.Q/}.
.(/b. www.nature.com/modpathol
ARTICLE W) Check for updates

Detection of sarcoma fusions by a next-generation sequencing
based-ligation-dependent multiplex RT-PCR assay
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Morphological, immunohistochemical, and molecular methods often need to be combined for accurate diagnosis and optimal
clinical management of sarcomas. Here, we have developed, a new molecular diagnostic assay, for the detection of gene fusions in
sarcomas. This targeted multiplexed next-generation sequencing (NGS)-based method utilizes ligation dependent reverse-
transcriptase polymerase chain reaction (LD-RT-PCR-NGS) to detect oncogenic fusion transcripts involving 137 genes, leading to
139 gene fusions known to be recurrently rearranged in soft-tissue and bone tumors. 158 bone and soft-tissue tumors with
previously identified fusion genes by fluorescent in situ hybridization (FISH) or RT-PCR were selected to test the specificity and the
sensitivity of this assay. RNA were extracted from formalin-fixed paraffin-embedded (n = 143) or frozen (n = 15) material (specimen;
n =42 or core needle biopsies; n = 116). Tested tumors encompassed 23 major translocation-related sarcomas types, including
Ewing and Ewing-like sarcomas, rhabdomyosarcomas, desmoplastic small round-cell tumors, clear-cell sarcomas, infantile
fibrosarcomas, endometrial stromal sarcomas, epithelioid hemangioendotheliomas, alveolar soft-part sarcomas, biphenotypic
sinonasal sarcomas, extraskeletal myxoid chondrosarcomas, myxoid/round-cell liposarcomas, dermatofibrosarcomas protuberans
and solitary fibrous tumors. In-frame fusion transcripts were detected in 98.1% of cases (155/158). Gene fusion assay results
correlated with conventional techniques (FISH and RT-PCR) in 155/158 tumors (98.1%). These data demonstrate that this assay is a
rapid, robust, highly sensitive, and multiplexed targeted RNA sequencing assay for the detection of recurrent gene fusions on RNA
extracted from routine clinical specimens of sarcomas (formalin-fixed paraffin-embedded or frozen). It facilitates the precise
diagnosis and identification of tumors with potential targetable fusions. In addition, this assay can be easily customized to cover

new fusions.
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INTRODUCTION

More than 117 and 58 different subtypes of soft-tissue tumors and
bone tumors are respectively recognized in the latest 2020 WHO
classification of bone and soft-tissue tumors'. They are classified
either based on their morphology and histogenesis or/and based
on their defining molecular alteration. Diagnosis of the histological
subtypes is challenging owing to the significant number of
different entities, their rareness and the considerable morpholo-
gical heterogeneity. Gene fusions that arise from chromosomal
rearrangements leading to translocations, insertions, inversions, or
interstitial deletions, are involved in up to 30% of sarcomas? To
date, over 200 gene fusions have been reported in these tumors' ™,
more than half being recurrent in a specific subtype. Therefore,
their identification in routine diagnosis is shifting from reverse-
transcriptase polymerase chain reaction (RT-PCR) and fluorescent
in situ hybridization (FISH) to next-generation sequencing (NGS)
techniques to cover the wide range of fusions. However, RNA
sequencing is expensive, time consuming, and the results are

highly dependent on the technique used and requires bioinfor-
matic support for analysis.

We have recently developed a NGS based ligation-dependent
reverse transcription (LD-RT-PCR-NGS) assay that proved to be
highly specific and sensitive for the simultaneous detection of a
very wide range of fusion genes in fresh but also formalin-fixed,
paraffin-embedded tumors (over 200 tested). Its performance has
so far been validated in hematologic neoplasms® and solid tumors
such as salivary gland tumors’ and lung adenocarcinomas®®.
However, the identification of gene fusions is routinely performed
for the primary diagnosis of in bone and soft tissue tumors,
making these tumors a prime field to apply our technique. Here,
we report the performance of this assay in soft-tissue and bone
tumors (benign and malignant tumors/sarcomas). We describe its
application to the detection of the most frequent fusion genes in a
retrospective cohort of 158 soft-tissue and bone tumors, and
compared its performance to that of conventional methods
(immunohistochemical analysis, FISH and RT-PCR).
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Table 1. NETSARC+ diagnosis and molecular characteristics (IHC, FISH, RT-PCR, LD-RT-PCR-NGS) of the cohort of 158 sarcomas.
Case number Tissue NETSARC+ diagnosis Conventional molecular technics LD-RT-PCR-NGS

IHC FISH RT-PCR Fusion transcripts UMis
1 FFPE ARMS PAX3-FOXO1 PAX3 exon 7 - FOXO1 exon 2 249
2 FFPE ARMS PAX3-FOXO1 PAX3 exon 7 - FOXO1 exon 2 36
3 FFPE ARMS PAX3-FOXO1 PAX3 exon 7 - FOXO1 exon 2 1752
4 FFPE ARMS PAX3-FOXO1 PAX3 exon 7 - FOXO1 exon 2 1181
5 FFPE ARMS PAX-FOXO1 PAX3 exon 7 - FOXO1 exon 2 2508
6 FFPE ARMS PAX-FOXO1 PAX3 exon 7 - FOXO1 exon 2 1997
7 Frozen ARMS PAX-FOXO1 PAX3 exon 7 - FOXO1 exon 2 2448
8 FFPE ARMS PAX-FOXO1 PAX3 exon 7 - FOXO1 exon 2 751
9 FFPE ARMS FOXO1 PAX3 exon 7 - FOXO1 exon 2 61
10 FFPE PEComa TFE3 SFPQ exon 9 - TFE3 exon 6 1261
11 FFPE PEComa TFE3 SFPQ exon 9 - TFE3 exon 6 392
12 FFPE ASPS ASPRC1-TFE3 ASPSCR1 exon 7 - TFE3 exon 6 298
13 FFPE ASPS ASPRC1-TFE3 ASPSCR1 exon 7 - TFE3 exon 6 71
14 FFPE ASPS TFE3 ASPCR1 exon 7 - TFE3 exon 6 17
15 FFPE ASPS TFE3 ASPSCR1 exon 7 - TFE3 exon 6 43
16 FFPE ASPS ASPCR1 exon 7 - TFE3 exon 5 10
17 FFPE BSNS PAX3-MAML3 PAX3 exon 7 - MAML3 exon 2 1169
18 FFPE BSNS PAX3-MAML3 PAX3 exon 7 - MAML3 exon 2 2032
19 FFPE BSNS PAX3-MAML3 PAX3 exon 7 - MAML3 exon 2 1516
20 FFPE BSNS PAX3-MAML3 PAX3 exon 7 - MAML3 exon 2 1105
21 FFPE BSNS PAX3-MAML3 PAX3 exon 7 - MAML3 exon 2 2261
22 FFPE BSNS PAX3-MAML3 PAX3 exon 7 - MAML3 exon 2 1094
23 FFPE BSNS PAX3-MAML3 PAX3 exon 7 - MAML3 exon 2 1569
24 FFPE BSNS PAX3-MAML3 PAX3 exon 7 - MAML3 exon 2 1137
25 FFPE ccs EWSR1-ATF1 EWSRT1 exon 7 - ATF1 exon 5 1841
26 FFPE CCs EWSRI1-ATF1 EWSR1 exon 7 - ATF1 exon 5 786
27 FFPE CCS EWSR1-ATF1 EWSR1 exon 7 - ATF1 exon 5 1728
28 FFPE CCS EWSR1-ATF1 EWSR1 exon 8 - ATF1 exon 4 1924
29 FFPE Cccs EWSRI1-ATF1 EWSR1 exon 8 - ATF1 exon 4 1767
30 FFPE CcCs EWSRI1-ATF1 EWSR1 exon 8 - ATF1 exon 4 1255
31 FFPE Cccs EWSR1 EWSRT1 exon 7 - ATF1 exon 5 470
32 FFPE ccs EWSR1 EWSR1 exon 11 - ATF1 exon 3 412
33 FFPE CCS-Gl EWSR1-ATF1 EWSRT1 exon 8 - ATF1 exon 4 170
34 FFPE CCs-Gl EWSR1 EWSRT1 exon 7 - CREB1 exon 7 1310
35 FFPE CCS-Gl EWSRT1 EWSR1 exon 7 - ATF1 exon 5 2436
36 FFPE DSRCT EWSR1-WT1 EWSRT1 exon 7 - WTT exon 8 1033
37 Frozen DSRCT EWSR1-WT1 EWSRT1 exon 7 - WTT exon 8 2676
38 FFPE DSRCT EWSR1-WTT1 EWSR1 exon 7 - WT1 exon 8 1706
39 FFPE DSRCT EWSR1-WT1 EWSR1 exon 7 - WT1 exon 8 1503
40 FFPE DSRCT EWSR1-WT1 EWSR1 exon 7 - WT1 exon 8 1812
Zyl FFPE DSRCT EWSR1-WT1 EWSR1 exon 7 - WTT1 exon 8 1339
42 FFPE DSRCT EWSR1-WT1 EWSR1 exon 7 - WT1 exon 8 521
43 FFPE DSRCT EWSR1-WT1 EWSR1 exon 7 - WT1 exon 8 214
44 FFPE DSRCT EWSR1-WT1 EWSR1 exon 10 - WT1 exon 8 2122
45 FFPE DSRCT EWSR1-WT1 EWSR1 exon 10 - WT1 exon 8 1614
46 FFPE DSRCT EWSR1-WT1 EWSR1 exon 7 - WT1 exon 8 1857
47 FFPE DSRCT EWSR1-WT1 EWSRT1 exon 7 - WTT exon 6 34
48 FFPE DSRCT EWSR1 EWSR1 exon 7 - WT1 exon 8 1473
49 FFPE DFSP COL1A1 COL1A1 exon 24 - PDGFB exon 2 24
50 FFPE DFSP COL1A1 COL1AT1 exon 25 - PDGFB exon 2 1037
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Table 1. continued

Case number

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
9%
97
98
99
100

Tissue

FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
Frozen
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
Frozen
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE
FFPE

NETSARC-- diagnosis

DFSP
DFSP
DFSP
DFSP
DFSP
DFSP
EHE
EHE
EHE
EHE
EHE
ES
ES
ES
ES
ES
ES
ES
ES
ES
ES
ES
ES
ES
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Conventional molecular technics

IHC

FISH

COL1A1

COL1A1

COL1A1

COLTAT

COLTAT

PDGFB
CAMTAT/WWTR1
CAMTAT/WWTR1
CAMTAT/WWTR1
CAMTAT/WWTR1
TFE3

EWSR1
EWSR1
EWSR1
EWSR1
EWSR1

RT-PCR

EWSR1-ERG
EWSR1-FLIT
EWSRI1-FLIT
EWSRI1-FLIT
EWSRI1-FLIT
EWSR1-FLIT
EWSR1-FLIT
EWSR1-FLIT
EWSR1-FLIT

EWSR1-NR4A3
EWSR1-NR4A3
EWSR1-NR4A3
EWSR1-NR4A3
EWSR1-NR4A3
EWSR1-NR4A3
EWSR1-NR4A3
EWSR1-NR4A3
EWSR1-NR4A3
ETV6-NTRK3
ETV6-NTRK3
ETV6-NTRK3
ETV6-NTRK3
ETV6-NTRK3
ETV6-NTRK3
ETV6-NTRK3
ETV6-NTRK3
ETV6-NTRK3
YWHAE-NUTM2
JAZF1-SUZ12
JAZF1-SUZ12
JAZF1-SUZ12
JAZF1-SUZ12
JAZF1-SUZ12
JAZF1-SUZ12

LD-RT-PCR-NGS

Fusion transcripts

COLTAT exon 32 - PDGFB exon 2
COLTAT exon 36 - PDGFB exon 2
COLTAT exon 46 - PDGFB exon 2
COL1AT exon 32 - PDGFB exon 2
COLT1AT exon 32 - PDGFB exon 2
COLTAT exon 25 - PDGFB exon2
Negative

WWTRT1 exon 4 - CAMTAT exon 8
WWTRT exon 4 - CAMTAT exon 9
WWTRT exon 4 - CAMTAT exon 8
YAP1 exon 1 - TFE3 exon 4
EWSR1 exon 7 - ERG exon 10
EWSR1 exon 7 - FLIT exon 5
EWSR1 exon 7 - FLIT exon 6
EWSR1 exon 7 - FLIT exon 6
EWSR1 exon 7 - FLIT exon 6
EWSR1 exon 7 - FLIT exon 6
EWSR1 exon 10 - FLIT exon 6
EWSR1 exon 7 - FLIT exon 5
EWSRT1 exon 1 - FLIT exon 6
EWSR1 exon 7 - FLIT exon 5
EWSR1 exon 7 - FLIT exon 5
EWSR1 exon 7 - FLIT exon 6
EWSR1 exon 7 - FLIT exon 7
EWSRT1 exon 7 - FLIT exon 5
EWSR1 exon 7 - NR4A3 exon 2
EWSR1 exon 7- NR4A3 exon 2
EWSR1 exon 7 - NR4A3 exon 2
EWSR1 exon 7 - NR4A3 exon 2
EWSR1 exon 12 - NR4A3 exon 3
EWSR1 exon 12 - NR4A3 exon 3
EWSR1 exon 12 - NR4A3 exon 3
EWSR1 exon 12 - NR4A3 exon 3
EWSR1 exon 12 - NR4A3 exon 3
ETV6 exon 5 - NTRK3 exon 15
ETV6 exon 5 - NTRK3 exon 15
ETV6 exon 5 - NTRK3 exon 15
ETV6 exon 5 - NTRK3 exon 15
ETV6 exon 5 - NTRK3 exon 15
ETV6 exon 5 - NTRK3 exon 15
ETV6 exon 5 - NTRK3 exon 15
ETV6 exon 5 - NTRK3 exon 15
ETV6 exon 5 - NTRK3 exon 15
YWHAE exon 5 - NUTM2A exon 2
JAZF1 exon 3 - SUZ12 exon 2
JAZF1 exon 3 - SUZ12 exon 2
JAZF1 exon 3 - SUZ12 exon 2
JAZF1 exon 3 - SUZ12 exon 2
JAZF1 exon 3 - SUZ12 exon 2
JAZF1 exon 3 - SUZ12 exon 2

UMIs
1881
398
820
63
31
1491

375
118
904
390
1517
2578
731
438
1080
1603
1726
2096
1738
90
1452
445
353
101
46
76
198
166
1242
842
127
490
2658
771
1186
1201
2076
1895
940
1825
1524
1264
1071
13
1742
2293
674
264
1598
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Table 1. continued
Case number Tissue NETSARC+ diagnosis

IHC FISH
127 FFPE NF USP6
128 FFPE RCS
129 Frozen RCS
130 FFPE RCS
131 FFPE RCS
132 FFPE RCS
133 FFPE RCS
134 FFPE RCS
135 FFPE RCS
136 FFPE SERMS FUS
137 FFPE SFT STAT6
138 FFPE SFT STAT6
139 FFPE SFT STAT6
140 FFPE SFT STAT6
141 FFPE SFT STAT6
142 FFPE SFT STAT6
143 FFPE SFT STAT6
144 FFPE SFT STAT6
145 FFPE SS
146 FFPE SS
147 FFPE SS
148 FFPE SS
149 FFPE SS
150 FFPE SS
151 FFPE SS
152 FFPE SS
153 FFPE SS
154 FFPE SS
155 FFPE SS
156 FFPE SS
157 FFPE SS
158 FFPE NTRK-N pan TRK

Conventional molecular technics

LD-RT-PCR-NGS

RT-PCR Fusion transcripts UMIs
MYH9 exon 1 - USP6 exon 1 242
BCOR-CCNB3 BCOR exon 15 - CCNB3 exon 5 2750
BCOR-CCNB3 BCOR exon 15-CCNB3 exon 5 4835
BCOR-CCNB3 BCOR exon 15-CCNB3 exon 5 3349
BCOR-CCNB3 BCOR exon 15-CCNB3 exon 5 3398
BCOR-CCNB3 BCOR exon 15-CCNB3 exon 5 2447
BCOR-CCNB3 BCOR exon 15-CCNB3 exon 5 2938
BCOR-CCNB3 BCOR exon 15 - CCNB3 exon 5 4148
BCOR-CCNB3 BCOR exon 15 - CCNB3 exon 5 3946
FUS exon 6 - TFCP2 exon 2 115
NAB2 exon 4 - STAT6 exon 2 2671
NAB2 exon 6 - STAT6 exon 17 850
NAB2 exon 6 - STAT6 exon 17 593
NAB2 exon 6 - STAT6 exon 16 1742
NAB2 exon 6 - STAT6 exon 16 1170
NAB2 exon 5 - STAT6 exon 17 1573
NAB2 exon 6 - STAT6 exon 17 244
NAB2 exon 6 - STAT6 exon 17 830
S5518-S5X 5518 exon 10 - SSX1 exon 6 56
S5518-SSX 5518 exon 10 - SSX1 exon 6 605
S5518-SSX 5518 exon 10 - SSX1 exon 6 956
S5518-S5X 5518 exon 10 - SSX1 exon 6 1858
5518-S5X SS18 exon 10 - SSX1 exon 6 1030
5518-S5X SS18 exon 10 - SSX1 exon 6 1250
S518-SSX 5518 exon 10 - SSX1 exon 6 1624
S518-SSX 5518 exon 10 - SSX1 exon 6 802
S5518-S5X S518 exon 10 - SSX1 exon 6 2235
S5518-SSX 5518 exon 10 - SSX1 exon 6 1480
S5518-S5X 5518 exon 10 - SSX1 exon 6 2816
5518-S5X 5518 exon 10 - SSX1 exon 6 1960
5518 5518 exon 10 - SSX1 exon 6 1715
TPM3 exon 8 - NTRKT1 exon 10 847

Abbreviations: ARMS alveolar rhabdomyosarcoma, ASPS alveolar soft part sarcoma, BSNS biphenotypic sinonasal sarcoma, CCS clear cell sarcoma of the soft
tissues, CCS-GI clear cell sarcoma, gastrointestinal, DFSP dermatofibrosarcoma protuberans, DSRCT desmoplastic small round cell tumor, EHE epithelioid
hemangioendothelioma, EMC extraskeletal myxoid chondrosarcoma, ES ewing sarcoma, ESSHG endometrial stromal sarcoma (high grade), ESSLG endometrial
stromal sarcoma (low grade), FISH fluorescent in situ hybridization, IF infantile fibrosarcoma, IHC immunohistochemistry, LD-RT-PCR ligation dependant-reverse
transcriptase-polymerase chain reaction, LGFMS/SEF low grade fibromyxoid sarcoma/sclerosing epithelioid fibrosarcoma, MC mesenchymal chondrosarcoma,
MLPS myxoid/round cell liposarcoma, NF nodular Fasciitis, NTRK-N NTRK-rearranged spindle cell neoplasms, PEComa perivascular epithelioid cells neoplasms,
RCS round cell sarcoma unclassified, RT-PCR reverse transcriptase-polymerase chain reaction, SERMS spindle/epithelioid rhabdomyosarcoma, SFT solitary

fibrous tumor, SS synovialosarcoma, UMIs unique molecular identifiers.

MATERIALS AND METHODS

Patients and tumor samples

We tested a retrospective cohort of 158 soft-tissue and bone tumors
associated with gene fusion that were sampled in Bergonié Institute
(Bordeaux, France), UNICANCER centers (France) and Centre Henri
Becquerel (Rouen, France). The samples were from 158 patients including
both surgical and biopsy specimen between 2010 and 2019. All tumors
were reviewed by an expert pathologist from the NETSARC+ pathology
network (French Sarcoma Group, 10) to confirm the diagnosis according to
the WHO classification of sarcomas at the time of diagnosis. Ethics
approval from the appropriate committees was obtained. Tumors
encompassed 23 of the major subtypes of soft-tissue and bone tumors
known to be associated with gene fusion described in Table 1. Adequate
material [formalin-fixed paraffin-embedded tissue (n=143) or frozen
tissue (n=15)] was available for subsequent immunohistochemical

SPRINGER NATURE

analysis (IHC) and molecular studies (FISH or RT-PCR) in all cases. Tumor
tissue included surgical specimens (n =42) or core needle biopsies (n =
116). Tumoral cellularity was over 15% in all cases. All sarcomas were then
analyzed by LD-RT-PCR-NGS between September 2018 and February 2021.

LD-RT-PCR-NGS

Synthesis of LD-RT-PCR-NGS probe mix. The LD-RT-PCR Fusion assay is a
multiplex NGS-based method which has been developed at the Henri
Becquerel Cancer Center. It relies on a specific validated custom panel of
gene specific probes to detect gene fusions in formalin-fixed paraffin-
embedded solid tumor tissue (detailed method described previously®'").
Its principle is illustrated in Fig. 1. Here, we designed a “solid tumors” probe
mix, following a comprehensive review of the literature, to detect recurrent
chromosomal rearrangements in solid tumors from several organs,

Modern Pathology (2022) 35:649 - 663
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Fig. 1

Schematic of the LD-RT-PCR Fusion Assay. This assay is, based on an LD-RT-PCR-NGS amplification method adapted for the detection

of multiple hybrid mRNAs linked by NGS technology. a Complementary DNA (cDNA) is incubated with oligonucleotide probes
complementary to the starts and the ends of the exons fused on hybrid messenger RNAs (mRNA). If the fusion transcript is present, two
probes hybridize side by side at the aberrant cDNA junction. After ligation a covalent link is created between the hybridized probes which
allows their amplification by PCR using primers complementary to their tails. The two partners are finally identified using NGS technology. To
detect the fusion, the left oligonucleotide probes harbor seven additional bases corresponding to a unique molecular identifier (UMI). The
right oligonucleotide probes harbor eight additional bases corresponding to the molecular index that enables the patient to be identified.
b The P5 and P7 sequences in the extremities enable sequencing by the Miseq Illumina. The P5 adaptor primer contained identical sequences
of illumina P5 Sequence and 5’ universal adaptors, while the indexed P7 adaptor primer had reverse-complementary sequences of illumina P7
and 3’ universal adaptor as well as 8 bases index. rcl reverse complement.

including soft-tissue and bone tumors. It encompasses 333 oligonucleo-
tides that target 184 genes, leading to 201 recurrent gene fusions. This mix
include the “soft-tissue and bone tumors” mix, encompassing 267
oligonucleotides that were designed specifically to target the 137 most
frequent fusion genes in soft-tissue and bone tumors transcripts (listed in
Table 2, Fig. 2, Supplementary Table 1).

These fusions cover 87.9% (58/66) of the histological entities known to
be associated with gene fusion, including the main clinically relevant
diagnosis (Table 2)'””'. Twenty-one gene fusions are associated with
inflammatory myofibroblastic tumors (IMT), 11 with several subtypes of
rhabdomyosarcomas (RMS), 10 with round cell sarcomas (RCS), 9 to NTRK
rearranged neoplasms (NTRK-N), 9 with Ewing sarcomas (ES), 11 with low
grade endometrial stroma sarcomas (ESSLG) and high grade endometrial
stroma sarcomas (ESSHG), 9 with myoepitheliomas, 5 with biphenotypic
sino-nasal sarcomas (BSNS), 6 with different subtypes of hemangioen-
dotheliomas, 5 with extraskeletal myxoid chondrosarcomas (EMC), 7 with
low grade fibromyxoid sarcomas/sclerosing epithelioid sarcomas (LGFMS/
SEF), 4 with infantile fibrosarcomas (IF), and 3 with clear cell sarcomas
(CCS). Some genes are implicated in several fusions such as EWSR1 (n =
24), ALK (n =18), FUS (n =11), NCOA1/2 (n =9), NTRK1/3 (n =8), PHF1 (n =
7), FN1 (n=6), PAX3/7 (n=6), NFATC1/2 (n =4), CREB3L1/2 (n =4), USP6
(n=15), ROST (n=3), TFCP2 (n =2).

LD-RT-PCR-NGS probes are DNA oligonucleotides (Eurofins MWG
Operon, Ebersberg, Germany) composed of a gene-specific region
complementary to the fusion cDNA and fused to a 5’ or 3’ tail. All left
probes had the same GTGCCAGCAAGATCCAATCTAGA tail (illu2) + UMI
(unique molecular identifier), which is composed of 7 random oligonucleo-
tides + the specific sequence of the left gene partner (5’ to 3’). All right
probes had the same TCCAACCCTTAGGGAACCC tail (rc illu1) + the specific
right gene partner (5’ to 3’). All 3’ probes were phosphorylated at their 5
end to allow for the ligation reaction. All probes were pooled at a final
concentration of 1 fmol/pl each in Tris 10 MM/EDTA 1 mM to create the LD-
RT-PCR-NGS mix and can be distinguished according to the index
contained in the P7 adaptor primers.

RNA extraction. One H&E-stained slide from formalin-fixed paraffin-
embedded tissue (FFPE) was obtained for each sample and reviewed by

Modern Pathology (2022) 35:649 - 663

an expert pathologist to evaluate tumoral cellularity, which was always
greater than 15%. RNA was then isolated from 6 consecutive 10-pm
unstained slides using the automated Maxwell*16 Research extraction
system (Promega, Madison, WI, USA) and the Maxwell° 16 FFPE Plus LEV
RNA Purification Kit following the manufacturer’s instructions, and were
stored at —80 °C.

RNA from frozen tissues was extracted according to the Chomczynzki
method”? using 1.5 ml of Trizol-LS reagent (invitrogen) for 500 pl of cellular
lysate. The solution was placed under moderate shaking for 30 minutes to
1 hour and RNA was extracted according to the manufacturer’s instructions
(Qiagen). The RNA pellet was resuspended in 50 ul of RNase-free water and
stored at -80 °C.

RNA concentration evaluation was performed by NanoDrop™ and varied
from 2 to 6000 ng/pL. RNA concentration should be =2 ng/pL for LD-RT-
PCR assay.

LD-RT-PCR-NGS reaction

The whole procedure was performed in a thermal cycler with a heated lid.
RNA samples were first reverse-transcribed into cDNA using the Super-
Script™VILO™cDNA Synthesis Kit (Invitrogen, Thermo Fisher Scientific). One
microliter of a 5X Vilo reaction mix, 1l of H20 and 0.5 ul of the 10X
superscript VILO reverse transcriptase were added to 2.5 pl of total RNA.
These samples were then heated for 10 min at 25 °C, incubated for 60 min
at 42 °C, incubated for 5min at 85°C and cooled to 4°C. The obtained
cDNA (5 pl) was then incubated with the LD-RT-PCR-NGS probe mix (1.5 pl).
After the addition of 1.5pul of SALSA-MLPA hybridization buffer (MRC
Holland, Amsterdam, The Netherlands), the samples were heated for 2 min
at 95 °C and incubated for 1 h at 60 °C to allow the annealing of the LD-RT-
PCR-NGS probes. Thirty-two pl of a DNA ligase mix were then added to the
reaction (3 pl SALSA-Ligase 65 Buffer A, 3 pl SALSA-Ligase Buffer B, 25 pl
water, 1pul SALSA-Ligase 65 (MRC-Holland)), and the samples were
incubated for 15 min at 56 °C and heated at 98 °C for 5 min.

For this PCR amplification step, 5pul of the ligation products were
transferred to new tubes containing 18 pl of a PCR mix (12.5 pl Red'y’Star
Mix (Eurogentec, Liege, Belgium), 5.5 pl water and 2 pL of primer PCR mix
that contained P5124+P7 barcodingll at 5pM). Amplification was
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Table 2. Sarcomas gene fusions covered by the LD-RT-PCR fusion assay.
Tumor type LD-RT-PCR probes References

5’ Gene 3’ Gene

Alveolar soft part sarcoma ASPSCR1 TFE3 !
Aneurysmal bone cyst RUNX2 UsP6 !
Aneuvrysmal bone cyst COL1A1 UsP6 !
Aneuvrysmal bone cyst PAFAH1B1 USP6 !
Angiomatoid fibrous histiocytoma FUS ATF1 !
Angiomatoid fibrous histiocytoma EWSR1 ATF1 !
Angiomatoid fibrous histiocytoma EWSR1 CREB1 !
Angiomatoid fibrous histocytoma EWSR1 CREM !
Biphenotypic sinonasal sarcoma RREB1 MKL2 7
Biphenotypic sinonasal sarcoma PAX3 FOXO1 16
Biphenotypic sinonasal sarcoma PAX3 MAML3 16
Biphenotypic sinonasal sarcoma PAX3 NCOAT 16
Biphenotypic sinonasal sarcoma PAX3 NCOA2 8
Bone hemangioma EWSR1 NFATC1 1
Calcifying aponeurotic fibroma FN1 EGF !
Cellular fibroma of tendon sheath MYH9 Usp6 !
Clear cell sarcoma of soft tissue EWSR1 ATF1 !
Clear cell sarcoma, gastrointestinal EWSR1 CREB1 1
Clear cell sarcoma, gastrointestinal EWSR1 ATF1 13
Dermatofibrosarcoma protuberans COL1A1 PDGFB !
Dermatofibrosarcoma protuberans COL6A3 PDGFD 20
Dermatofibrosarcoma protuberans EMILIN2 PDGFD 2
Desmoplastic small round cell tumor EWSR1 WT1 !
Ectomesenchymal chondromyxoid tumor RREBT MKL2 22
Epithelioid fibrous histiocytoma SQSTM1 ALK 1
Epithelioid fibrous histiocytoma vcL ALK 1
Epithelioid fibrous histiocytoma DCTN1 ALK z3
Epithelioid fibrous histiocytoma PPFIBP1 ALK 23
Epithelioid fibrous histiocytoma ETV6 ALK 23
Epithelioid hemangioendothelioma WWTR1 CAMTA1 !
epithelioid hemangioendothelioma WWTR1 MAML2 24
Epithelioid hemangioendothelioma YAP1 TFE3 !
Epithelioid hemangioma ACTB FOSB !
Epithelioid hemangioma WWTR1 FOSB !
Epithelioid hemangioma ZFP36 FOSB !
Epithelioid inflammatory myofibroblastic sarcoma RANBP2 ALK !
Ewing sarcoma EWSR1 FLIT !
Ewing sarcoma FUS ERG !
Ewing sarcoma EWSR1 FEV !
Ewing sarcoma EWSR1 POUS5F1 !
Ewing sarcoma EWSR1 ETV4 !
Ewing sarcoma EWSR1 ERG !
Ewing sarcoma EWSR1 ETV1 !
Ewing sarcoma EWSR1 SMARCAS 2
Ewing sarcoma FUS FEV !
EWSR1-SMAD3-positive fibroblastics tumor EWSR1 SMAD3 !
Extraskeletal myxoid chondrosarcoma EWSR1 NR4A3 !
Extraskeletal myxoid chondrosarcoma TAF15 NR4A3 !
Extraskeletal myxoid chondrosarcoma TCF12 NR4A3 !
Extraskeletal myxoid chondrosarcoma TFG NR4A3 !
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Table 2. continued

Tumor type

Extraskeletal myxoid chondrosarcoma
Giant cell fibroblastoma

Infantile fibrosarcoma

Infantile fibrosarcoma

Infantile fibrosarcoma

Infantile fibrosarcoma

Infantile spindle cell sarcoma
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor

Inflammatory Myofibroblastic Tumor (uterine)

Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Inflammatory myofibroblastic tumor
Lipoblastoma

Lipoblastoma

Lipoblastoma

Leiomyoma (uterine)

Leiomyoma (retroperitoneal)

Low grade endometrial stromal sarcoma
Low grade endometrial stromal sarcoma
Low grade endometrial stromal sarcoma
Low grade endometrial stromal sarcoma
Low grade endometrial stromal sarcoma
Low grade endometrial stromal sarcoma
Low grade endometrial stromal sarcoma
Low grade endometrial stromal sarcoma
High grade endometrial stromal sarcoma
High grade endometrial stromal sarcoma
High grade endometrial stromal sarcoma
High grade endometrial stromal sarcoma
Sclerosing epithelioid fibrosarcoma
Sclerosing epithelioid fibrosarcoma
Sclerosing epithelioid fibrosarcoma
Sclerosing epithelioid fibrosarcoma
Sclerosing epithelioid fibrosarcoma

Modern Pathology (2022) 35:649 - 663

LD-RT-PCR probes

5’ Gene
HSPA8
COL1AT
ETV6
EML4
LMNA
TPM3
TFG
RANBP2
KIF5B
A2M
TPM4
TPM3
ATIC
CARS
MSN
PPFIBP1
CLTC
EML4
DCTN1
EEF1G
THBST
FN1
SQSTM1
TFG

FN1
YWHAE
RBPMS
ETV6
COL1A2
COL3AT
HAS2
RAD51B
EWSR1
JAZF1
JAZF1
EPC1
MEAF6
EPC2
BRD8
MEAF6
EPC1
ZC3H7B
EPC1
YWHAE
EPC1
HEY1
EWSR1
EWSR1
FUS
FUS

3’ Gene
NR4A3
PDGFB
NTRK3
NTRK3
NTRK1
NTRK1
MET
ALK
ALK
ALK
ALK
ALK
ALK
ALK
ALK
ALK
ALK
ALK
ALK
ALK
ALK
ALK
ALK
ROST
ROST
ROST
NTRK3
NTRK3
PLAGT
PLAGT
PLAG1
HMGA2
PBX3
suzi2
PHF1
PHF1
PHF1
PHF1
PHF1
Suzi2
suzi2
BCOR
BCOR
NUTM2A
suzi2
NCOA2
CREB3L1
CREB3L2
CREB3L2
CREM

References

26

27

28

29

30

31

32

34

35

36

2/

37

40

41

42
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Table 2. continued
Tumor type LD-RT-PCR probes References

5’ Gene 3’ Gene

NTRK-rearranged spindle cell neoplasms EML4 NTRK3 49
NTRK-rearranged spindle cell neoplasms TPR NTRKT !
NTRK-rearranged spindle cell neoplasms STRN NTRK3 30
NTRK-rearranged spindle cell neoplasms KHDRBS1 NTRK3 >
NTRK-rearranged spindle cell neoplasms LMNA NTRK1 !
NTRK-rearranged spindle cell neoplasms TPM3 NTRK1 !
NTRK-rearranged spindle cell neoplasms STRN NTRK3 32
NTRK-rearranged spindle cell neoplasms (uterine sarcoma) LMNA NTRK1 "
NTRK-rearranged spindle cell neoplasms (uterine sarcoma) RBPMS NTRK3 "
NTRK-rearranged spindle cell neoplasms (uterine sarcoma) TPR NTRK1 mn
Nodular fasciitis (intravascular) CTNNB1 USP6 =3
Nodular fasciitis MYH9 UsPe !
Ossifying fibromyxoid tumor EP400 PHF1 !
Ossifying fibromyxoid tumor MEAF6 PHF1 1
Ossifying fibromyxoid tumor EPC1 PHF1 !
Ossifying fibromyxoid tumor ZC3H7B BCOR !
Ossifying fibromyxoid tumor CREBBP BCORL1 !
PEComa DvL2 TFE3 !
PEComa SFPQ TFE3 !
PEComa NONO TFE3 !
PEComa RAD51B OPHN1 >
Phosphaturic mesenchymal tumor FN1 FGFR1 !
Phosphaturic mesenchymal tumor FN1 FGF1 !
Pseudomyogenic hemangioendothelioma ACTB FOSB !
Pseudomyogenic hemangioendothelioma WWTR1 FOSB 33
Pseudomyogenic hemangioendothelioma of bone CLTC FOSB 56
Pulmonary myxoid sarcoma EWSR1 CREB1 3
Rhabdomyosarcoma (alveolar) PAX3 FOXO1 !
Rhabdomyosarcoma (alveolar) PAX7 FOXO1 U
Rhabdomyosarcoma (alveolar) PAX3 NCOA1 U
Rhabdomyosarcoma (alveolar) PAX7 NCOAT !
Rhabdomyosarcoma (alveolar) PAX3 NCOA2 37
Rhabdomyosarcoma (spindle cell/sclerosing) TEAD1 NCOA2 !
Rhabdomyosarcoma (spindle cell/sclerosing) SRF NCOA2 !
Rhabdomyosarcoma (spindle cell/sclerosing) VGLL2 NCOA2 !
Rhabdomyosarcoma (spindle cell/epithelioid) EWSR1 TFCP2 !
Rhabdomyosarcoma (spindle cell/epithelioid) FUS TFCP2 !
Rhabdomyosarcoma (spindle cell/epithelioid) MEIST NCOA2 1
Round cell sarcoma with EWSR1-non ETS fusions EWSR1 NFATC2 !
Round cell sarcoma with EWSR1-non ETS fusions FUS NFATC2 !
Round cell sarcoma with EWSR1-non ETS fusions EWSR1 PATZ1 !
Round cell sarcoma with EWSR1-non ETS fusions EWSR1 POUS5F1 %8
Round cell sarcoma with EWSR1-non ETS fusions EWSR1 CREB3L1 39
Round cell sarcoma with EWSR1-non ETS fusions EWSR1 ETV1 !
Round cell sarcoma with EWSR1-non ETS fusions FUS POU5F1 60
Round cell sarcoma, undifferenciated $s18 POU5F1 €0
Round cell sarcoma, undifferenciated CRTC1 Ss18 el
Round cell sarcoma, undifferenciated (primary ovarian) MXD4 NUTM1 & CB
Sarcoma with BCOR genetic alterations BCOR CCNB3 !
Simple bone cyst FUS NFATC2 o4
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Table 2. continued

Tumor type

Simple bone cyst

Small cell osteosarcoma

Soft tissue angiofibroma

Solitary fibrous tumor

Spindle cell sarcoma (kidney)

Spindle cell sarcoma (gynecology)
Synovial chondromatosis

Synovial sarcoma

Synovial sarcoma

Tenosynovial giant cell tumor
Undifferentiated pleomorphic sarcoma
Overall, 137 genes implicated in 139 distinct gene fusions.

performed as follows: 6 min at 94 °C; 35 cycles (30 s at 94°C, 30's at 58 °C,
30s at 72°C); 4 min at 72 °C; and cooled to 4 °C.

Products were purified using the Agencourt AMPure XP kit (Beckman
Coulter) according to the manufacturer’s instruction. The purified products
were assayed with the Qubit DNA HS Assay kit (ThermoFisher Scientific).
The different samples were pooled at a concentration of 4 nM to obtain
approximately 100,000 reads for each case. They were next sequenced on
an lllumina MiSeq instrument (lllumina, San Diego, CA). For each LD-
RTPCR-NGS reaction, a control sample with known fusion transcript is
included to validate the experiment.

The lower limit of transcript detection was 10 UMis. The lower limit of
cellularity for transcript detection was evaluated as 5%. To validate the LD-
RT-PCR assay, controls (one positive (EWSRT-FLIT) and one negative RNA)
were systematically tested together with routine samples during the whole
course of the study.

Data analysis

A customized software was developed in our institution as described
previously®. RT-MIS analysis was used to align the sequencing data with
the hybridizing sequences of all gene probes and to detect the gene fusion
and calculate the number of sequence reads that contained this transcript.
The approximate time from receipt of the sample in the laboratory to
reporting of results was 2 full time days.

The unique molecular identifiers (UMIs) are an estimation of the number of
ligations and the quantity of the fusion transcript expressed in the tumor. To
interpret the results, we first need to evaluate if the fusion transcript identified
has been associated in the literature with a sarcoma subtype.

If the fusion transcript has not been associated in the literature with a
sarcoma subtype, the result is rendered as “no known fusion transcript
detected in the tumor” (result negative in Table 1). It corresponds to a
non-specific artifact fusion.

If the fusion transcript has been associated in the literature with a
sarcoma subtype, we need to consider the number of UMls. If the UMI
number is <10, the result is negative. Conversely, if this number is =10,
the fusion transcript is validated as a true fusion.

The background level of non-specific artifact fusion transcript is below
10 UMIs and is composed of fusions not described in the literature.

RT-PCR analysis
Reverse transcription of 5 pg RNA was performed in a total volume of 20 pl
with 50 mM Tris-HCl, pH 8.3, 40 mM KCl, 5 mM MgCl2, 0.5% Tween, 0.5
mMdNTP mix, 10 mM dithiothreitol, specific reverse primer (FAM22 or
reverse primer b2-microglobulin), 12 U RNAse inhibitor (Promega), and
10U Expand Reverse Transcriptase (Roche Diagnostics, Meylan, France).
Samples were incubated at 42 °C for 1 h, then at 95 °C for 5 min.

PCR amplification was performed in duplicate using a 96-well plate
(Applied Biosystems, Foster City, CA, USA) with a 50-pl final reaction mixture

Modern Pathology (2022) 35:649 - 663

LD-RT-PCR probes References
5’ Gene 3’ Gene

EWSR1 NFATC2 64
EWSR1 CREB3L1 65
NCOA2 ETV4 66
NAB2 STAT6 !
MEIST NCOA2 67
MEIST NCOA2 68
FN1 NFATC2 69
5518 §5X1 !
SS18L1 §5X1 !
CSF1 S100A10 70
CITED2 PRDM10 7

containing: 300 nM of each primer, 200, and 50 nM, respectively, of probe X
and probe b2-microglobulin, and 0.25 U of Amperase UNG in a 2 qPCR
Mastermix plus-low Rox (Eurogentec, Herstal, Belgium). The primers specific
for each gene were designed to detect possible fusion transcripts
(Supplementary Table 2). Thermal cycling conditions were 2 min at 50 °C for
Amperase activation, 10 min at 95 1 C for Taq polymerase activation, then 50
cycles of two PCR steps consisting of 30s at 95°C, and 1 min at 60 °C. All
reactions were performed in the ABI Prism 7500 Sequence Detection System
(Applied Biosystems). RT-PCR analysis was performed in 115 tumors.

FISH analysis

FISH was performed on all cases using the following probes according to the
diagnostic hypothesis: S§78 [Vysis LSI SS18 (18911.2)] Dual Color Break Apart
Rearrangement FISH Probe Kit, DDIT3 [Vysis LS| DDIT3 (12q13.3)] Dual Color
Break Apart Rearrangement FISH Probe Kit, FUS [Zytovision LSI FUS (16p11.2)]
Dual Color Break Apart Rearrangement FISH Probe Kit, TFE3 [ZytoLight  SPEC
TFE3 (Xp11.23)] Dual Color Break Apart Rearrangement FISH Probe Kit, USP6
[ZytoLight” SPEC USP6 (17p13.2)] Dual Color Break Apart Rearrangement FISH
Probe Kit, PDGFB [ZytoLight® SPEC PDGFB (22q13)] and homemade probes for
WWTR1 and CAMTA1, Invitrogen (double fusion assay). Dual Color Break Apart
Rearrangement FISH Probe Kit. FISH was performed using the ZytoLight SPEC
Dual Color Break Apart Probe kit (CliniSciences). Cells were considered
rearranged when at least one set of red/orange and green signals were two or
more signal diameters apart, or when there was a red/orange single signal
without a corresponding green signal in addition to fused and/or broken-
apart signals, according to the manufacturer’s instructions. At least 100 tumor
nuclei were analyzed, and a case was considered as positive when the
number of neoplastic nuclei with a split signal or with a single 3’ signal was at
least 15% of the observed neoplastic nuclei. FISH analysis was performed in 33
tumors.

Immunohistochemical analysis

We performed molecular IHC with antibodies highly associated with
molecular alteration: STAT6' and pan-TRK’2. Immunohistochemical stain-
ing was performed on 4-um-thick formalin-fixed paraffin-embedded
whole-tissue sections with pan-TRK rabbit monoclonal antibody, which
reacted to a homologous region of TRK A, TRK B and TRK C near the C-
terminus (clone EPR17341; Abcam, Cambridge, MA, USA; dilution, 1:250 for
20 min. Immunostaining was performed on a Dako (Omnis) automated
staining platform using the antigen retrieval method (EnVision FLEX Target
Retrieval Solution, High pH (Agilent/Dako). The staining pattern, percen-
tage of positive tumor cells and staining intensity were reviewed and
recorded for all cases. Immunoreactivity was graded according to the
percentage of cells with staining (0, <5%; 1+, 5-24%; 2+, 25-49%; 3+,
50-74%; or 4+, 75-100%) and the staining intensity (weak, moderate, or
strong). The staining pattern (cytoplasmic, nuclear, and/or membranous)
was also noted. Positive pan-TRK staining was defined as immunoreactivity
in at least 5% of cells.
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“Soft-tissue and bone tumors” mix encompassing the 137 most frequent fusion genes in these tumors. Circos plot showing the 137

genes involved in the 139 gene fusions found in our cohort of 158 sarcomas using the LD-RT-PCR fusion assay.

Immunohistochemical staining was performed with STAT6 rabbit
monoclonal antibody (abcam) clone [YE361] Abcam, Cambridge, MA,
USA; dilution, 1:50 for 20 min. Immunostaining was performed on a Dako
(Omnis) automated staining platform using the antigen retrieval method
(EnVision FLEX Target Retrieval Solution, low pH (Agilent/Dako). IHC
analysis was performed in 9 tumors (STAT6 in 8 and pan-TRK in one).

RESULTS

Cohort description

Pathological data are summarized in Table 1. All diagnosis had
been validated by expert sarcomas pathologists part of a national
sarcoma pathology review network (RRePS, NETSARC + in France).
The final cohort included 158 tumors, that covered 23 subtypes of
bone and soft-tissue tumors including myxoid/round-cell liposar-
comas (MLPS) (n = 17), ES (n = 14), synovial sarcomas (SS) (n = 13),

SPRINGER NATURE

desmoplastic small round-cell tumors (DSRCT) (n=13), CCS (n=
8), gastrointestinal clear-cell sarcomas (CCS-GI) (n=3), EMC (n=
9), IF (n=9), alveolar rhabdomyosarcomas (ARMS) (n =9), BSNS
(n = 8), dermatofibrosarcomas protuberans (DFSP) (n = 8), round
cell sarcomas (RCS) (n=8), endometrial stromal sarcomas low
grade (ESSLG) (n = 8), solitary fibrous tumors (SFT) (n = 8), alveolar
soft-part sarcomas (ASPS) (n=15), nodular fasciitis (NF) (n=4),
epithelioid hemangioendotheliomas (EHE) (n=5), LGFMS/SEF
(n=3), perivascular epithelioid-cell neoplasms (PEComa) (n =2),
spindle-cell/epithelioid rhabdomyosarcomas (SERMS) (n=1),
endometrial stromal sarcomas high grade (ESSHG) (n=1),
mesenchymal chondrosarcomas (MC) (n=1), and NTRK-
rearranged spindle cell neoplasms (NTRK-N) (n = 1) (Table 1 and
Fig. 4). The microscopic features of the main tumor types, FISH and
IHC data are illustrated in Fig. 3.
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Fig. 3 Morphological, immunohistochemical, and FISH features of tested sarcomas. Representative H&E pictures of tested sarcomas
showing a ARMS with a PAX3-FOXO1 fusion (case no 1) showing proliferation of dyscohesive round cells with characteristic alveolar
architecture (x200); b PEComa associated with a SFPQ-TFE3 fusion (case no 10). Tumor with sheet-like growth pattern. Spindle cells present
clear cytoplasm and round or spindle nuclei (x200); ¢ ASPS associated with ASPSCR1-TFE3 fusion (case no 12). Tumor shows large eosinophilic
tumor cells with abundant cytoplasm arranged in compact nests (x200); d Representative picture of TFE3 immunohistochemical staining in an
ASPS harboring a ASPSCR1-TFE3 fusion (case no 14). Tumor shows nuclear staining (x200); e Representative H&E pictures of CCS associated with
EWSRI1-ATF1 fusion (case no 25). Tumor shows plump spindle cells with pale cytoplasm arranged in solid pattern (x200); f DSRCT associated
with EWSR1-WT1 fusion (case no 36). Tumor shows characteristic morphology with nests in desmoplastic stroma. Tumor cells are uniform,
small, round with minimal nuclear pleomorphism. (x200); g EHE associated with WWTR1-CAMTAT fusion (case no 58). Tumor is composed of
nest and cords of epithelioid tumoral cells in sclerotic matrix (x200); h ES associated with EWSR1-FLI1 fusion (case no 71). Tumor is composed of
small round cells arranged in solid pattern with occasional rosettes (x400). Insert shows nucleus with EWSRT FISH fission; i Representative H&E
of EMC with EWSR1-NR4A3 (case no 76) (x200). Spindle tumor cells with eosinophilic cytoplasm arranged in fascicles with myxoid matrix; j low
grade ESS associated with JAZF1-SUZ12 fusion (case no 95). Tumor is composed of small uniform tumor cells with scant cytoplasm and oval
nuclei arranged in sheets. Focal whorling of tumor cells is visible around small vessels (x200); k LGFMS/SEF associated with FUS-CREB3L2 fusion
(case no 103). Bland spindle tumor cells are arranged in fascicles in myxoid matrix (x100); | BCOR-sarcoma associated with BCOR-CCNB3 fusion
(case no 128), small round tumor cells are arranged in solid sheets separated by scant stroma (x200); m SFT associated with NAB2-STAT6
fusion (case no 137), hypercellular part of tumor is composed of spindle or ovoid cells admixed with hyalinized staghorn blood vessels (x200);
n Representative picture of STAT6 immunohistochemical staining of SFT (case no 137). Tumor shows nuclear staining (x200); o Representative
H&E picture of SS associated with SS78-SSX fusion (case no 145). This monophasic proliferation forms fascicles of monomorphic round or
spindle cells (X200).

Results and failure rates of the LD-RT-PCR-NGS assay
compared to conventional techniques in soft-tissue and bone
tumors

LD-RT-PCR-NGS detected in-frame fusion transcripts in 155/158
tumors (98.1%) (Table 1):(FUS-DDIT3 (n = 17), EWSR1-FLIT (n =13),
SS18-SSX (n=13), EWSR1-WT1 (n=13), PAX3-FOXO1 (n=9),
EWSR1-ATF1 (n=9), EWSR1-NR4A3 (n=9), ETV6-NTRKT (n=9),
PAX3-MAML3 (n=28), BCOR-CCNB3 (n=38), JAZF1-SUZ12 (n=38),
COL1A1-PDGFB (n=8), NAB2-STAT6 (n=8), ASPRCI-TFE3 (n=15),
MYH9-USP6 (n = 4), WWTRI1-CAMTAT (n = 3), EWSR1-CREBT (n = 2),
SFPQ-TFE3 (n = 2), FUS-TFCP2 (n=1), EWSRI-ERG (n = 1), YWHAE-
NUTM2 (n=1), FUS-CREB3L2 (n=1), HEY1-NCOA2 (n=1), TPM3-
NTRK1 (n = 1), YAP1-TFE3 (n = 1) (Table 1). LD-RT-PCR-NGS failed to
identify gene fusion in three tumors (1.9%). Conventional
techniques were interpretable for all tumors (100%). Immunohis-
tochemical analysis was performed in 9 tumors (STAT6 in 8 and
pan-TRK in one), FISH analysis in 39 tumors, and RT-PCR in 114
tumors (Table 2).

Modern Pathology (2022) 35:649 - 663

Comparison of the results: LD-RT-PCR-NGS versus conventional
techniques (immunohistochemistry, FISH, RT-PCR)
LD-RT-PCR-NGS (assay detected the known fusion gene in 155 of
the 158 cases (98.1%, sensitivity) (Table 3). Among the three
tumors negatives with the LD-RT-PCR-NGS assay, two cases were
LGFMS showing a FUS gene rearrangement on the break-apart
FISH, and the last case was an EHE showing a CAMTA1-WWTR1
gene fusion identified by double fusion FISH. None of these cases
had been previously studied by PCR. LD-RT-PCR-NGS did not
detect any unexpected fusion gene in any of samples, (100%
specificity). Considering the NETSARC+ diagnosis, the concor-
dance rate was 100% (150/150) for 21 tumor types, 80% (4/5) for
diagnosing EHE and 33% (1/3) for diagnosing LGFMS/SEF.

DISCUSSION
The identification of new recurrent gene fusions is continuously
increasing (over 200 at this time) in soft-tissue and bone tumors>>
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Table 3.
according to sarcoma subtypes.

NETSARC + Number Number of positive molecular

diagnosis of cases results by conventional technics
(IHC, FISH or RT-PCR)

ARMS 9 9

ASPS 5 5

BSNS 8 8

CCS 11 11

DSRCT 13 13

DFSP 8 8

EHE 5 5

SERMS 1 1

ES 14 14

EMC 9 9

IF 9 9

ESSHG 1 1

ESSLG 8 8

LGFMS/SEF 3 3

MC 1 1

MLPS 17 17

NF 4 4

PEComa 2 2

RCS 8 8

SFT 8 8

SS 13 13

NTRK-N 1 1

Total 158 158

Diagnostic performances for fusion detection between conventional techniques (IHC, FISH and RT-PCR) and LD-RT-PCR fusion assay

Concordance of molecular results
between conventional technics and
LD-RT-PCR fusion assay (%)

Number of positive
molecular results by LD-RT-
PCR fusion assay

9 100.0
5 100.0
8 100.0
11 100.0
13 100.0
8 100.0
4 80.0

1 100.0
14 100.0
9 100.0
9 100.0
1 100.0
8 100.0
1 333

1 100.0
17 100.0
4 100.0
2 100.0
8 100.0
8 100.0
13 100.0
1 100.0
155 98.1

Abbreviations: ARMS alveolar rhabdomyosarcoma, ASPS alveolar soft part sarcoma, BSNS biphenotypic sinonasal sarcoma, CCS clear cell sarcoma of the soft
tissues, CCS-GI clear cell sarcoma, gastrointestinal, DFSP dermatofibrosarcoma protuberans, DSRCT desmoplastic small round cell tumor, EHE epithelioid
hemangioendothelioma, EMC extraskeletal myxoid chondrosarcoma, ES ewing sarcoma, ESSHG endometrial stromal sarcoma (high grade), ESSLG endometrial
stromal sarcoma (low grade), FISH fluorescent in situ hybridization, IF infantile fibrosarcoma, IHC immunohistochemistry, LD-RT-PCR ligation dependant-reverse
transcriptase-polymerase chain reaction, LGFMS/SEF low grade fibromyxoid sarcoma/sclerosing epithelioid fibrosarcoma, MC mesenchymal chondrosarcoma,
MLPS myxoid/round cell liposarcoma, NF nodular Fasciitis, NTRK-N NTRK-rearranged spindle cell neoplasms, PEComa Perivascular epithelioid cells neoplasms,
RCS round cell sarcoma unclassified, RT-PCR reverse transcriptase-polymerase chain reaction, SERMS spindle/epithelioid rhabdomyosarcoma, SFT solitary

fibrous tumor, SS synovialosarcoma.

and the identification of gene fusion has been shown to have a
clinical impact in the management of sarcomas patients’®. In this
setting, molecular testing of sarcomas represent a daunting
challenge for pathology laboratories to cover all possible fusions.
The striking diversity involved in sarcomas has yielded many
laboratories to switch to NGS-based screening techniques, putting
aside techniques such as FISH and RT-PCR. In line with these
assays, we describe a new LD-RT-PCR-NGS method that inter-
rogates multiple genes at transcript level simultaneously and
identifies fusion partners and exons participating in gene fusion.
In addition, LD-RT-PCR-NGS is a simple assay which requires
limited laboratory handling, such as reverse transcription,
hybridization of the probes, ligation, and PCR amplification. The
amplification products are purified and loaded on a next-
generation sequencer, and the results are analyzed automatically
using a dedicated bioinformatics pipeline. Therefore, the assay is
easy to implement in a diagnostic workflow in the many molecular
diagnostic laboratories that have already adopted NGS in their
routine diagnostic workflow.

We have already implemented and clinically validated it to
detect multiple gene fusions in leukemias® and solid tumors such
as salivary gland tumors” and lung tumors®®. Since the technique
has not yet been used in soft-tissue and bone tumors, we adapted
this assay to the detection of sarcoma specific rearrangements
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using panel using 267 primers designed to target 137 genes
corresponding to 139 fusions known to be associated with soft-
tissue and bone tumors. The present study assessed the capability
of LD-RT-PCR fusion assay to detect fusion transcripts in bone and
soft-tissue tumors in formalin-fixed paraffin embedded (FFPE)
material in a routine diagnostic set-up and compared its
performance with conventional techniques (FISH, RT-PCR, specific
molecular immunohistochemistry). Although not all gene fusions
described until now were part of our mix, the most frequently
encountered were included, allowing our method to detect in-
frame fusion transcripts in 155/158 tumors (98.1%) and to
differentiate a wide range of soft-tissue and bone tumors
(23 subtypes) in a single experiment.

The concordance rate between LD-RT-PCR-NGS and conven-
tional techniques is very high: 155/158 tumors (98.1%). We
analyzed frequent and rarer subtypes of translocation-related soft-
tissue and bone tumors. LD-RT-PCR fusion assay confirmed the
presence of the gene fusion in all but three cases (155/158).
Regarding the three false-negative cases (cases (#57, #104, and
#105), molecular confirmation had been performed by FISH on 5
pum FFPE tissue sections. Failure of LD-RT-PCR-NGS might be due
to low RNA quality or quantity (all were archival FFPE samples), a
complex translocation (insertion of intron between exon-exon
junction), alternative breakpoints located in regions that are not
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B Alveolar Rhabdomyosarcoma (n=9)

B Alveolar soft part sarcoma (n=5)
Biphenotyic sinonasal sarcoma (n=8)
Clear cell sarcoma soft tissues (n=8)

M Clear cell sarcoma, gastrointestinal (n=3)
Desmoplastic small round cell tumor (n=13)
Dermatofibrosarcoma protuberans (n=8)

¥ Epithe lioid hemangioendothelioma (n=5)

B Spindle / epitheliod rhabdomyosarcoma (n=1)

M Ewing sarcoma (n=14)

B Extraske letal myxoid chondrosarcoma (n=9)

M Infantile fibrosarcoma (n=9)

High grade endometrial stromal sarcoma (n=1)
Low grade endometrial stromal sarcoma (n=8)
Low grade fibromyxoid sarcoma (n=3)

= Mesenchymal chondrosarcoma (n=1)
Myxoid/round cell liposarcoma (n=17)

B Nodular Fasciitis (n=4)

NTRK-rearranged spindle cell neoplasm (n=1)

B PEComa (n=2)

B Round cell sarcoma unclassified (n=8)

Solitary fibrous tumor (n=8)

B Synovialosarcoma (n=13)

Fig. 4 Pie chart showing the 23 sarcomas subtypes in the study cohort. The numbers in brackets indicate the number of samples for each

category.

covered by the gene-specific primers in our panel, an inadequate
amount of ligation qualified as noise in the bioinformatics
analyses, or to a tumor with gene fusion but no expression of
the transcript. In addition, it is notorious that LGFMS (cases 104
and 105) are difficult to study by PCR’®. Considering NETSARC+
diagnosis, the concordance rate was 100% (150/150) for 21 tumor
types, 80% (4/5) for diagnosing EHE and 33% (1/3) for diagnosing
LGFMS/SEF. Concerning the three false-negative cases (cases (#57,
#104 and #105), RNA quality control (molecular monitoring of ABL
gene expression levels - ipsogen”WT1 ProfileQuant, Qiagen)
showed low quality. As no remaining tumoral tissue (FFPE or
frozen) was available, we could not perform others RNA
sequencing, whole transcriptome sequencing or targeted RNA-
seq, techniques that need of nucleic acid extraction to identify
fusion transcripts.

The advantage of LD-RT-PCR-NGS over other technologies is its
ability to multiplex and detect both common and potentially novel
gene fusions, even starting from moderate quality samples (if two
probes of the novel fusion are part of the assay). The unguided
detection of many fusion genes in one test reduces the need to
run multiple individual FISH or RT-PCR tests for single genes or
single fusion variants. Therefore it shortens turnaround time and
reduces labor costs® while allowing the complete characterization
of the fusion gene partners (exon-exon junction), which could
potentially be of importance for clinical management. Further-
more, NGS can analyze specific nucleotide sequences, so there is
no limit on the number of probes in one reaction. In addition, any
newly described gene fusion can be subsequently added to the
mix. Importantly, our data confirm that LD-RT-PCR-NGS is a robust
technique that is easily applicable to FFPE samples, but also
cytology slides and cell blocks, even with limited amounts of
material are available’. Tumor samples successfully passing the
sequencing analysis range from 95.1%° to 100% (7 and the present
study), i.e, more than the 92.9% rate by FISH analysis’.
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The LD-RT-PCR fusion assay also has some drawbacks. First, the
number of partner genes and break points is potentially very high
and new partner genes are regularly identified, which would imply
the regular update of our gene fusion panel. Second, the targeted
NGS fusion gene assays are not always able to detect such fusion
gene variants, a step that is highly dependent on knowledge of
the junction on the fusion mRNA: i.e, if the fusion exon-exon
junction requires an exon that is not in our panel, it will not be
detected. The specific break point in each partner gene can be
variable, resulting in a variety of exon—exon fusion combinations
at the transcript level. Finally, the data analysis also requires
specialized bioinformatics pipelines and sequence analysis
techniques.

Although simple and robust, FISH testing can only detect one
gene or one fusion gene at a time, requiring a sequential time-
consuming strategy to screen tumor samples. RT-PCR can screen
simultaneously several fusion genes in a single assay but the
capacity of multiplexing is much limited with this technique
compared to LD-RT-PCR.

Even if RNA-seq or Anchored multiplex PCR NGS assays are
blinded techniques that can detect multiple and new gene
fusions, fusion, splicing and exon skipping in a single assay
compared to LD-RT-PCR that can only detect gene fusion and
exon skipping. Nonetheless, they are more expensive, complicated
with a longer turn-round time techniques. Interpretation is more
difficult and requests expert bioinformatics pipeline. It requests
higher amount of material, higher RNA quantity and quality.

RNA-seq or Anchored multiplex PCR NGS assays are blinded
techniques that can detect multiple and new gene fusions, known
gene fusion, splicing and exon skipping in a single assay
compared to LD-RT-PCR that can only detect gene fusion and
exon skipping®. Nonetheless, these techniques are more expen-
sive, request longer turn-round time, higher amount of material,
higher RNA quantity and quality, require higher sequencing depth
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compared to LD-RT-PCR. In addition, their interpretation is more
difficult and request expert bioinformatics pipeline.

In addition, LD-RT-PCR fusion assay can easily identify chimeric
protein kinases PKs that are the therapeutic target of many
molecular-targeted drugs specific to translocations (ALK, ROSI,
NTRK3, MET fusions and the tyrosine kinase receptor PDGFRB).

Given the challenge that the diagnosis of soft-tissue and bone
tumors represents and the clinical impact of molecular methods in
sarcoma diagnosis, our study supports that the LD-RT-PCR fusion
assay is a sensitive and specific method to detect most gene
fusions involved in soft-tissue and bone tumors that could be
implemented in routine clinical settings. This multiplexed NGS-
based LD-RT-PCR molecular approach could become an excellent
screening method for the unguided detection of fusion transcripts
and for classifying soft-tissue and bone tumors on FFPE material.
The present findings show that it could become a first-line
diagnostic test with the potential to replace or complement other
more widely used molecular techniques.
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