001, FDR <0.01;
Supporting Information Tables S6 and S7).

When studying the expression levels of genes
implicated in EGRI1 signaling, we defined tran-
scriptional deregulation as a >2-fold difference in
average expression levels between the SF'T's and
the control tumors. Using this cut-off, 1,398 of
21,755 (6.4%) genes were either up-regulated (757
genes, 3.5%) or down-regulated (641 genes, 2.9%)
in the SF'Ts.

We compared our global gene expression data
with two data sets on EGRI1 targets, which we
considered of relevance for fibroblastic tumors
(Supporting  Information Table S8). First,
Bhattacharyya et al. (2011) identified 647 genes
(638 of which were present in our data set) that
were differentially expressed in cultured human
skin fibroblasts upon 48 hours incubation with an
adenoviral recombinant containing an active
EGRI. Second, genes with reported binding sites
for EGR1 listed in the Cold Spring Harbor
Laboratory Transcriptional Regulatory Element
Database (CSHLTRED; http://rulai.cshl.edu/cgi-
bin/TRED/tred.cgi’process=home; accessed on
Nov 30, 2012) were retrieved; of a total of 102
genes, the 77 genes listed as “known” with respect
to “Best promoter quality” and “Best binding
quality” were included for comparison. Deregu-
lated genes identified by us (here defined as >2-
fold mean expression difference between SFT's
and control tumors) were significantly over-
represented among the genes identified as deregu-
lated by forced EGRI expression in fibroblasts
(Bhattacharyya et al., 2011): of their 638 genes,
122 (19.1%) were deregulated in our data set (122
observed vs. 41 expected, p<0.0001), the vast
majority (100 genes, 82%) being down-regulated
in the SFTs (100 observed vs. 19 expected,
p<0.0001). Of the 77 EGRI1 target genes selected
from the CSHLTRED database, 14 (18.2%)
showed at least 2-fold higher (five genes) or lower
(nine genes) average expression levels in the
SFTs than in the control tumors. Thus, genes
deregulated in our array study were enriched also
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in this data set (14 observed vs. 5 expected,;
P <0.05).

gqRT-PCR

T'umors serving as controls had similar expres-
sion levels of the 5’- and 3’-ends of NABZ and
STATG6. In contrast, an up-regulation of 5> NABZ2
was seen in 25 (71%) SF'T's, in five cases together
with simultaneous differential up-regulation of 3’
STATG6; one case showed differential up-regulation
only of 3> §7A76 (Table 1, Supporting Information
Figs. S2 and S3). Five of six cases showing up-
regulation of 3> §7TAT6 had fusion transcripts in
which the §TAT6-part started with exon 17 or 18.
Of the 10 cases that were negative for differential
5" NABZ2 expression, two were negative at RT-
PCR for NABZ2/STAT6 and the remaining cases
had NABZ/STAT6 fusion transcripts involving
exons 2 or 4 of NAB2 (Table 1).

Deep Sequencing of the Breakpoint
Region in 12ql13

The mean target coverage ranged from 485 to
867 times, with 98.2-98.3% aligned reads. A sum-
mary of identified gene fusions is provided in
Table 1 and Supporting Information Tables S9
and S10, and exemplified in Supporting Informa-
tion Fig. S4. In brief, fusion events were detected
in 10/11 tumor samples from nine of 10 patients;
the two samples from Case 1 showed identical
fusions. In nine of the cases, at least one of the
algorithms indicated a NABZ/STAT6 fusion, recip-
rocal in three of them, at the genomic level.
Genomic breakpoints mapped to intron 6 of NABZ
in five cases, to intron 4 in two and to exon 2 or
intron 3 in one case cach. The genomic break-
points in §7A7T6 ranged from intron 1 to intron 19
(Supporting Information Table S9). Case 2 also
showed fusions of STA76 to R3HDMZ2 (mapping to
12q13) and TRAPPC5 (mapping to 19p13); the lat-
ter fusion was in agreement with the cytogenetic
finding of a three-way t(6;12;19). Case 20 also
showed a NAB2/GL.I1 (GLI!I is located telomeric of
NAB2 in 12q13) fusion and Case 33A had a
C120rf68/NAB2 fusion (C120r/68 maps to the cen-
tromeric side of NABZ in 12q13).

RT-PCR for NAB2/STAT6 Fusion Transcripts

In-frame NABZ/STAT6 fusion transcripts were
found in 37/41 cases (Table 1). A wide distribution
of breakpoints at the transcript level necessitated
the use of several primer combinations. All fusion
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A NAB2ex2 v STAT6ex3

B NAB2ex4 v STAT6ex3

C NAB2ex6 v STAT6ex18

Figure |. Chromatograms depicting three types of NAB2/STAT6
junction in solitary fibrous tumor. Arrows indicate fusion points. A:
Fusion of part of exon 2 of NAB2 with exon 3 of STAT6 (Case I1).
The exact breakpoint cannot be identified as three nucleotides in the
fusion region were shared (horizontal bar). B: Fusion sequence com-
patible with exonic breakpoints in both genes, but intronic breakpoints
leading to fusion of the entire exon 4 of NAB2 with the entire exon 3
of STAT6 seem more likely (Case 20). Three shared nucleotides are
indicated by horizontal bar. C: Fusion of exon 6 of NAB2 with exon 18
of STATé (Case 2). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

transcripts contained at least the first two exons of
NABZ and the last six exons of §7A706, with fusions
between NABZ exon 4 and STAT6 exon 3 (17 cases)
and between NABZ exon 6 and STAT6 exon 17 (six
cases) being the most common (Table 1, Fig. 1).
"The majority of the fusion sequences were compat-
ible with intronic breakpoints, but four cases had
exonic breakpoints in NABZ and/or STATG.

Immunohistochemistry

GRIA2 was the top up-regulated gene in our
global gene expression series, showing very high

expression values in all investigated cases. It was
also found to be transcriptionally up-regulated in
the studies by Hajdu et al. (2010) and Robinson
et al. (2013). We thus evaluated its expression on
the protein level using an antibody on a TMA pre-
viously described (Moller et al., 2011). Of nine
SF'T's, eight showed strong cytoplasmic staining in
at least one of four cores. Only one of the 40 con-
trol tumors, a myoepithelial tumor, showed any
positive staining (Supporting Information Fig. S5).

DISCUSSION

Chmielecki et al. (2013) and Robinson et al.
(2013) recently showed that SF'T's recurrently dis-
play fusion of two neighbouring, and partly over-
lapping, genes in chromosome band 12q13: NABZ,
which is transcribed from centromere to telomere,
and STAT6, which is transcribed from telomere to
centromere. However, the results of these two
studies otherwise differed significantly. Chmie-
lecki et al. found a NAB2/STAT6 fusion in only 29/
53 (55%) cases, always with one of exons 3-7 of
NABZ2 being juxtaposed with the full-length
STAT6 cDNA, and concluded that the essential
outcome is deregulation of STAT6 targets
(Chmielecki et al., 2013). In contrast, Robinson
et al. (2013) identified a NAB2/STAT6 fusion in all
of their 51 analyzed SF'T's, the most common
(75%) type of fusion being between exon 6 or 7 of
NAB2 with exon 17 or 18 of STAT6. As all fusions
detected by them would result in a chimeric pro-
tein that exchanged one or more repressor
domains of NAB2 for an activation domain from
STAT®6, they concluded that the essential out-
come was disturbed NAB2 activity, leading to
deregulated carly growth response (EGR) signal-
ing. This claim was substantiated by thorough
gene expression analysis and various functional in
vitro studies (Robinson et al., 2013).

Our results on the NABZ/STAT6 fusion were
more in agreement with those of Robinson et al.
(2013) than with those of Chmielecki et al. (2013).
First, a NAB2/STAT6 fusion transcript was found
in the vast majority (37 of 41; 90%) of the cases
that could be analyzed. Furthermore, in two of the
four fusion-negative cases there was differential
expression of the 5’-part of NABZ, suggesting that
some SFTs might have fusion transcripts that
require other primer combinations than used here.
We cannot exclude poor sampling in the remain-
ing two fusion-negative cases; in fact, one of them
(Case 9) was negative also at chromosome band-
ing, FISH and SNP array analyses, indicating few
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tumor cells in the biopsy. Thus, it may well be
that SF'T's consistently show a NABZ/STAT6 fusion
gene. Interestingly, however, the types of fusion
transcript we detected were different from those
seen in the two previous studies. Like Robinson
et al. (2013), we did not detect a single case in
which exon 1b of S7TA76 was included in the
fusion transcript, a phenomenon seen in all cases
reported by Chmielecki et al. (2013). We believe
that this discrepancy has a technical (RNA
sequencing vs exome sequencing) rather than a
biological explanation. However, the distribution
of fusion breakpoints detected by us was slightly
different from what was reported by Robinson
et al. While they found fusions of exon 6 or 7 of
NABZ2 with exon 17 or 18 of STAT6 in 75% of their
cases, such transcripts were found only in 10/37
(27%) cases in the present series (Table 1).
Instead, a fusion between NABZ exon 4 with
STAT6 exon 3 dominated (17/37 cases; 46%) in our
series; this fusion type was seen in only 3/51 (6%)
cases by Robinson et al. (2013). Whether this
difference is associated with phenotypic aspects,
such as tumor size, location or aggressiveness will
have to be evaluated in larger series.

In the present study, we used deep sequencing
of an enriched 1 Mb region of 12q13 to identify at
the nucleotide level the outcome of the rearrange-
ments that had been observed by cytogenetic,
FISH and SNP array analyses. The simultaneous
presence of inversions, deletions and transloca-
tions in the target region made the analysis diffi-
cult at the genomic level, and all of the algorithms
used had shortcomings—fusion genes are more
difficult to detect at the DNA level than at
the transcript level (Ozsolak and Milos, 2011).
Furthermore, the capturing procedure required
blocking of repeated sequences, in our case leav-
ing out one-third of the target region, thereby
potentially lowering the possibility to detect cer-
tain fusion events. Nevertheless, a NABZ2/STAT6
fusion was identified in 9/10 cases, including both
samples from one of the cases, and the localization
of the breakpoints at the genomic level was mostly
in good agreement with the RT-PCR results;
some of the discrepancies in the localization of
breakpoints could be explained by splicing effects.
Not unexpectedly, also other fusions were
detected, e.g., between STA76 and TRAPPCS5 in
Case 2. TRAPPC5 maps to chromosome band
19p13, which was shown by cytogenetics to be
the recipient of 12ql3-material through a three-
way translocation t(6;12;19)(p22;q13;p13). Another,
potentially  pathogenetically important fusion
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between intron 6 of NABZ2 and intron 1 of the GLI/
oncogene was seen in Case 20; while RT-PCR
showed a NABZ/STATG6 fusion transcript, an addi-
tional fusion between NABZ and GLII could not
be verified at the transcript level (data not shown).

On the basis of the results of the present and
previous studies we can conclude that the NABZ2/
STAT6 fusion, resulting in a chimeric protein in
which the carboxy-terminal repressor domain of
NAB2 is replaced with a highly variable portion of
STAT®, is a primary and presumably pathogenetic
event in SFT development. Furthermore, our
results and those by Robinson et al. (2013) con-
vincingly show that irrespective of anatomic site of
origin and morphologic subtype (i.c., absence/
presence of malignant features, prominent branch-
ing vessels or fat), SF'T's share the same genetic
origin.

The origin of the fusions is likely due to simul-
tancous inter- and intrachromosomal rearrange-
ments, as shown here by cytogenetics, FISH and
deep sequencing at the DNA level. As NABZ and
STAT6 are located close to each other, but tran-
scribed in different orientations, a fusion event
requires an inversion. Furthermore, SNP array
analysis revealed frequent 12q deletions with cen-
tromeric breakpoints within or immediately down-
stream of §7AT6, and banding analysis showed
translocations of chromosome arm 12q with vari-
ous other chromosomes. Because the level of
genetic instability seems to be low (identical
karyotypes and SNP array profiles in the primary
lesion and, five years later, in the relapse from
Case 33), we believe that the NAB2/STAT6 fusion
results from a single, complex rearrangement
involving multiple chromosomal breakpoints.

We also agree with Robinson et al. (2013) that
the cellular effects of the NABZ2/STAT6 fusion
could be attributed to distorted NAB2 activity.
The NABZ gene consists of 7 exons, encoding a
525 aa protein. Two conserved domains—NCD1
and NCD2—are encoded by exon 2 and exons
2-3, respectively (Svaren et al., 1997); NCD1 is
essential for interaction with EGR1, while NCD2
is important for transcriptional repression. Also the
carboxy-terminal part (amino acids 386-525,
corresponding to exons 5-7) is important for tran-
scriptional repression, containing a chromodomain
helicase DNA-binding protein 4 (CHD4)-interact-
ing domain (CID); deletion of exon 6 (amino acids
426-489) creates a CHD4-independent form of
NAB2 (Srinivasan et al., 2006). As NAB2 interacts
with EGR1, and the EGRI1-interacting NCD1
domain is always present in the fusion protein,
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one would expect to find an enrichment of EGR1
target genes among the genes that were differen-
tially expressed in SF'Ts. Indeed, such an associa-
tion was shown by Robinson et al. (2013), as
well as in this study (Supporting Information
Table S8).

EGR1, the most extensively analyzed of four
EGR proteins, is a zinc finger DNA-binding tran-
scription factor, the expression of which is induced
by a variety of stimuli, including ultraviolet light,
hormones, cytokines, and growth factors such as
TGF-B. Aberrant function of EGR1 has been
implicated in many disease-associated processes,
such as cancer, inflammation, fibrosis, and
epithelial-mesenchymal transition (Bhattacharyya
et al., 2011, 2013). One of the target genes of
EGR1 is NABZ2, showing increased expression lev-
els soon after the induction of KGRI transcription
(Svaren et al., 1996, 1997, 1998; Srinivasan et al.,
2006; Bhattacharyya et al., 2008). NAB2, in turn,
regulates the expression of EGR1 target genes by
binding, on the one hand, to the R1 inhibitory
domain of EGR1 and, on the other, to the CHD3
and CHD4 proteins (Srinivasan et al.,, 2006).
CHD3 and CHD4 are enzymatic subunits of the
nucleosome remodeling and histone deacetylase
(NuRD) complex, a key regulator of gene expres-
sion at the chromatin level (LLai and Wade, 2011).
The NuRD multi-protein complex consists of sub-
units with enzymatic activity (CHD3 and CHD4
and histone deacetylases HDAC1 and HDAC2)
and of non-enzymatic subunits (methyl-CpG-
binding domain proteins MBD2 and MBD3,
metastasis-associated proteins MTA1, MTAZ,
MTA3, and retinoblastoma-binding proteins
RBBP4 and RBBP7 (LLai and Wade, 2011). The
NuRD complex regulates gene transcription
through at least two mechanisms: deacetylation of
histones and nonhistone proteins and ATP-
dependent chromatin remodeling resulting in
repositioning of nucleosomes (LLai and Wade,
2011; Allen et al., 2013). It is currently not known
how the NuRD complex is attracted to a given
promoter, but some transcriptional co-factors,
including NAB2, that bind NuRD have been
identified. Of the genes encoding members of the
NuRD complex, all showed the same expression
levels in SF'T's and control tumors, except the
CHD3 gene which showed a 2-fold higher expres-
sion among SF'T's (data not shown).

When we compared our global gene expression
data with two data sets on EGRI1 targets
(Bhattacharyya et al.,, 2011 and the CSHL'TRED
database), we found that genes showing deregulated

expression (here defined as >2-fold mean expres-
sion difference between SF'T's and control tumors)
at global gene expression analysis were enriched
among EGRI1 target genes (Supporting Informa-
tion Table S8). Possibly reflecting the fact that
Bhattacharyya et al. used a NAB-resistant KGR/
construct, our down-regulated genes were equally
common among their up-regulated (62/370, 16.8%)
and down-regulated (38/268, 14.2%) genes. An
interesting aspect of our gene expression data was
that the majority of the presumed EGRI1 target
genes were found to be transcriptionally down-
regulated in SF'T's. As wt NAB2 acts as a repressor
of EGR1 activity, the NAB2/STAT6 chimera,
which lacks carboxy-terminal parts that are consid-
ered important for repression, could be expected
to augment transcription of EGR1 targets. Indeed,
Robinson et al. (2013) demonstrated an increased
expression of an EGR1 reporter in an in vitro assay
when comparing the effects of NAB2/STAT6 with
wt NAB2. Possibly, our finding of mostly down-
regulated EGR1 targets could be partly explained
by the choice of EGR1 target genes in the present
study. It should be kept in mind, however, that
the effects of EGRI1 are still poorly characterized,
and NAB2 can sometimes potentiate rather than
repress EGR1-dependent transcription; thus, to
categorize NAB2 as a transcriptional repressor is
probably an over-simplification (Bhattacharyya
et al., 2008). In addition, the potential impact of
the carboxy-terminal part of STAT6 on the
NAB2/STAT6 chimera and its interaction with
EGRI1 and other proteins must also be considered.
The exact effects of the NAB2/STA'T6 fusion pro-
tein will have to be investigated in functional
assays.

Also several genes of importance in fetal devel-
opment showed differential expression, suggesting
that the pathogenetic mechanism in SF'T involves
epigenetic deregulation of multiple down-stream
target genes. Of 38 HOX genes for which data
were available (HOX(4 not included in our data),
20 showed 2.0-6.9-fold higher average expression
values in SF'T's than among the controls (Support-
ing Information Table S11). None of the HOXD
genes showed this phenomenon. These results are
in agreement with Robinson et al. (2013), who also
identified increased expression of HOXB and
HOXC genes. Furthermore, it was recently shown
that the NuRD complex is vital for normal differ-
entiation of embryonic stem cells, at least in part
by down-regulating the expression of the ZFP42,
TBX3, KLLF4, and KLF5 genes. Deletion of the
MBD3 gene, encoding a scaffold protein that is
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essential for the assembly of the NuRD complex,
leads to up-regulation of these genes, thereby
blocking differentiation (Reynolds et al., 2012).
Intriguingly, 7BX3 and KLF4 expression was
reduced more than 2-fold in the SF'Ts, and ZFP42
showed very low expression levels in all tumor
types. Combined with the finding of widespread
HOX gene up-regulation, these findings suggest a
fundamental disturbance of developmentally
important genes in SF'T's.

The top up-regulated gene in our series was
GRIA2; the average expression level was more
than 100 times higher than in the control tumors
(Supporting Information Table S6). A similar over-
expression was seen in the studies by Hajdu et al.
(2010) and Robinson et al. (2013). GRIAZ encodes
a subunit of a class of glutamate receptors that are
involved in a variety of neurophysiological proc-
esses, including transmission of excitatory synaptic
signals. The GRIAZ protein is normally not
detected outside the CNS, but aberrant expression
has been detected in various malignancies. We
have no explanation to why GRIAZ shows such a
high expression in SF'T's, but it could be noticed
that one important regulator of GRIAZ is the
transcription factor nuclear respiratory factor 1
(NRF1), the DNA-binding activity of which is
influenced by post-translational acetylation. Fur-
thermore, GRIA2 is a main target for the REST
corepressor complex, which includes HDAC1 and
HDAC2 (Noh et al., 2012). Regardless of the
underlying mechanism, the strongly increased
expression suggests that the GRIA2 protein might
be of diagnostic interest. Currently, CD34 is the
standard discriminator at IHC, but CD34 is not
expressed in all SF'T's and several other soft tissue
tumors are also CD34-positive (Fletcher et al.,
2013b). To explore whether the increased mRNA
expression translates into increased expression
also at the protein level, we performed IHC analy-
sis with a GRIA2-specific antibody on a TMA pre-
viously described (Moller et al., 2011). The
analysis showed expression of GRIAZ2 in 8/9 SF'T's
but only in one of the control tumors (a myoepi-
thelial tumor), warranting further IHC studies
of SFTs and morphologically similar tumors
(Supporting Information Fig. S5).

The clinical outcome for patients with SF'T is
difficult to predict at diagnosis. Some factors that
are known to be associated with increased risk of
relapse include a high mitotic count, location out-
side the trunk wall or extremities, and large tumor
size (Fletcher et al., 2013a). The NABZ/STAT6
fusion as such is unlikely to be of prognostic
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relevance as it is present regardless of tumor loca-
tion, histopathologic subtype and malignancy
grade. Furthermore, we could not discern any cor-
relation between type of fusion transcript and any
of these parameters in the present study. Bearing
in mind that the genetic background of the NABZ2/
STAT6 fusion varied considerably, e.g., ploidy lev-
els ranged from hypodiploid to tetraploid, and that
certain chromosomal rearrangements, notably
losses of 13q and 14q, were recurrent, we com-
pared the genomic profiles of 11 “aggressive”
tumors (tumors that were diagnosed as malignant
and/or metastasized) with those of 33 benign
tumors. However, no clinicogenetic associations
were found (data not shown). Interestingly, two of
10 SF'T's (Cases 17 and 20) had mutations in the
TERT promoter (Table 1). Apart from the pres-
ence of 14g-deletions at cytogenetic analysis in
both cases, there was nothing that set the 7ERT-
positive cases apart from the negative ones. TERT
promoter mutations were recently shown to be
highly frequent among myxoid liposarcomas,
but otherwise rare (frequency less than 1%) in
benign and malignant bone and soft tissue tumors
(Killela et al., 2013). Whether the relatively high
frequency of TERT mutations in SFTs is associ-
ated with cell of origin or the nature of the fusion
gene is presently unknown.

In conclusion, we confirm that NAB2/STAT6
fusions are common in SF'T's, and we agree with
Robinson et al. (2013) that the essential outcome
is disturbed function of NAB2, rather than deregu-
lation of STA'T6. Combining what is known about
the function of NAB2, the nature of the NABZ2
rearrangements detected and global gene expres-
sion data on SF'T's, the pathogenetic basis of SF'T
is a deregulated interaction between NAB2,
EGR1 and the NuRD complex. In turn, this
results in widespread disturbances in gene regula-
tion, particularly prominent for genes involved in
the EGR-signaling pathway. However, also genes
not previously directly implicated in EGR-
signaling, such as the HOX genes and genes
involved in stem cell plasticity, show deregulated
expression in SF'T's, suggesting that much could
be learnt about the function of NAB2 by studying
SETs. The finding of NAB2 as a key player in
SEF'T pathogenesis might also explain why previ-
ous attempts to use targeted treatments have
failed to result in anything but very limited effects
on the outcome. Previously selected targets, such
as the VEGF pathway, IGF2 signaling, or tyrosine
kinases are all, at best, secondary mediators of the
underlying genetic aberration. For instance, the
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finding that tyrosine kinase inhibitors like suniti-
nib could provide a partial response could perhaps
be explained by EGRI1 being regulated by ABLL1
(Bhattacharyya et al., 2011). Similarly, the previous
focus on IGF2 and IGF2 signaling is unlikely to
yield any dramatic therapeutic effects, as this is
only one of several pathways affected by the dis-
turbed gene expression pattern.
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