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The Ewing’s family of tumors (EFTs) are characterized
by chimeric transcripts generated by specific chro-
mosomal rearrangements. The most common fusions
are between the EWSR1 gene on chromosome 22 and
the ETS family of transcription factors; rarely, FUS
(on chromosome 16) substitutes for EWSRI. The de-
tection of specific translocations using molecular
analysis is now a routine part of the pathological
examination of EFI. Here, we report our experience
with molecular diagnosis of EFT during the 4 years
(2006—-2009) at the Rizzoli Institute. We analyzed 222
consecutive tumors with a presumptive diagnosis of
EFT using molecular techniques and IHC. We found
five distinct types of EWSRI-FLI1 fusion transcripts
resulting from translocation t(11;22), three types of
EWSRI-ERG transcripts resulting from t(21;22), and
one type of t(2;22) resulting in EWSRI-FEV fusion.
Molecular investigation validated 92% of cases ulti-
mately diagnosed as EFT; IHC validated 76% of the
cases. Thus, despite the difficulties and limitations
associated with both molecular and IHC analysis on
fresh and formalin-fixed, paraffin-embedded tissue, a
combination of these techniques is the best approach
to enhancing the accuracy of EFT diagnosis. We also
present our method for choosing which molecular
techniques to apply. Finally, we collected the most
prevalent breakpoints reported in the literature, indi-
cating which exons are involved, the sequence break-
points, and the NCBI reference sequences. (J Mol Di-
agn 2011, 13:313-324; DOI: 10.1016/j,jmoldx.2011.01.004)

Ewing's sarcoma (ES) is a highly malignant small round
cell tumor (SRCT) that can arise in both bone and soft
tissues of children and young adults. Rarely, it occurs
also in adults.™? It is the second most common pediatric

bone tumor after osteosarcoma, accounting for ~30% of
all primary bone tumors in this age group.’** Based on
their shared immunophenotypes and molecular parame-
ters, several diagnostic entities that were previously con-
sidered distinct are now assembled as a single entity, the
Ewing’s sarcoma family of tumors (EFTs). These include
bone and extraskeletal Ewing’s sarcoma, primitive neu-
roectodermal tumor (PNET), and Askin tumor of the tho-
racopulmonary region.’5~"

The histological evaluation of EFT is based on morpho-
logical, immunophenotypic, and molecular features. The
morphology of ES is variable. These tumors are fre-
quently composed of uniform small round cells with
round nuclei containing fine chromatin, scanty clear or
eosinophilic cytoplasm, and indistinct cytoplasmic mem-
branes. In less differentiated cases, tumor cells are
larger, with prominent nucleoli and irregular contours.
The cytoplasm frequently contains PAS-positive dia-
stase-resistant glycogen. PNET is characterized by Homer-
Wright rosettes, which are typical of neuroectodermic
differentiation.®°

Immunohistochemical analysis (IHC), the first ancillary
technique used in pathology to confirm the diagnosis of
EFT, can distinguish among different variants. The immu-
nohistochemical features of ES are positivity for CD99,
FLI1, and caveolin 1 antigens, whereas PNET also shows
immunoreactivity for S100 protein, chromogranin, and
synaptophysin antigens. These positive reactions, along
with negative reactions for a panel of other markers (in-
cluding muscular and lymphoid markers), support the
diagnosis of EFT.°

The EFTs are characterized genetically by specific
chromosomal translocations resulting in a fusion of the
EWSR1 (22912) gene with one of the members of the ETS
family of transcription factors: the FLIT gene (11924) in
85% of cases and the ERG gene (21922) in 5%-10% of
cases. Less frequently, EWSRT is fused with FEV (2g36),
ETV1 (7p21), or ETV4 (alias E1AF; 17g21).4"° There
are also rare variants involving the FUS (16p11) gene
juxtaposed to the ERG (21922) gene, a t(16;21) rear-

Supported in part by Istituto Ortopedico Rizzoli Research Fund, Bologna,
Italy.

Accepted for publication January 11, 2011.

Address reprint requests to Gabriella Gamberi, Ph.D., MSc, Depart-
ment of Pathology, Section of Molecular Biology, Rizzoli Institute, Via di
Barbiano 1/10, 40136 Bologna, Italy. E-mail: gabriella.gamberi@ior.it.

313


mailto:gabriella.gamberi@ior.it

314  Gamberi et al
JMD May 2011, Vol. 13, No. 3

rangement.'*'5 In addition, the FUS-FEV fusion gene has
been described, resulting from the t(2;16)(q36;p11) rear-
rangement.'® Finally, two new translocations were re-
cently identified: t(20;22), involving EWSR7 and NFATC2
(20913), and t(4;22), involving EWSR1 and SMARCA5
(4q31).17,18

Establishing the correct diagnosis of EFT (as opposed
to other small round cell tumors) has particular clinical
relevance.’®2° The diagnosis is based on the evaluation
of clinical, radiological, and pathological features. The
determination of a chimeric transcript by RT-PCR and/or
the gene rearrangement involved in a translocation by
fluorescence in situ hybridization (FISH) is often required
for validation of the diagnosis.?"??

In the present study, we analyzed 222 tumors with a
presumptive diagnosis of EFT. We characterized the fu-
sion transcripts and the gene rearrangement using RT-
PCR and FISH, and compared the utility of the different
ancillary techniques used to support a diagnosis of EFT.
We also reviewed the literature to summarize the most
frequent breakpoints found to date.

Materials and Methods

We evaluated 222 consecutive patients with a presump-
tive diagnosis of EFT who underwent surgery during a
4-year period (2006-2009). The majority of the cases
were tumors biopsied or excised at our hospital and
processed locally; 61 cases were consultations from out-
side institutions, sent to us for a second diagnostic
opinion.

Of the 222 patients, 149 were male and 73 were fe-
male. For each case, either the biopsy specimen or the
surgical specimen was analyzed. Part of each sample
was used for histological and immunohistochemical char-
acterization, and another portion was frozen for molecular
analysis. When frozen tissue was not available or if the
amount was too small (eg, from consultations or fine-
needle aspiration biopsies), the molecular analysis was
performed on formalin-fixed paraffin-embedded (FFPE)
tissue.

In our laboratory, the protocol for molecular analysis
was determined as follows. Fresh tissue or FFPE tissue
was first analyzed by RT-PCR. FISH analysis was used
if the material was inadequate for RT-PCR [ie, <1000
tumor cells, poor RNA quality (A260/280 < 1.6)] or if
the RT-PCR results were negative (Figure 1). To eval-
uate fresh tissue tumor cellularity under light micros-
copy, frozen sections were stained with hematoxylin-
eosin. Regarding FFPE tissue, >1000 tumors cells
corresponds to a tissue section area of approximately
1-2 mm?Z. In our experience, <1000 tumor cells (eg, in
small samples such as from fine-needle aspiration bi-
opsies) is too little for RT-PCR analysis, but is suitable
and adequate for a good FISH analysis, for which a
minimum of 100 tumor cell nuclei with intact morphol-
ogy are necessary.
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Figure 1. Algorithm showing the protocol used in our laboratory to evaluate
the presence of gene rearrangements in tumors with presumptive diagnosis
of EFT. FISH, fluorescence in situ hybridization; LSI, locus-specific identifier
(probe); FFPET, formalin-fixed paraffin-embedded tissue.

RT-PCR

RNA was extracted from fresh tissue using a modified
method including TRIzol reagent (Invitrogen, Carlsbad,
CA) and the column of an RNeasy mini kit (Qiagen,
Hilden Germany; Valencia, CA). To extract RNA from
FFPE tissue, sections 6—8 um in thickness were cut from
the representative paraffin block, deparaffinized with xy-
lene, rinsed in ethanol, and digested by proteinase K.
The extraction was performed using a Pinpoint slide RNA
isolation System Il kit (Zymo Research, Glasgow, Scot-
land, UK). Special attention was paid to the cutting step,
and the blade was changed for each paraffin block to
avoid any potential contamination.

Further quantification of RNA was done spectrophoto-
metrically by measuring the absorbance at 260 nm (1
optical density unit = 40 ug/mL of RNA). The purity of
RNA was determined by the ratio of its readings at 260
and 280 nm (A260/A280); a ratio of >1.6 was considered
acceptable.

The RNA (2 ng) was then reverse-transcribed to cDNA
using a high-capacity cDNA archive kit (Applied Biosys-
tems, Foster City, CA). The PCR was performed in a total
volume of 25 ul; each reaction mixture contained 2.5 uL
of 10X PCR buffer (Invitrogen), 1.2 mmol/L magnesium
chloride, 0.2 mmol/L of each deoxynucleotide triphos-
phate, 0.4 mmol/L of each sense and antisense primer,
0.5 U of Tag DNA polymerase (Invitrogen), and 3 ulL of
the cDNA template.

PCR was performed for detection of the t(11;22)
EWSR1-FLIT, t(21;22) EWSR1-ERG, and t(2;22) EWSR1-
FEV translocations. The primers used for PCR amplifica-
tion of EFT translocations are listed in Table 1, rows 1-6)
and have been previously reported.®'"2123-26 On fresh
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Table 1. Primer Sequences for Fusion Transcripts in Small Round Cell Tumors
Tumor Primer Sequence

1 EFT F-EWS 22ex7 5'-TCCTACAGCCAAGCTCCAAGTC-3'

2 EFT R-FLI1 11ex9 5'-ACTCCCCGTTGGTCCCCTCC-3'

3 EFT R-PARA FLI1 5'-GGACTTTTGTTGAGGCCAGA-3'

4 EFT R-ERG Q 5'-GGTTGAGCAGCTTTCGACTG-3'

5 EFT R-FEV 2ex3 5'-TAGCGCTTGCCATGCACCTT-3'

6 EFT R-FEV F1 5'-GCTTGAACTCGCCGTGACCG-3'

7 EFT F-EWSB 5'-ACCCACCCCAAACTGGATCC-3'

8 EFT F-ERGB 5'-CGAACTTGTAGGCGTAGCGC-3'

9 SS F-SYT 5'-GGACAAGGTCAGCAGTATGGA-3’
10 SS R-SSX1 5'-TTGGGTCCAGATCTCTTATT-3’
11 SS R-SSX2 5'-TTGGGTCCAGATCTCTCGTG-3’
12 ARMS F-PAX3 5'-GCACTGTACACCAAAGCACG-3'
13 ARMS F-PAX7 5'-CCGACACCAGCTCTGCCTAC-3'
14 ARMS R-FKHR 5'-ATGAACTTGCTGTGTAGGGACAG-3’
15 IFS F-ETV6 (TEL 971) 5'-ACCACATCATGGTCTCTGTCTCC-3'
16 IFS R-NTRK3 1838 5'-CCGCACACTCCATAGAACTTGAC-3'
17 DSRCT F-EWS 22ex7 5'-TCCTACAGCCAAGCTCCAAGTC-3'
18 DSRCT R-WT1 ex8 5'-ACCTTCGTTCACAGTCCTTG-3'
19 MLS F-FUS ex5 5'-CAGCCAGCAGCCTAGCTATG-3'
20 MLS F-EWS ex7 5'-CTGGATCCTACAGCCAAGCTCCAAG-3'
21 MLS R-CHOP ex3 5'-TGTCCCGAAGGAGAAAGGCAATG-3'

ARMS, alveolar rhabdomyosarcomas; DSRCT, desmoplastic small round cell tumor; EFT, Ewing’s sarcoma family tumors; ex, exon; IFS, infantile
fibrosarcoma; MLS, myxoid liposarcoma; SS, synovial sarcoma. CHOP is an alias of DDIT3; FKHR is a previous gene symbol for FOXO7; SYT is an alias

of SS718.

tissue, we used the EWS 22ex7-FLI1 11ex9 primers to
evaluate t(11;22), and to evaluate t(21;22) we used prim-
ers EWSB-ERGB, designed for us with Primer Express
Software version 2.0 (Applied Biosystems). To our knowl-
edge, the primer pair EWSB-ERGB has not been used in
previous studies (Table 1, rows 7 and 8). On RNA ex-
tracted from FFPE tissue, we were able to obtain satis-
factory PCR fragments with PCR primers that generate
relatively small PCR products (<250 bp). To evaluate
t(11;22), we used the EWS 22ex7-PARA FLI1 primers to
detect type 1 (129 bp) and type 2 (195 bp), and to
evaluate t(21;22) on FFPE tissue we used the EWS 22ex7-
ERG Q primers to detect type 1 (137 bp). The primer pair
EWS 22ex7-FEV 2ex3 was used for the detection of t(2;
22) on fresh tissue; on FFPE tissue, the EWS 22ex7-FEV
F1 primer pair was used to detect t(2;22) type 1 (235 bp).
When indicated, we performed RT-PCR for diagnostic ex-
clusion of other small round cell tumors using the previously
reported primers listed in Table 1 (rows 9-20),2” 3" accord-
ing to the pathologist’s request.

RNA integrity was assessed with primers for the house-
keeping gene B-actin. Positive case controls consisted of
a Ewing’s sarcoma, which was analyzed by sequencing
to confirm the specific translocation. We used the positive
controls of the types previously identified in our labora-
tory. For t(11;22) EWSR1-FLI1, we have type 1 (exon 7/6
fusion), type 2 (exon 7/5 fusion), type 3 (exon 10/6 fu-
sion), type 4 (exon 10/5 fusion), type 8 (exon 7/8 fusion),
and exon 7/7 fusion positive controls. For t(21;22), we
have type 1 (exon 7/6 fusion) positive control, exon 7/10
fusion positive control, and the controls corresponding to
EWS-ERG exon 7/13 fusion and EWS-ERG exon 10/10
fusion. For t(2;22), we have the positive control corre-
sponding to EWSRT7-FEV exon 7/2 fusion. In addition,
negative controls (RNA from normal tissue or from other

types of tumors and a water blank) were included in each
RT-PCR reaction.

PCR Products

The PCR products were resolved on 2% agarose gel
electrophoresis, followed by Gel Star (Lonza, Rockland,
ME) staining. The RT-PCR assay was considered suitable
for interpretation when the B-actin control product was
present, when the positive control for the fusion gene was
positive, and when the negative and water controls
showed no amplified product (Figure 2).

A
L pt1 Cc neg neg

— 328bp

— 500bp

Figure 2. RT-PCR for detection of EWSRI-FLI1 transcript (A) and EWSRI-
ERG transcript (B) in the same patient. Lane ptl is the RT-PCR product
obtained from patient’s tumor RNA. In A, the band corresponds to a type 2
EWSRI-FLI1 fusion transcript; in B, no band is present, denoting a negative
result for the EWSR1-ERG fusion. Lane C is the t(11;22) positive control; the
band represents type 1 fusion. Lanes marked neg are negative controls, and
the size marker (lane L) is a 100-bp DNA ladder (Promega).
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Figure 3. Sequence analysis of an EWSRI-FLI1 fusion transcript at the

breakpoint region, confirming the fusion of EWSRI exon 10 to FLII exon 5
resulting in t(11;22) type 4.
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Sequencing of RT-PCR Products

The cases in which an unexpected band size was de-
tected were analyzed by automatic sequencing (Figure 3).
The sequencing allowed us to typify new types, which
were used as positive controls in further analyses. PCR
products were separated by electrophoresis on 2% aga-
rose gel and were purified using an Agencourt AMPure
magnetic beads kit (Beckman Coulter, Fullerton, CA).
Sequencing analysis was then performed on a CEQ2000
XL automatic DNA sequencer (Beckman Coulter). The
strands were screened using the same PCR forward and
reverse primers as previously described.

The sequencing of some cases was performed by
Bio-Fab Research (Rome, Italy), because the number of
samples we needed to process was too great for us to
process alone.

Computer analysis of sequences was conducted with
Basic Local Alignment Search Tool (BLAST) sequence
similarity searches using the National Center of Biotech-
nology Information Database, NCBI (htto//www.ncbinim.
nih.gov/BLAST, last accessed June 17, 2009).

FISH

FISH was performed using Vysis LS| (locus-specific iden-
tifier) dual-color, break-apart DNA probes (Abbott Molec-
ular, Des Plaines, IL) for EWSR1 (22912) and FUS
(16p11) according to the manufacturer’s protocol. Tissue
sections (4 wm thick) were mounted on positively
charged slides (Dako, Glostrup, Denmark), a hematoxy-
lin-stained section from each tumor was prepared, and
areas of representative non-necrotic neoplasm were
marked. Slides were heated overnight (60°C), dewaxed
in xylene, and treated with a graded ethanol-to-water
series. This was followed by incubation in TE solution
(Tris/I-EDTA, 5 mmol/L:1 mmol/L) at 96°C for 15 minutes,
then a rinse in distilled water, and digestion with pepsin
(0.04%) in 0.01N HCI at 37°C for 5 to 15 minutes, then a
wash again in distilled water.

Slides were finally dehydrated in ethanol (96%) and
air-dried. Next, the LSI probe was applied to the target

area and the slides were coverslipped and sealed with
rubber cement.

The samples and probe were co-denatured in Dako
Hybridizer (Dako, Glostrup, Denmark) at 85°C for 1 min-
ute and incubated overnight at 37°C.

The following day, the coverslips were removed and
the slides were washed for 2 minutes at 75 + 1°C in 0.4X
standard saline citrate/0.3% NP40 and for 1 minute at
room temperature in 2X standard saline citrate/0.1%
NP40.The slides were then left to dry in the dark at room
temperature; the nuclei were subsequently counter-
stained in Vectashield antifade solution with DAPI (Vector
Laboratories, Burlingame CA).

Fluorescence signals were counted using an Olympus
BX41 fluorescence microscope (Olympus, Hamburg
Germany), at X100 magnification under oil immersion
using an appropriate filter set. Representative cells were
captured using a Color View Ill CCD camera interfaced
with the Soft Imaging System Cell” software package
version 2.2 (Olympus).

A minimum of 100 tumor cell nuclei with intact mor-
phology as determined by DAPI counterstaining were
counted in the previously marked neoplastic area.
Cells with nuclear overlap and indistinguishable sepa-
rate nuclei were excluded from analysis. In normal
cells without a translocation, two fused or very close
red-green signals were observed (Figure 4A). A posi-
tive result was defined as the presence of a visible

Figure 4. A: Negative FISH analysis of FUS showing two normal fusion
signals. B: Positive FISH analysis of EWSRI for the same patient; arrows
indicate the normal fusion signal and split red and green signals, indicating
a rearrangement of one copy of the EWSRI region.
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Table 2. Antibodies for Immunohistochemical Analysis

Antibody Clone Source Dilution Pretreatment Distribution
CD99 12E7 Dako 1:200 None membranous and
cytoplasmic
FLIA G146-222 Becton Dickinson 1:100 Citrate buffer pH Nuclear
8.0/95°C/30 minutes
Caveolin 1 N-20 Santa Cruz 1:300 Citrate buffer pH Cytoplasmic
Biotechnology 8.0/95°C/30 minutes
S100 Polyclonal Dako 1:5000 Proteinase K Nuclear and
cytoplasmic
Terminal deoxynucleotidyl Polyclonal Dako 1:40 Citrate buffer pH Nuclear
transferase 8.0/95°C/30 minutes
Leukocyte common CD45 Dako Prediluted None Cytoplasmic
antigen
Epithelial membrane E-29 Dako Prediluted None Cytoplasmic
antigen
Cytokeratin MNF-116 Dako 1:1200 Proteinase K Cytoplasmic
Chromogranin A Polyclonal Dako Prediluted None Cytoplasmic
Synaptophysin Polyclonal Dako Prediluted None Cytoplasmic
Desmin D-33 Dako Prediluted None Cytoplasmic
Muscle actin HHF-35 Dako Prediluted None Cytoplasmic
Smooth muscle actin 1A4 Dako Prediluted None Cytoplasmic
Myogenic factor 4 (MYF4) LO-26 Dako 1:40 Citrate buffer pH Nuclear
8.0/95°C/30 minutes
Myogenin F5D Dako 1:40 Citrate buffer pH Nuclear

8.0/95°C/30 minutes

translocation (separation of red and green signals >3 Immunohistochemistry
signal diameters) in >10% of the cells (Figure 4B). In
cells with a translocation involving EWSR1, different IHC was performed in all of the cases studied. Formalin-
types of signal patterns were observed in accordance fixed, paraffin-embedded sections, 4 um thick, were im-
with previous report.?2 munostained using an automated immunostainer (Dako,
EWSR1 FLI1 Breakpoint N° of Expected
chromosome 22 chromosome 11 EWSR1 FLI positive  band size
NM_005243.2 NM_002017.3 cases (bp)
14jun2009 10nov2009

6 n n GCAGCTACGGGCAGCAGA/ACCCTTCTTATGACTCA (Type 1) 73 328
5 n n n GCAGCTACGGGCAGCAGA/GTTCACTGCTGGCCTATA (Type2) 28 394

EHZ’ GCAGCTACGGGCAGCAGA/ATCCGTATCAGATCCTGG (Type 8) 203
GCAGCTACGGGCAGCAGA/GTCCTCCCCTTGGAGGGE 2 263
9 | GCAGCTACGGGCAGCAGA/GAAGCGGGCAGATCCAGC 154

EBBBEB

AGGACGCGGTGGAATGGG/ACCCTTCTTATGACTCAG 509
8 AGGACGCGGTGGAATGGG/GTCCTCCCCTTGGAGGGG 443
n 9 GCTTCAATAAGCCTGGTG/GTCCTCCCCTTGGAGGGG 481
n H H ﬂ n GCTTCAATAAGCCTGGTG/ACCCCACACTGTGGACAG 817
n “ 10 E—E GACCAGATCTTGATCTAG/ATCCGTATCAGATCCTGG 454
n n n H H n n GACCAGATCTTGATCTAG/GTTCACTGCTGGCCTATA (Type 4) 3 646
n n n n n n GACCAGATCTTGATCTAG/ACCCTTCTTATGACTCAG (Type 3) 2 580

Figure 5. The most prevalent types of exon breakpoints (indicated by boxed numbers) for the t(11;22) EWSRI-FLI1 translocation in EFT, with the number of
positive cases identified in our series and the expected band size of the products, using primer pair EWS 22ex7-FLI1 11ex9.

:
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EWSR1 ERG Breakpoint N° of Expected
chromosome 22 chromosome 21 Py — Positive band size
NM_005243.2 NM_001136155.1 cases (bp)

14jun2009 180ct2009

7 10 n n n GCAGCTACGGGCAGCAGA/ATTTACCATATGAGCCCCC (Type 1) 10 500

7 13 | GCAGCTACGGGCAGCAGA/GCAGTGGCCAGATCCAGC 1 326
7 12 GCAGCTACGGGCAGCAGA/ATCCTTATCAGATTCTTG 374
T 1 m GCAGCTACGGGCAGCAGA/CTGCTCAACCATCTCCTT 431

n n m GACCAGATCTTGATCTAG/ATTTACCATATGAGCCCCC 1 752

Figure 6. The most prevalent types of exon breakpoints (indicated by boxed numbers) for the t(21;22) EWSRI-ERG translocation in EFT, with the number of
positive cases identified in our series and the expected band size of the products, using primer pair EWSB-ERGB.

Glostrup, Denmark). The various antibodies used are
listed in Table 2. The CD99 antibody was used in all
cases; the other antibodies were used according to the
pathologist’s request.

The slides were deparaffined in xylene and then rehy-
drated in graded alcohols and water. If necessary, en-
dogenous tissue peroxidase was blocked by treating the
sections with 0.3% H,O,; if necessary, a pretreatment
was applied. To reduce nonspecific binding, sections
were incubated with normal serum.

Antibody detection was performed using a Dako REAL
detection system: streptavidin-biotin alkaline phospha-
tase/red, rabbit-mouse for cytoplasmic antigens and per-
oxidase/DAB, rabbit-mouse for nuclear antigens. The
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chromosome 22 chromosome 2

[7] 2
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chromosome 22 chromosome 7
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chromosome 20

slides were stained with hematoxylin and then rehydrated
and coverslipped. Appropriate positive and negative
controls were included in each run.

In the cases in which histopathological and immunohis-
tochemical features were not suggestive of EFT, nor of
SRCT, the IHC analysis of specific markers of other round
cell tumors was performed based on differential diagnosis
and following the requirements of the pathologist (Table 2).

Results

Many authors have reported sequences that result
from the linkage of the EWSRT gene to the FLIT, ERG,

Breakpoint N° of Expected
cases band size
EWSR1 FEV (bp)
NM_005243.2 NM_017521.2
14jun2009 5apr2010
GCAGCTACGGGCAGCAGA/ATCCCGTCGGAGACGGTE 1 3
GACCAGATCTTGATCTAG/ATCCCGTCGGAGACGGTC 623
EWSR1 ETV1
NM_005243.2 NM_004956.3
14jun2009 29mar2009

GCAGCTACGGGCAGCAGA/GAGACATCAAACAAGAGC

EWSR1 E1AF (ETV4)
NM_005243.2 NM_001079675.1
14jun2009 5mar2010

GCAGCTACGGGCAGCAGA/ATGTCACCGGGTGGGCAT

EWSR1 NFATC2
NM_005243.2 NM_012340.3
14jun2009 21jul2010

3 n n n n AGGACGCGGTGGAATGGG/CATCCCAGTGACTGCATCCC

Figure 7. The most prevalent types of exon breakpoints (indicated by boxed numbers) for the rare translocations of EFT, with the expected band size of the
products, using primer pair EWS 22ex7-FEV 2ex3. In the present study, we detected 1 case with t(2;22) EWSR1-FEV translocation. Translocations t(7;22), t(17;22),

and t(20;22) are not yet routinely assessed in our laboratory.
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Breakpoint
FEV FUS
NM_017521.2 NM_004960.2
5apr2010 28sep2009

EHZ’—' 10 H 11 H 12 |—| 13 |—| 14 |—| 15 | GAGACCGTCTCCGACGGGAT/CATCAAACCAGTCAATAGCT

FUS ERG
chromosome 16 chromosome 21

FUs ERG
NM_004960.2 NM_001136155.1
28sep2009 180ct2009

13 GAGGTGGCCGTGGAGGCAGAG/GCAGTGGCCAGATCCAGCT

H n 7 EI—E GGTGGCTTCAATAAATTTGG/ATCCTTATCAGATTCTTGGA
5 l 10 |—| 11 |—| 12 H 13 | AGGTGGAGGTGGAGGTGGAG/ATTTACCATATGAGCCCCCC

Figure 8. The types of exon breakpoints (indicated by boxed numbers) of the rare variants in which the gene FUS is involved. The translocations t(2;16) and

t(16;21) are not yet routinely assessed in our laboratory.

FEV, ETV1, ETV4 (alias ETAF), and NFATC2 genes, as
well as those involving the FUS gene in Ewing’s sar-
coma.'4-17:28.25.26.32-35 | Figyres 5, 6, 7, and 8, we
summarize the most prevalent types of exon fusion
described in the literature to date and indicate the se-
quence breakpoint and the NCBI reference sequences.
To our knowledge, the present report is the first to present
a single summary of all the most prevalent breakpoint
sequences of EFTs.

Of the 222 total cases analyzed, 188 cases (85%) had
interpretable results by FISH or RT-PCR (or both tech-
niques) and were thus considered informative from a
molecular point of view. For the remaining 34 cases
(15%), the molecular results were considered noninfor-
mative; these were samples without adequate FISH re-
sults (absent and/or weak fluorescence signal) and with-
out acceptable RT-PCR results (absence of expression of
the housekeeping gene B-actin).

Out of the 188 cases informative for molecular results
(Table 3), 144 cases were positive for the EWSR1 trans-
location. Of these, 108 cases were positive for the t(11;
22) EWSR1-FLI1 translocation, 12 cases were positive for
the EWSR1-ERG gene fusion, and 1 case was positive for
the EWSR1-FEV gene fusion. The remaining 23 cases
had insufficient RNA quality for RT-PCR but FISH analysis
revealed the EWSRT rearrangement (Table 4).

Negative molecular results were obtained in 44 cases
(Table 5); in these cases the EWSR17-FLIT, EWSR1-ERG,

Table 3. Molecular Results and Diagnosis

Non- Total

RT-PCR/FISH EFT  SRCT EFT/SRCT cases

Positive for EWS 144 0 0 144
translocation

Negative for EWS 12 4 28 44

and FUS

translocation

Total cases 156 4 28 188

EFT, Ewing’s sarcoma family tumors; FISH, fluorescence in situ hybrid-
ization; SRCT, small round-cell tumors.

and EWSRT-FEV transcripts were not observed by RT-
PCR technique. These same cases were also negative for
the EWSR1 and FUS rearrangements on FISH analysis.
According to the pathologist’s requests, which differed
according to the various differential diagnoses, RT-
PCR and/or FISH was performed on the 44 negative
cases to exclude or diagnose other small round cell
tumors. For synovial sarcoma, we tested for t(X;18)
SSX-SS18 (previously SSX-SYT) by RT-PCR and/or LSI
probe for SS78 by FISH. For rhabdomyosarcoma, we
tested for t(1;13) PAX7-FOXO1 (previously PAX7-FKHR)
and t(2;13) PAX3-FOXO1 by RT-PCR and/or LSI probe for
FOXOT1 by FISH. For congenital fibrosarcoma, we tested
for t(12;15) ETV6-NTRK3 by RT-PCR. For desmoplastic
round cell tumor, we tested for t(11;22) EWSR1-WTT by
RT-PCR. Finally, for round cell myxoid liposarcoma, we
tested for t(12;16) DDIT3-FUS (alias CHOP-TLS) and t(12;

Table 4. Summary of the 144 Positive Cases

No. of cases

Transcript variants detected %

Detectable transcripts with RT-PCR

(n=121)

EWSR1-FLIT t(11;22) (n = 108)
7/6 (type 1) 73 67.8
7/5 (type 2) 28 259
10/6 (type 3) 2 1.8
10/5 (type 4) 3 2.7
7/7 2 1.8

EWSR1-ERG t(21;22) (n = 12)
7/13 10 83.3
7/10 1 8.3
10/10 1 8.3

EWSRT1-FEV t(2;22)
712 1

FISH analysis (n = 23)
EWSR1 rearrangement 23
FUS rearrangement 0

144

FISH, fluorescence in situ hybridization.
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Table 5. Summary of 44 Negative Cases

RT-PCR t(11;22), FISH LSI-EWSR1 FISH LSI-FUS

Case no. t(21,22) t(2;22) (22912) (16p11) Additional Analysis
Final diagnosis: EFT (n = 12)
1 Neg Neg Neg IHC
2 Neg Neg Neg IHC and MA
3 Neg Neg Neg IHC and MA
4 Neg Neg Neg IHC
5 Neg Neg Neg IHC
6 Neg Neg Neg IHC
7 Neg Neg Neg IHC
8 Neg Neg Neg IHC
9 Neg Neg Neg IHC and MA
10 Neg Neg Neg IHC and MA
11 Neg Neg Neg IHC
12 Neg Neg Neg IHC and MA
Final diagnosis: SRCT (n = 4)
13 Neg Neg Neg IHC and MA
14 Neg Neg Neg IHC and MA
15 Neg Neg Neg IHC and MA
16 Neg Neg Neg IHC and MA
Final diagnosis: non-EFT/SRCT (n = 28)*
17-44 Neg Neg Neg IHC and MA

EFT, Ewing’s sarcoma family tumors; FISH, fluorescence in situ hybridization; IHC, immunohistochemical analysis; LSI, locus-specific identifier (probe);
MA, molecular analysis; SRCT, small round-cell tumors.

*Non-EFT/SRCT: 7 lymphomas, 10 osteosarcomas, 1 myxoid liposarcoma, 1 synovial sarcoma, 1 malignant peripheral nerve sheath tumor, 2
undifferentiated cancers, 3 spindle cell sarcomas and 3 bone metastases from carcinoma.

22) EWSR1-DDIT3 by RT-PCR and/or LSl probe for DDIT3 the 188 cases, 156 were EFTs, of which 144 (92%) had

by FISH analysis. an EWSR1 translocation and 12 (8%) did not, and 4 were

On the basis of the clinical, radiological, pathological, undifferentiated SRCT, all negative for an EWSR7 and
immunohistochemical, and molecular data, the 188 infor- FUS rearrangement; 28 cases were not EFT/SRCT and
mative cases were ultimately diagnosed as follows. Of were subsequently diagnosed as 7 lymphomas, 10 os-

Table 6. Summary of the 12 Translocation-Negative Cases Ultimately Diagnosed as EFT

FISH LSI-  FISH LSI- Additional

Negative Final EFT Age RT-PCR t(11;22) EWSR1 FUS RT-PCR Additional
cases diagnosis (years) Site t(21;22) 1(2;22) (22912) (16p11) analysis FISH analysis IHC analysis

1 ES of bone 14 Vertebra Neg Neg Neg + CD99, FLI1. — S100, LCA, TdT

2 ES of bone 34 Pelvis Neg Neg Neg Neg t(X;18) Neg LSISS18 + CD99, FLI1, caveolin 1. —
S100, LCA, TdT, cytokeratin,
EMA

3 Extraskeletal ES 40 Dorsum Neg Neg Neg Neg LSISS18 + CD99, FLI1, caveolin 1. —
LCA, TdT, S100, cytokeratin,
chromogranin A,
synaptophysin

4 ES of bone 45 Pelvis Neg Neg Neg + CD99, caveolin 1. — LCA, TdT,
cytokeratin, chromogranin A,
synaptophysin

5 Extraskeletal ES 51 Pancreas Neg Neg Neg + CD99, FLI1, caveolin 1. —
S100, LCA, TdT

6 PNET 4 Cranium Neg Neg Neg + FLI1, caveolin 1, chromogranin
A, synaptophysin. — CD99,
cytokeratin, LCA, TdT, desmin,
smooth muscle actin, muscle
actin, MYF4, myogenin

7 ES of bone 60 Vertebra Neg Neg Neg + CD99, caveolin 1.

8 ES of bone 23 Pelvis Neg Neg Neg + CD99, FLI1. — S100, LCA, TdT

9 ES of bone 7 Chest Neg Neg Neg Neg LSISS18 + CD99, FLI1, caveolin 1.
— §100, LCA, TdT

10 ES of bone 19 Tibia Neg Neg Neg Neg t(X;18), Neg LSISS18, + CD99, FLI1. — LCA, TdT,

Neg t(1; LSI-FKHR desmin, smooth muscle actin,
13), Neg muscle actin, EMA, cytokeratin
(2;13)

11 PNET 23 Scapula Neg Neg Neg + CD99, FLI1, caveolin 1,
chromogranin A,
synaptophysin. — LCA, TdT

12 ES of bone 23 Femur Neg Neg Neg Neg t(X;18) Neg + CD99, FLI1. — §100, LCA,

Neg t(12;16) LSI-SS18 TdT, smooth muscle actin,
Neg t(12;22) LSI-DDIT3 muscle actin, desmin, MYF4,

myogenin

EFT, Ewing’s sarcoma family tumors; EMA, epithelial membrane antigen; ES, Ewing’s sarcoma; FISH, fluorescence in situ hybridization; IHC, immuno-
histochemical analysis; LCA, leukocyte common antigen; PNET, primitive neuroectodermal tumor; TdT, terminal deoxynucleotidyl transferase; +, positive
results; —, negative results.



teosarcomas, 1 myxoid liposarcoma, 1 synovial sarcoma,
1 malignant peripheral nerve sheath tumor, 2 undifferen-
tiated cancers, 3 spindle cell sarcomas, and 3 bone
metastases from carcinoma (Table 5). After molecular
analysis, these 28 cases were negative for EFT translo-
cations. The 7 lymphomas were positive for specific an-
tibodies [leukocyte common antigen (LCA), terminal de-
oxynucleotidyl transferase (TdT)] after IHC analysis;
moreover lymphocyte immunophenotyping confirmed
lymphoma in these 7 tumors. The morphology of the 10
osteosarcomas was characterized by the production of
osteoid tissue. The synovial sarcoma was positive for the
S8S178-SSX translocation (previously SYT-SSX) and the
myxoid liposarcoma was positive for the FUS-DDIT3
translocation (alias TLS-CHOP). The case ultimately di-
agnosed as a malignant peripheral nerve sheath tumor
was positive for a specific antibody (S100 focally posi-
tive). Regarding the remaining two undifferentiated can-
cers and the three spindle cell sarcomas, the morphology
and the IHC analysis guided the diagnosis of these enti-
ties, after excluding diagnoses on molecular analyses.
The three bone metastases from carcinoma were positive
for specific antibodies (cytokeratins).

The 12 cases negative for translocation that were ulti-
mately diagnosed as EFT are summarized in Table 6. To
exclude lymphoma, the IHC analysis of some specific
antibodies (LCA, TdT) was performed. Out of these
cases, 10 were finally diagnosed as ES (8 of bone and 2
extraskeletal), and 2 cases as PNET. Cases 1, 4, 5, 7, and
8 were diagnosed as ES because they were positive for
CD99, FLI1, and/or caveolin 1 antigens and showed a
classic morphology composed of sheets of monotonous
round or oval cells with nuclei with smooth contours,
finely dispersed chromatin, and a moderate amount of
clear glycogen-rich cytoplasm. Cases 6 and 11 were
diagnosed as PNET because they were positive for chro-
mogranin and synaptophysin antigens and presented the
classic Homer-Wright rosettes that are usually present in
neuroectodermal tumors. Cases 2, 3, 9, 10, and 12
showed atypical morphology with poorly differentiated
cells, round-to-ovoid pleomorphic nuclei, and, in some
cases, appeared similar to poorly differentiated synovial
sarcoma. For these cases, we performed additional mo-
lecular analyses to exclude other entities. They were neg-
ative on molecular analysis for t(X;18) and/or t(12;16),
t(12;22), and/or t(1;13) or t(2;13) translocations, but were
positive for CD99, FLI1, and/or caveolin 1 antigens. In
these cases, the pathologist’'s experience allowed the
final diagnosis of ES to be determined, based on IHC
results, clinical features, and imaging.

Of the four cases ultimately diagnosed as SRCT, three
were positive for the CD99 antigen and the remaining
case was negative. Morphologically, these four tumors
could have been undifferentiated ES or poorly differenti-
ated synovial sarcoma, but the diagnosis of undifferenti-
ated SRCT was ultimately confirmed because these tumors
were negative for the t(X;18) translocation performed by
RT-PCR and FISH and because the complete IHC anal-
ysis did not confirm the undifferentiated ES (CD99 was
positive in three cases, but FLI1 and caveolin 1 were not).
In general, the category of SRCT was assigned based on
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222 patients
with presumptive diagnosis of EFT

/\

non informative cases
188 (with RT-PCR and FISH
informative cases uninterpretable results)

108 cases 1(11;22)
12 cases 1(21;22)
1 case 1(2;22)
44 negative cases 144 positive cases /' RT-PCR +
4 - RT-PCR and/or FISH
RELCN + \ 23 cases
FISH =
RT-PCR =
l FISH +
diagnosis:
12 EFT

4 undifferentiated SRCT
28 non EFT/SRCT

156 cases
ultimately diagnosed as EFT

Figure 9. Schematic of results. EFT, Ewing sarcoma family tumors; FISH,
fluorescence in situ hybridization; SRCT, small round-cell tumors; +, positive
results; —, negative results.

the pathologist’s experience when the morphological, an-
tigenic, and molecular features were not diagnostic for
any single established entity. All results are summarized
in Figure 9 and in Tables 5 and 6.

Discussion

The gold standard for making a diagnosis of EFT is based
on the complete set of clinical data, including imaging,
histological, immunohistochemical, and molecular fea-
tures. From a pathological point of view, the diagnosis of
EFT is based on the application of specific immunohisto-
chemical panel. The IHC panel should include vimentin,
CD99, FLI1, caveolin 1, S-100, synaptophysin, chromo-
granin, and specific antibodies used to exclude others
round cell tumors [TdT, CD45, LCA, epithelial membrane
antigen (EMA), cytokeratin, desmin, actin, myogenin,
MYF4]. Positivity for the CD99 antigen is a feature that is
sensitive but not specific for EFT,%%%7 so it is important to
test for CD99 together with other IHC markers. A further
validation of the diagnosis is based on molecular analy-
sis, because the Ewing’s family of tumors is largely de-
fined by the presence of specific translocations (because
a very high percentage of these tumors are found to have
the EWSR1 rearrangement and/or EWSR1/ETS fusion
transcripts). In the last few years, a better understanding
of the molecular basis of these tumors has resulted in the
greater use of molecular techniques. Molecular diagno-
sis, using either FISH to detect the gene rearrangement
and RT-PCR to detect the fusion transcript, is now a
routine part of the pathological examination of EFT®® and
has allowed for more precise diagnoses.
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In the present study, we reviewed the available scien-
tlflC dataS,4,7,11,12,15,16,18,24—26,33—35,39—56 to CO“eCt the
most prevalent chimeric types found for EFT to date (Fig-
ures 5, 6, 7, and 8). We also report the experience of the
Department of Pathology at the Rizzoli Institute from 2006
to 2009. In this 4-year period, we analyzed 222 consec-
utive tumors with a presumptive diagnosis of EFT; 188
cases (85%) had sufficient information for interpretation.
Of these, 77% (144/188) had an EWSR1 translocation
and 23% (44/188) did not (Figure 9).

Of the tumors determined to have a translocation ac-
cording to RT-PCR, 89% (108/121) had the t(11;22)
EWSR1-FLIT translocation, and the fusion transcript
EWSR1-ERG was found in 10% (12/121) of the cases; one
case (1%) was positive for t1(2;22) EWSR1-FEV (Table 4).
FISH was performed on 23 cases in which there was
insufficient RNA quality for RT-PCR or in which a translo-
cation was not identified by RT-PCR; all 23 cases, FISH
analysis revealed the EWSRT rearrangement. These tu-
mors might contain rare translocations, such as t(17;22)
or t(7;22) or 1(20;22), that could not be detected by the
primer combinations we used for RT-PCR, but that were
revealed by FISH analysis. Of the remaining cases, 44/
188 (23%) were negative for EWSR7 translocations by
both RT-PCR and FISH (Table 5). To evaluate whether
these tumors might contain the translocations t(2;16) or
t(16;21), FISH was performed for the FUS gene. It has
been reported that, before giving a diagnosis of SRCT
with a Ewing-like phenotype, it is necessary to exclude
the presence of rearrangements of FUS as well as
EWSR1.“° Nonetheless, a negative molecular result
should not preclude the diagnosis of EFT in the context of
typical morphological, clinical, radiological, and immuno-
phenotypic features.” Molecular technigues sometimes
require modifications to detect rare variants,'® and there
may be variants not yet discovered. In fact, 12 cases
were diagnosed as EFT even though the molecular anal-
ysis was negative (Table 6). In these cases, the pathol-
ogist’'s experience was critical in determining the final
EFT diagnosis based on IHC results, clinical features,
and radiological data, and after molecular exclusion of
other entities.

In the present study, five distinct EWSR7-FLIT fusion
transcripts were identified, representing different combi-
nations of exons from EWSR7 and FLI/7. The most com-
mon was EWSRT-FLIT exon 7/6 fusion (type 1) (67.8%)
followed by EWSR1-FLIT exon 7/5 fusion (type 2) (25.9%),
EWSR1-FLIT exon 10/5 fusion (type 4) (2.7%), EWSR1-
FLIT exon 10/6 fusion (type 3) (1.8%), and EWSR1-FLI1
exon 7/7 fusion (1.8%). Of the 12 tumors positive for
EWSRT1-ERG, three transcript variants were found: 10
cases with EWSRT1-ERG exon 7/13 fusion, 1 case with
EWSR1-ERG exon 7/10 fusion, and 1 case with EWSR1-
ERG exon 10/10 fusion.

Retrospective studies indicate a relationship between
prognostic value and the specific exons involved in the
translocation,38445759 put the results are often contra-
dictory. Prognostic relevance of the transcripts in our
series was outside the scope of the present study.

Regarding IHC analysis, of the 156 tumors ultimately
diagnosed as EFT, 118 cases (76%) showed moderate to

strong CD99, FLI1, and/or caveolin 1 antibody positivity,
whereas in 38/156 (24%) cases the CD99, FLI1, and/or
caveolin 1 expression was focally inadequate for inter-
pretation or was negative. These 38 cases were, how-
ever, positive for an EWSRT1 translocation. Previous report
has confirmed the existence of CD99-negative EFT in a
limited number of cases.® Our data reveal that IHC anal-
ysis validated 76% (118/156 cases positive for CD99,
FLI1 and/or caveolin 1 with moderate to strong expres-
sion) of the cases ultimately diagnosed as EFT. This
technique may, however, be limited in cases with low
cellularity or uninterpretable results.

In our 4-year series, molecular analysis with RT-PCR
and FISH validated approximately 92% (144/156) of the
cases ultimately diagnosed as EFT. Our results are in
accord with those of previous studies.??32

Nonetheless, molecular techniques have their limits,
as evidenced by the 15% (34/222) of cases with unin-
formative molecular results. Some samples were per-
formed at different institutions, which likely have differ-
ent methods of sample processing. The main problems
we observed were related to fixation, excessive decal-
cification, and insufficient tissue. Other problems were
fresh tissue kept at room temperature for too long (of-
ten in the operating room), resulting in RNA degrada-
tion. Some tissues had excessive necrosis (Bologna
system 2-3)%° induced by neoadjuvant chemother-
apy.®"62 These same problems have been also de-
scribed in previous studies.?'4°

Based on the present data, we recommend the use of
both RT-PCR and FISH as complementary analyses; had
we only used one or the other for each patient, the num-
ber of uninformative cases would have been higher. In
our laboratory, we routinely perform RT-PCR first, be-
cause it is a rapid method and with lower costs; FISH is
used secondarily whenever necessary.

In conclusion, the present study of a large series of 222
cases confirms that ancillary techniques are necessary to
reach an accurate diagnosis of EFT. The optimal combi-
nation of these techniques depends on clinical and his-
tological parameters. All three analyses (ie, IHC, RT-PCR,
and FISH) are necessary in routine practice and should
be performed wherever applicable, because together
they provide molecular confirmation of the diagnosis
of EFT.
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