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Low-grade fibromyxoid sarcoma (LGFMS) is an indolent, late-metastasizing malignant soft-tissue tumor that is
often mistaken for either more benign or more malignant tumor types. Cytogenetic analyses have identified a
recurrent balanced translocation t(7;16) (q32-34;p11), later shown by molecular genetic approaches to result in
a FUS/CREB3L2 fusion gene. Whereas preliminary studies suggest that this gene rearrangement is specific for
LGFMS, its incidence in this tumor type and the possible existence of variant fusion genes have not yet been
addressed. For this purpose, a series of potential LGFMS were obtained from nine different soft-tissue tumor
centres and subjected to molecular analysis as well as careful histopathologic review. Reverse transcriptase-
polymerase chain reaction analysis disclosed a FUS/CREB3L2 fusion transcript in 22 of the 23 (96%) cases that
remained classified as LGFMS after the histologic re-evaluation and from which RNA of sufficient quality could
be extracted, whereas none of the cases that were classified as other tumor types was fusion-positive. In one of
the tumors with typical LGFMS appearance, we found that FUS was fused to the CREB3L1 gene instead
of CREB3L2. The proteins encoded by these genes both belong to the same basic leucine-zipper family of
transcription factors, and display extensive sequence homology in their DNA-binding domains. Thus, it is
expected that the novel FUS/CREB3L1 chimera will have a similar impact at the cellular level as the much more
common FUS/CREB3L2 fusion protein. Taken together, the results indicate that virtually all LGFMS are charac-
terized by a chimeric FUS/CREB3L2 gene, and that rare cases may display a variant FUS/CREB3L1 fusion.
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Low-grade fibromyxoid sarcoma (LGFMS) is a  separate entity by Evans' in 1987. Despite a
malignant soft-tissue tumor, first described as a  relatively bland histologic appearance, metastases
develop in about 10% of the cases, and LGFMS is
often confused with more benign as well as more
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LGFMS may be more common than previously ap-
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in LGFMS is still poorly investigated, but chromo-
some banding analyses have revealed a, so far,
pathognomonic balanced translocation t(7;16)
(q32—-34;p11) as a recurrent feature.*” Further
molecular cytogenetic and molecular genetic ana-
lyses of this translocation led to the identification of
a novel FUS/CREB3L2 fusion gene, consisting of the
5’ part of the FUS gene in chromosome arm 16p and
the 3’ part of the CREB3L2 gene (also known as
BBF2H7) in 7q.” A further study of 59 low-grade
soft-tissue tumors provided results indicating that
this fusion gene is specific for LGFMS; all 12 fusion-
positive cases in that series fulfilled the morpho-
logic criteria for LGFMS, suggesting that reverse
transcriptase-polymerase chain reaction (RT-PCR)
analysis may be a valuable tool in the differential
diagnosis.* However, only three of the 12 fusion-
positive cases in that series had been diagnosed as
LGFMS prior to the identification of the fusion gene;
the routine histopathologic diagnosis in the other
nine cases ranged from fibroma to malignant fibrous
histiocytoma. Thus, the possible existence of genetic
heterogeneity in LGFMS, that is, to what extent
LGFMS may be fusion gene-negative or associated
with alternative fusion genes, has not yet been
examined.

The aims of the present study were thus to
evaluate the incidence of the FUS/CREB3L2 fusion
gene in a series of reproducibly diagnosed cases of
LGFMS, and to search for alternative pathogenetic
events in FUS/CREB3L2-negative cases.

Materials and methods
Tumor Samples

Samples from 37 soft-tissue tumors diagnosed as
LGFMS or potential LGFMS were retrieved from
nine different tumor centers in Europe and the USA
for RNA extraction and RT-PCR analysis. Frozen
samples, stored at —80°C, were preferred, as such
material would enable further genetic analyses.
However, frozen samples could be obtained in only
29 cases. From the remaining eight cases, the
analysis had to be restricted to RNA extracted from
paraffin-embedded tissue. From all 37 cases, repre-
sentative slides and blocks were sent to one of us
(CDM Fletcher) in order to obtain a standardized
and consistent histopathologic review of all tumors.
The review was performed blinded with respect
to the results of the RT-PCR analyses, and vice
versa. Diagnostic criteria were as previously de-
scribed.**#* Specifically, each tumor was character-
ized by alternating fibrous and myxoid areas, often
with abrupt transition, with a predominantly swir-
ling growth pattern and uniform nuclear morpho-
logy. Nuclear pleomorphism and hyperchromasia
were not seen and any fascicular areas were limited
in extent. The clinical, histopathologic, and cytoge-
netic features of cases 1818/04 and 1820/04, as well
as the clinical, histopathologic, cytogenetic, and
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molecular genetic findings in cases 1940/03, 1941/
03, and 1942/03, have been reported before (cases
2 and 1 in Reid et al® and cases 9, 8, and 12 in
Panagopoulos et al* respectively). Cytogenetic
information from short-term cultured tumor cells
was also available from two previously unreported
cases (3127/03 and 1838/04), both showing the
t(7;16)(q32—-34;p11) as the sole anomaly.

Immunohistochemical Analysis

Immunohistochemical studies were performed in all
cases using the Envision Plus detection system
(Dako, Carpinteria, CA, USA) according to the
manufacturer’s specifications. The antibodies used
were S-100 protein (1:3000, polyclonal, Dako),
smooth muscle actin (SMA) (1:20,000, clone 1A4,
Sigma, St Louis, MO, USA), glial fibrillary acidic
protein (GFAP) (1:8500, polyclonal, Dako), CD34
(1:400; clone Qbend10, Dako), epithelial membrane
antigen (EMA) (1:200; clone E29, Dako) and desmin
(1:500; clone D33, Dako). Appropriate positive and
negative controls were used throughout.

RT-PCR and Sequence Analysis

RNA was extracted from frozen tissue according to
standard procedures. For RNA extraction from
paraffin-embedded tissue, 0.5 ml xylene was added
to the paraffin curls, vortexed for 5min until the
paraffin was dissolved, and spun down in a
microcentrifuge for 5 min. The xylene was removed
and the first step was repeated. The tissue was then
washed twice in 0.6 ml 100% cold ethanol and spun
down for 5 min at high speed, followed by vacuum-
drying for 3 min, and overnight digestion at 55°C in
0.48ml RNA digestion buffer (20mM Tris pH 7.5,
20mM EDTA, 1% SDS in DEPC water) and 20 ul of
25 ug/pl Proteinase K. The volume was split into two
tubes and 1ml Trizol (Gibco BRL Inc., Gaithersburg,
MD, USA) was added to each tube. Then, 200 ul of
chloroform was added to each tube, mixed well by
vortexing and then spun down at high speed for
10 min at room temperature. The top aqueous RNA
layer was removed and an equal volume of iso-
propanol was added. After at least 2h at —20°C, the
content was spun down for 10 min, and the super-
natant was removed followed by washing in 70%
ethanol. The dry pellet was left for 15-20min at
room temperature and then 30-50 ul of DEPC H,O
was added depending of the size of the pellet. The
RNA is measured using an OD ratio of 1.6-1.8 as
acceptable. The adequacy of the extracted RNA was
assessed by RT-PCR, using primers for PGK tran-
scripts. Only cases with a visible PCR product on
the agarose gel were selected for further analysis.
A detailed description of the RT-PCR protocols for
analysis of FUS/CREB3L2 transcripts has been
reported before.*” In brief, a one-step PCR was
performed for the amplification of the FUS/
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CREB3L2 chimeric transcript by use of the TLS165F
and BBF2-1435R primer combination. In case
1453/04, this analysis was followed by nested PCR
with primers TLS263F (sequence ATATGGCTC
GACTGGCGGCTATGG) and BBF2-1396R. To con-
firm the presence of a FUS/CREB3L1 fusion gene,
RT-PCR with primer combination TLS165F and
OASIS-898R (sequence TCAGCAATCAGGGTCCGC
TTCTCC) was performed. Amplified fragments were
sequenced according to the dideoxy procedure with
an ABI Big-Dye terminator 1.1 cycle sequencing kit
(Applied Biosystems, Foster City, CA, USA) with
various primers on an Applied Biosystems Model
3100-Avant DNA sequencing system. BLAST soft-
ware (http://www.ncbi.nlm.nih.gov/BLAST/) was
used for computer analysis of sequence data.

Results

RNA of sufficient quality for RT-PCR analysis could
be extracted from 26/29 frozen samples and from 3/8
of the paraffin-embedded tissue samples. Below
follows a description of the histopathologic, clin-
ical, and molecular genetic features of the 29 cases
that were available for genotype—phenotype correla-
tions.

Histopathologic Review

At histopathologic review, 23 of the 29 cases that
could be used for RT-PCR analysis were considered
to have diagnostic features of LGFMS (Table 1,
Figure 1). Among these cases, one contained giant
collagen rosettes and three (one of which was a local
recurrence) showed foci of increased cellularity.
There was no correlation between the type of FUS/
CREB3L2 transcript and tumor morphology. Simi-
larly, the case with a variant FUS/CREB3L1 fusion
gene was histologically indistinguishable from the
other cases. Immunohistochemical staining in these
tumors revealed the following positive results: S-100
protein 1/23 cases (weak, focal), SMA 1/23 cases
(focal), CD34 2/21 cases, desmin 1/6 cases (focal),
GFAP 0/21 cases and EMA 10/23 cases (3 being very
focal). The frequency of EMA positivity mirrored
personal unpublished observations (CDMF) in larger
case numbers, but this antigen has not been
examined previously in a large series. The signifi-
cance of this result is uncertain.

Of the six tumors that did not fulfill the
morphologic criteria for LGFMS, four were classi-
fied as myxoid spindle cell neoplasm/sarcoma not
otherwise specified, one as cellular myxoma, and
one as possible LGFMS (data not shown). Principal
reasons for exclusion were either the presence of a

Table 1 Clinicopathologic and molecular genetic data on 22 FUS/CREB3L2-positive and one FUS/CREB3L1-positive LGFMS?*

Case no. Age/sex Site Size Follow-up® RT-PCR®
1940/03 F/37 Thigh 12 R 155, NED 156 ex7/ex5
1941/03 M/34 Lower back 9 R 24, M 48 and 60, LTF 60 ex6/ex5
1942/03 M/53 Retroperitoneal 18 R 70, LTF 70 ex7/ex5
3127/03 M/39 Thigh 5 NED 9 ex5/ex6
3845/03 M/75 Axilla 7 NED 96 ex6/ex5
1076/04 F/21 Trunk wall ND M 12 years, R 14 and 20 years, LTF 20 years ex6/ex5
1160/04 M/40 Hip 9 NED 48 ex5/in4
1161/04 M/27 Parascapular ND R+M 23 years, NED 24 years in6/ex5
1162/04 F/36 Leg 6 NED 67 ex5/in5
1351/04 F/28 Thigh 11 NED 28 ex6/ex5
1453/04 M/42 Thoracic wall 7 NED 94 ex9/ex5
1454/04 F/13 Thigh ND R 13, 16, 19, 21, 22, and 23 years NED 27 years ex6/ins/ex5
1455/04 F/33 Buttock 6 NED 21 ex6/ex5
1818/04 F/18 Thigh 5 NED 44 ex5/in5, ex6/in5
1820/04 M/44 Buttock 4 NED 24 in6/ex5
1838/04 M/38 Thigh 9 NED 2 ex7/ex5
1905/04 F/12 Buttock 3 LTF ex6/ex5
PB2 M/12 Foot 3 R 19, NED 36 ex6/ex5
PB4 F/41 Brachial plexus ND R 40, NED 48 ex7/ex5
PB5 F/25 Neck 6 R+M 156, NED 252 ex7/ex5
PB8 M/30 Foot ND Rx2, M 60, AwD 204 ex6/ex5
PB11 M/37 Thigh 9 M 21, 32, AwD 120 ex6/ex5
PB13 F/28 Thigh 14 NED 1 ex7/ex5

4The clinicopathologic and molecular genetic features of cases 1940/03, 1941/03 and 1942/03 have been reported before (Cases 9, 8, and 12,
respectively, in Panagopoulos et al*). The clinicopathologic features of cases 1818/04, and 1820/04 have been reported before (Cases 2 and 1 in
Reid et al?). RNA for RT-PCR was derived from the primary lesion in 14 cases, from a local recurrence in six cases (1940/03, 1941/03, 1076/04,
1454/04, PB4 and PB5), and from a metastasis in three cases (1161/04, PB8, PB11).

bFollow—up time in months, unless otherwise specified. R =local recurrence; NED =no evidence of disease; M = metastasis; LTF = lost to follow-

up; AwD =alive with disease.

“Location of the breakpoints in the FUS and CREB3L2 genes, or, in case 1453/04, FUS and CREB3L1, as determined by direct sequencing of fusion
transcripts detected by RT-PCR. For detailed information on the localization of the breakpoints, see Figure 2. Ex=exon; in=intron;

ins = insertion.
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Figure 1 (a) At low power, LGFMS shows alternating fibrous and
myxoid areas with a swirling growth pattern. (b) At higher power,
the tumor cells have uniform spindle cell morphology with
minimal nuclear atypia.

diffusely fascicular architecture or a diffusely
myxoid or collagenous stroma without alternating
areas.

Clinical Features of the LGFMS

The 23 cases of LGFMS (12 men, 11 women, mean
age 33 years, age range 12—75 years) were all deep-
seated, with 15 originating in the lower extremities,
three in the neck or proximal upper extremities, four
in the trunk wall, and one in the retroperitoneum
(Table 1). The size (largest diameter) of the primary
tumor was unknown in five cases, but varied in the
others from 3 to 18 cm (median, 7 cm). Information
on clinical outcome was available for 22 of the cases,
with follow-up periods ranging from 1 month to 24
years.

At the time of this study, 11 patients were alive
and disease-free and had not had any relapse 1-96
months after resection of the primary tumor. In four
patients, the tumor had recurred locally once, after
an interval of 19-155 months. In the remaining
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seven patients, the disease course was more com-
plex. One patient (case 1454/04) was first operated
on at the age of 13 years for what was then thought
to be fibromatosis. After 13 years, there was a local
recurrence, followed by another five recurrences, all
of which were locally resected, after 3, 6, 8, 9, and 10
years. The patient has now been disease-free for 4
years.

The tumor metastasized in six patients. One (case
1941/03) developed metastases in the forearm and
lungs 4 and 5 years, respectively, after diagnosis,
and was then lost to follow-up. One patient (case
1161/04) was diagnosed with a parascapular tumor
at the age of 27 years. After 23 years, he presented
with a 4.5 cm local recurrence as well as a 4 cm lung
metastasis, both of which were resected. The patient
has now been disease-free for 10 months. One
patient (case 1076/04) presented with a primary
tumor of the abdominal wall at the age of 21 years.
After 12 years, she developed multiple bilateral
pulmonary metastases, followed by local recur-
rences after another 2 and 8 years, respectively. All
tumors were surgically removed, and the patient
was lost to follow-up after excision of the last
relapse. One patient (case PB8) had two local
recurrences before presenting with lung metastases,
60 months after the diagnosis of a primary tumor in
the foot. After 12 years, he is alive with remaining
disease. One patient (PB5) with a primary tumor in
the posterior neck had a local recurrence and lung
metastasis 156 months after diagnosis, but has since
then been disease-free for 8 years. Finally, one
patient developed soft-tissue and lung metastases
21 and 32 months after diagnosis, and is currently
alive with remaining tumor burden.

RT-PCR Findings

RT-PCR analysis with primers specific for the FUS
and CREB3L2 genes revealed a FUS/CREB3L2 fusion
transcript in 22/29 cases, all of which fulfilled the
morphologic criteria for LGFMS (Table 1, Figure 2).
Direct sequencing of the chimeric transcripts re-
vealed that the breakpoint in CREB3L2 was located
in exon 5 in 18 cases, in intron 5 in two cases, and
in intron 4 and exon 6, respectively, in one case
each. The breakpoint in the FUS gene was more
variable, three being located in exon 5, 10 in exon 6,
two in intron 6, and six in exon 7. In addition,
one case (1818/04) displayed two fusion transcripts;
one showing a junction between exon 5 of FUS
with intron 5 of CREB3L2, and another aligning FUS
exon 6 with CREB3L2 intron 5. Finally, in one
of the cases (1454/04), there was a small insertion
at the junction. The by far most common types
of chimeric transcript aligned exon 6 or 7 of FUS
with exon 5 of CREB3L2, seen in 10 and six cases,
respectively.

In one case (1453/04), RT-PCR analysis with the
primer combination TLS165F and BBF2-1435R
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3127-03

1076-04

1160-04

1161-04

1162-04

1351-04

1454-04

1455-04

1818-04
(long)

1818-04
(short)

1819-04

1820-04

1905-04

PB2

PB4, PB5

PB8, PB11l

PB13

inversion
FUS exon 5 V¥V CREB3L2 exon 6 ¥ CREB3L2 exon 6
CAGTACAACAGCAGCAGTGGTGGTGGAGGTGGAGGTGGAGGTGGAGCCGTGACTGCTCGGAGTCCCAACCCACGCCTGCACCCCTTCAGC
Q ¥y N S §$S §s G G GG G GG GG GGG G AV T AR S PN P RL H P F S

FUS exon 6 (entire) V¥V ¥V CREB3L2 exon 5
CCCAGAGGTCGTGGAGGTGGCCGTGGAGGCAGAGGTGGCATGGGAGACTCAGAGGGCAGCCTGAGTCCCAACCCACGCCTGCACCCCTTC
P R G R GGG RGG RGGMGD S EG S L S PN PRULH P F

FUS exon 5 V¥ CREB3L2 intron 4 (inverted) V¥ CREB3L2 exon 5
AGCAGTGGTGGTGGAGGTGGAGGTGTGGTCCACTGGGGCTGCAAAAAAGGAAGCACGAGTCCCAACCCACGCCTGCACCCCTTCAGCCTG
s s 66 6 G GG GG GGV V H WG CI K K G s TS PN P R L H P F S L

FUS exon 6 v FUS intron 6 V¥V CREB3L2 exon 5
GGTGGCCGTGGAGGCAGAGGTGGCATGGGCTTCCAGGAATTGGCTACTCCACGCCTGCACCCCTTCAGCCTGCCTCAGACCCACAGCCCT
G G R G GR GGMGPF Q E L A TP RUL HUPF S L P Q T H S P

FUS exon 5 V¥ CREB3L2 intron 5 V¥ CREB3L2 exon 6
CGTGGAGGCCGCGCAGTGGCTTCTTCAGTGACTTTTCAAAATACTGCCTTTTGCTTAGAATGCACTCCTCTCTCTTATAAACTGCAGGGATCA
R G GR AV A S SV T F Q N T A F CL E C T P L S Y K L Q G S

FUS exon 6 (entire) v CREB3L2 exon 5
CCAGAGGTCGTGGAGGTGGCCGTGGAGGCAGAGGTGGCATGGGTGACTCAGAGGGCAGCCTGAGTCCCAACCCACGCCTGCACCCCTTCA
R G R G G GR GG RGGMGD S EGS L S P N P R L H P F

FUS exon 6 (entire)V insertion VCREB3L2 exon 5
TGGAGGCAGAGGTGGCATGGGGTATGAGAAGCGTCGTGCCAACCCACGCCTGCACCCCTTCAGCCTGCCTCAGACCCACAGCCCCTCCAG
G G R G GGM G Y E KRR ANUPI RULHU®PUPF S L P Q T H S P S P

FUS exon 6 (entire) v CREB3L2 exon 5
AGGTCGTGGAGGTGGCCGTGGAGGCAGAGGTGGCATGGGCCTGAGTCCCAACCCACGCCTGCACCCCTTCAGCCTGCCTCAGACCCACAG
G R 6 G G R G GGR GGG M GUL S PN P RUL HPF S L P Q T H S

FUS exon 6 V¥ CREB3L2 intron 5
GCAGCGGTGGCTATGGACAGCAGGACCGTGGAGGCCGCGCAGTGGCTTCTTCAGTGACTTTTCAAAATACTGCCTTTTGCTTAGAATGCA
s G G Y G Q @ bR GG R AV A S SV TV F QN T AUF C L E C T
v CREB3L2 exon 6
CTCCTCTCTCTTATAAACTGCAGGGATCAGGCCCTCTGGTCCTGACAGAGGAGGAGAAGAGGACCCTTCG
P L §S ¥ K L Q G S G P L VL TEEE K R T L

FUS exon 5 v CREB3L2 intron 5
TGGGAGCTACAGCCAGCAGCCTAGCTATGGTGGAGGCCGCGCAGTGGCTTCTTCAGTGACTTTTCAAAATACTGCCTTTTGCTTAGAATG
G S Y s Q  Pp S Y G GGWR AV AS SV TV F QN TAU F C L E C

v CREB3L2 exon 6
CACTCCTCTCTCTTATAAACTGCAGGGATCAGGCCCTCTGGTCCTGACAGAGGAGGAGAAGAGGACCCTTCG
T P L S Y K L Q G sS G P L VL T EEE K R T L

FUS exon 6 (entire) v CREB3L2 exon 5
GGTCGTGGAGGTGGCCGTGGAGGCAGAGGTGGCATGGGTGACTCAGAGGGCAGCCTGAGTCCCAACCCACGCCTGCACCCCTTCAGCCTG
G R G GG R G GR GGMGD S EG SL S P NP RULH P F S L

FUS exon 6 (entire)V FUS intron 6 ¥ CREB3L2 exon 5
TGGAGGCAGAGGTGGCATGGGCTTCCAGGAATTGGCTACTCTTCCCCACGGCAGTGACTCAGAGGGCAGCCTGAGTCCCAACCCACGCCT
G G R GGGMGVPF Q EL A TL P HG S D S E G S L S P N P R

FUS exon 6 v CREB3L2 exon 5
GGCGGCGGTGGTGGTTACAACCGCAGCAGTGGTGGCTATGAACCACGCCTGCACCCCTTCAGCCTGCCTCAGACCCACAGCCCCTCCAGA
G G G 6 G Y NR §$S S GG Y E P RULHU®PUVF S L P Q T H S P S R

FUS exon 6 (entire) v CREB3L2 exon 5
CGTGGAGGTGGCCGTGGAGGCAGAGGTGGCATGGGCCTGCCTCAGACCCACAGC
R G G G R GGR GG MG UL P Q T H S

FUS exon 7 (entire) v CREB3L2 exon 5
GCGGAAGTGACCGTGGTGGCTTCAATAAATTTGGTGAGGGCAGCCTGAGTCCC
G s bR G GVF DN K F G G G S L S P

FUS exon 6 v CREB3L2 exon 5
TATGGACAGCAGGACCGTGGAGGCCGCGGCAGGGTGCACCCCTTCAGCCTGCCT
Y G 9 0 DR GG RG® RV HU®PTF S L P

FUS exon 7 v CREB3L2 exon 5
CGGAAGTGACCGTGGTGGCTTCAATCCCAACCCACGCCTGCACCCCTTCAGCCTG
G $S DR GGVF N P N P R L H P F S L

Figure 2 Partial nucleotide sequences spanning the breakpoints in the previously unreported FUS/CREB3L2 fusion transcripts.
Arrowheads indicate site of junction. The predicted amino-acid sequences are written in capital letters.
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TLS165F and OASIS898R

CREB3L1 (exon 5)

150 160 170

ITGAGTCTGTGGC TGAT TACTTCAAG CAG ATTGGC TCTCTGCCCCCCTCCAGC CCTGTCAGGC CCATE

A

Figure 3 RT-PCR in case 1453/04 showing only a faint band with primer combination TLS165F and BBF2-1435R, one strong and several
weaker bands with primers TLS263F and BBF2-1396R, and one strong, specific band with primer combination TLS165 and OASIS898R
(upper part). Sequencing of the latter band showed a junction of FUS exon 9 with CREB3L1 exon 5. The predicted amino acid sequence is

written in capital letters (lower part).

resulted in a faint amplified fragment, and a stronger
band at second PCR with primers TLS263F and
BBF2-1396R (Figure 3). Sequencing suggested that it
represented a FUS/CREB3L1 fusion transcript in-
stead of the expected FUS/CREB3LZ2 transcript.
Thus, a renewed RT-PCR with primers specific for
the CREB3L1 gene was performed, resulting in a
strongly amplified fragment, which at direct sequen-
cing could be shown to represent a FUS/CREB3L1
fusion transcript (Figure 3).

All 22 cases with the FUS/CREB3L2 fusion gene,
as well as the case with the novel FUS/CREB3L1
chimera, were diagnosed as LGFMS at the histo-
pathologic review. Of the six fusion-negative tu-
mors, only one was considered a possible LGFMS;
the remaining five cases were considered to repre-
sent other tumor types (data not shown).

Discussion

The main objective of the present study was to
evaluate the incidence of the FUS/CREB3L2 fusion
gene in LGFMS. A second aim was to search for
alternative fusion genes in those cases that turned

out to be negative for the FUS/CREB3L2 chimera.
Several other sarcoma types in which characteristic
chromosomal translocations and their correspond-
ing fusion genes have been detected display more or
less pronounced genetic heterogeneity, often with
one type of fusion gene being much more common
than the other(s). For instance, in Ewing’s sarcoma
the EWSR1/FLI1 fusion gene is by far the most
frequent, accounting for approximately 85% of the
cases, but some 10-15% of the tumors, morpho-
logically indistinguishable from those which are
EWSR1/FLI1-positive, are instead characterized by
an EWSR1/ERG chimera. In addition, at least four
other fusion genes, each representing less than 1%
of the cases, have been detected.” Similarly, four
different fusion genes have been reported in syno-
vial sarcoma and extraskeletal myxoid chondrosar-
coma, three in alveolar rhabdomyosarcoma, and two
in myxoid liposarcoma."” From a clinical point of
view, it is, of course, important to know whether a
certain fusion gene is specific for a particular tumor
type, or whether it might also be identified in other
entities. Equally important, however, is to be aware
of how often the tumor type might be fusion-
negative or display an alternative genotype. For this
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purpose, a series of soft-tissue tumors that had been
diagnosed by experienced pathologists as LGFMS or
potential LGFMS were collected and subjected to
molecular genetic analysis as well as histopatho-
logic review. Overall, there was a very good
correspondence between the histopathologic fea-
tures and the molecular genetic findings. Of the 23
cases that remained classified as LGFMS after the
histopathologic review, 22 (96%) were found to be
positive for the FUS/CREB3L2 fusion gene.

The remaining LGFMS in this series (case 1453/
04) did not show rearrangement of the CREB3L2
gene, in spite of a typical morphologic appearance.
Instead, we detected a novel fusion transcript
corresponding to a chimeric FUS/CREB3L1 gene,
consisting of the first nine exons of FUS and exons
5-12 from CREB3L1. The CREB3L1 gene (cAMP
responsive element-binding protein 3-like 1, also
known as OASIS) is according to the Ensembl
database located in chromosome band 11p11, con-
sists of 12 exons, and encodes a protein of 528
amino acids. The protein is a transcription factor
belonging to the OASIS basic-leucine zipper (B-ZIP)
family of transcription factors together with
CREB3L2, CREB-H, CREB3, and CREB4, all of which
can dimerize with each other, but not with proteins
belonging to other B-ZIP families. The strongest
homology of CREB3L1 is seen with CREB3L2, the
B-ZIP domain being 80% identical in these two
proteins.”'? Furthermore, both proteins are encoded
by genes containing 12 exons, and in the FUS/
CREB3L1 chimera, just like in the FUS/CREB3L2
fusion protein, the B-ZIP-encoding domain is under
the control of the FUS promoter.

The CREB3L1 gene has not previously been
implicated in neoplasia-associated chromosome
rearrangements, but bearing in mind the strong
homology with CREB3L2, it is not entirely unex-
pected that it could serve as an alternative fusion
partner to FUS in LGFMS. According to the Ensembl
database, CREB3L1 is transcribed from telomere to
centromere. As the FUS gene is transcribed in the
same direction, the formation of the chimeric FUS/
CREB3L1 fusion gene would be achieved on the
derivative chromosome 11 by a simple balanced
translocation, in the same way as the FUS/CREB3L2
chimera is formed on the derivative chromosome 7
in cases with the t(7;16).” Thus, if the mapping of
the CREB3L1 locus to band 11p11 is correct, the
striking difference in frequency between the two
fusion genes, the FUS/CREB3L2 chimera so far being
30 times more common, could not be explained by
the need for additional genetic rearrangements in
order to create a functional FUS/CREB3L1 fusion
gene. However, it could be noted that other data-
bases, for example, LocusLink, map the CREB3L1
locus to 11q11.

Combining the results of the present study with
previously published data there is now information
on FUS/CREB3L2 fusion transcripts in 31 cases of
LGFMS.*” The most common type of FUS/CREB3L2

Laboratory Investigation (2005) 85, 408—415

transcript among these tumors has been the ex6/ex5
fusion, seen in 15 cases, followed by the ex7/ex5
chimera, seen in 10 cases. Thus, the great majority of
the cases have breakpoints within a rather restricted
region of the two genes. However, as demonstrated
in the present study, the fusion points in FUS and
CREB3L2 may vary from exon 5 to exon 7 and from
intron 4 to exon 6, respectively. The case with the
variant FUS/CREB3L1 fusion also had a break in
exon 5 of the CREB gene, but as the breakpoint in
FUS was in exon 9, a larger portion of FUS was
included in the fusion gene.

Whether the variation in transcript type or size is
of any clinical significance is presently unknown,
but no apparent genotype—phenotype correlation
could be detected in the present series; of the six
patients who developed metastases, four had the
ex6/ex5 type of transcript, one had an ex7/ex5, and
one had an in6/ex5 transcript.

In summary, the present study demonstrates that
RT-PCR for FUS/CREB3L2 constitutes an excellent
tool in the differential diagnosis of LGFMS, as this
fusion gene seems to account for more than 95% of
the cases. However, our results also show that at
least one alternative fusion gene, that is, FUS/
CREB3L1, may be associated with a small subset of
LGFMS.
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