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Chromosomal rearrangements are important drivers in cancer, and their robust detection is essential for
diagnosis, prognosis, and treatment selection, particularly for bone and soft tissue tumors. Current
diagnostic methods are hindered by limitations, including difficulties with multiplexing targets and poor
quality of RNA. A novel targeted DNA-based next-generation sequencing method, formalin-fixed, paraffin-
embedded—targeted locus capture (FFPE-TLC), has shown advantages over current diagnostic methods
when applied on FFPE lymphomas, including the ability to detect novel rearrangements. We evaluated the
utility of FFPE-TLC in bone and soft tissue tumor diagnostics. FFPE-TLC sequencing was successfully
applied on noncalcified and decalcified FFPE samples (n = 44) and control samples (n = 19). In total, 58
rearrangements were identified in 40 FFPE tumor samples, including three previously negative samples,
and none was identified in the FFPE control samples. In all five discordant cases, FFPE-TLC could identify
gene fusions where other methods had failed due to either detection limits or poor sample quality. FFPE-
TLC achieved a high specificity and sensitivity (no false positives and negatives). These results indicate
that FFPE-TLC is applicable in cancer diagnostics to simultaneously analyze many genes for their
involvement in gene fusions. Similar to the observation in lymphomas, FFPE-TLC is a good DNA-based
alternative to the conventional methods for detection of rearrangements in bone and soft tissue tu-
mors. (J Mol Diagn 2023, 25: 758—770; https://doi.org/10.1016/j.jmoldx.2023.06.012)

Bone and soft tissue tumors comprise a large and hetero-
geneous group of mesenchymal neoplasms that are known
to have >150 different subtypes.' Many types of bone and
soft tissue tumors are characterized by fusion genes gener-
ated through chromosomal rearrangements as potential
drivers. Over the past several years, identification of such
rearrangements has shown that these tumors are genetically

diverse, with new rearrangements still being identified,
contributing to better diagnosis.” Increased molecular
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knowledge may reduce the diagnostic uncertainty, leading
to better stratifications for treatment, prognosis predictions,
and novel therapeutics for bone and soft tissue tumors.”

Conventional techniques used for rearrangement detec-
tion in formalin-fixed, paraffin-embedded (FFPE) specimens
include (break-apart and fusion) fluorescence in situ hy-
bridization (FISH) and RT-PCR.° Recently, high-
throughput multiplex RNA techniques are often being
introduced in routine diagnostics.” '’ Although commonly
used, several limitations of these techniques are known. For
example, as FISH and RT-PCR are single-target assays and
there is high variability of rearrangements in bone and soft
tissue tumors, diagnosis often requires multiple consecutive
analyses. In addition, reliable interpretation of break-apart
FISH is dependent on good tissue morphology and clear
FISH signals, which might be challenging in case of un-
common breakpoints or copy number variations.'' Also,
break-apart FISH does not provide information about the
fusion gene partner. RT-PCR and high-throughput multi-
plex RNA technologies require that the RNA quality is
sufficiently preserved, which is not always the case in FFPE
samples as formalin fixation induces RNA (and DNA)
fragmentation.]2 Also, as with FISH, fusions might be
missed if the breakpoint or fusion partner has not been
previously described or in case of a fusion within noncoding
sequences (ie, such as regulatory elements)."”'°

As DNA is more stable than RNA, rearrangement
detection by targeted DNA-based next-generation
sequencing (NGS) methods is a good alternative for FFPE
specimens, allowing for the identification of breakpoints,
gene fusion partners, and other structural variants.'”'®
However, detection of intronic breakpoints, especially
located in repetitive regions, is a challenge for these
methods,18 and those fusions may be missed.

Proximity-ligation methods have shown to be a powerful
method for rearrangement detection,’” 2! and FFPE-
targeted locus capture (TLC) was recently demonstrated to
be a robust and accurate method for rearrangement detection
in lymphomas.”” FFPE-TLC is based on the cross-linking
and fragmentation of DNA, and therefore is particularly
suitable for the analysis of FFPE samples in which DNA is
inherently cross-linked and fragmented. These cross-linked
DNA fragments, which are in close proximity in the three-
dimensional nuclear space, are in situ ligated, followed by
conventional target enrichment using oligonucleotide probe
sets to selectively pull down, sequence, and analyze
proximity-ligation products of selected clinically relevant
genes (Supplemental Figure S1). Sequencing data collected
with this method can be processed automatedly for rear-
rangement detection, and both familiar and previously un-
identified rearrangement partners can be identified by FFPE-
TLC.”> The data showed that FFPE-TLC outperformed
FISH, currently still the gold standard for rearrangement
detection in lymphomas,”” for both sensitivity and speci-
ficity. Compared with conventional (targeted) NGS
methods, FFPE-TLC offers the advantage that it does not
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only rely on the capturing and sequencing of fusion reads
for the detection of chromosomal rearrangements, but that it
also identifies them based on significant accumulation of
proximity-ligation events at the fusion partner. This enables
detection of gene fusions even if probes are not targeting the
exact fusion sequences and when nonunique sequences
flank the rearrangement breakpoint.””

Here, we investigated the utility of FFPE-TLC for the
detection of rearrangements in FFPE samples of solid tu-
mors other than lymphoma. For this, a custom gene panel
was designed targeting 49 genes associated with gene fu-
sions and bone and soft tissue tumors. In total, 44 bone and
soft tissue tumor samples and 19 control samples from five
participating centers were collected and analyzed. The
outcome of FFPE-TLC sequencing was compared with the
outcome of the standard fusion gene detection method used
in each participating center. The data demonstrate that
FFPE-TLC is a powerful method for the detection and
characterization of clinically relevant rearrangements in
different types of FFPE solid tumor samples.

Materials and Methods

The methods describe the processing of FFPE tissue to
restricted and vicinity religated DNA fragments by making
use of the formalin fixation during the paraffin-embedding
process. The tissue is first pretreated such that the DNA is
accessible for enzymes while enough cross-links remain
to promote vicinity ligation. The processes following these
FFPE-TLC—specific steps are standard library preparation,
hybrid-capture, and paired-end sequencing. The main element
of the data analysis pipeline, proximity-ligation—based
identification of rearrangements (PLIER), identifies genomic
regions where reads are linked to specific targeted genes.
These regions are subsequently visualized in butterfly plots,
heat map representations of the sequence products spanning
chromosomal rearrangement breakpoints.

Archival FFPE Tissue Samples

A total of 63 FFPE samples were randomly selected from
the archives of five participating centers: Leiden University
Medical Center (Leiden, the Netherlands), University
Medical Center Groningen (Groningen, the Netherlands),
University Medical Center Utrecht (Utrecht, the
Netherlands), Ghent University Hospital (Ghent, Belgium),
and Radboud University Medical Center (Nijmegen, the
Netherlands). This included 44 FFPE samples of patients
diagnosed with bone and soft tissue tumors between 2014
and 2021 and 19 control FFPE samples from bone, tonsil,
and nonreactive lymph nodes. The study was performed in
accordance with the local institutional board requirements,
and all relevant ethical and privacy regulations were fol-
lowed during this study. The use of tissue specimens and
associated data in this study was approved by the TcBio of
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University Medical Center Utrecht as gebruik van rest- (Covaris, LLC, Woburn, MA) and sonified on aM220 Covaris
materiaal, the human research committee of Radboud Uni- machine for 300 seconds (duty factor, 10%; power, 75 W; 200
versity Medical Center (case number 2021-13004), the cycles/burst at 20°C). Then, after transfer to a 1.5-mL
Ethics Committee of Ghent University Hospital (project Eppendorf tube, tissues were permeabilized with 0.3% SDS
2004/094), the Medical Ethical Committee of University at 90°C for 30 minutes and neutralized with 2.5% final con-

Medical Center Groningen for explorative research with centration EcoSurf SA9 (Sigma Aldrich) for 10 minutes at
anonymized leftover tissues, and the Medical Ethical 37°C. This was followed by digestion with restriction enzyme
Committee of Leiden University Medical Center under code NlallI at 37°C for 1 hour and ligation with T4 DNA ligase at
of conduct of secondary use of tissues. room temperature for 2 hours. Nlalll is a 4-bp cutter restriction

enzyme, which cuts every approximately 250 to 500 bp in the
FFPE-TLC Library Preparation genome. Next, reverse cross-linking was performed at 56°C

for 2 hours, followed by an overnight incubation at 80°C, and
FFPE-TLC was performed on one to three unstained FFPE DNA was purified using isopropanol precipitation and mag-

tissue slides or scrolls (4 to 10 um thick), as previously netic bead separation. Following elution, 100 ng of the DNA
described” (Supplemental Figure S1 and Figure 1, A and B). was fragmented by sonication to 200 to 300 bp and subjected
Briefly, excessive paraffin from the scraped material or scrolls to NGS library preparation (Kapa Hyper-prep, Kapa Unique
was first removed by incubation in a 1.5 mL Eppendorf tube in Dual indexed adapter kit (Roche, Basel, Switzerland). A total

1x CutSmart buffer (New England Biolabs, Ipswich, MA) of 16 up to 20 independently prepared libraries were pooled
containing 0.02% Igepal (Sigma Aldrich, St. Louis, MO) at with a total mass of 2 pg DNA, hybridized with a custom-

80°C for 3 minutes. After 1-minute centrifugation at 20,000 x designed capture probe panel (Table 1 and Supplemental
g, the solidified layer of paraffin on the top was carefully Tables S1 and S2), washed, and amplified according to the
removed. Tissue was transferred to a 130-puL Covaris tube manufacturer’s instructions. The custom-designed capture
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Figure 1  Evaluation of formalin-fixed, paraffin-embedded—targeted locus capture (FFPE-TLC). A: Schematic overview of the capture probe design. To
detect rearrangements, probes are designed at all exonic regions and all NlaIIl restriction sites across the entire gene, plus at least 20 kb of its flanking
sequences. B: Overview of the FFPE-TLC workflow (related to Supplemental Figure S1). C: Sequencing quality control metrics of 44 FFPE tumor samples and 19
FFPE control samples. The dot plots show the number of paired-end sequencing reads, percentage of reads aligned on target, percentage of reads with read pair
overlap, percentage of cocaptured reads, and percentage of bases covered in the 1200-kb flanking sequences of the targets. The decalcified FFPE samples are
depicted in black, and the nondecalcified FFPE samples are depicted in green. D and E: Schematic explanation of butterfly visualizations. For each proximity-
ligation—based identification of rearrangements call, the distribution of the paired-end reads with the proximity-ligated fragments (arches on top of the gene
fusion event) across the genomic locus of the targeted gene (y axis) and the presumed rearrangement partner (x axis) is shown in a butterfly plot. A and B: A
balanced rearrangement forms two interaction blocks, producing a butterfly appearance (A), whereas an unbalanced rearrangement forms a single block (B).
The transcriptional start site of the gene is depicted with a tick mark. The crossover signal (highlighted in the red dotted circle) in the targeted locus
provides information on the breakpoint location and conformation of the rearrangement. In the balanced rearrangement, the 5’ end of the target locus is
separated from the 3’ end and connected to the partner locus. In the unbalanced rearrangement, only one part of a target gene fuses to a partner. A schematic
representation of the formed gene fusion products is also shown. The green arches on top of the gene fusion product between the target gene and the gene
fusion partner are indicative for the proximity-ligation products.
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probe panel (KAPA HyperChoice; Roche) targeted 47 genes
for rearrangement analysis and 2 genes for single-nucleotide
variant analysis, with a total bait territory of approximately
3.3 megabases (Mb). For rearrangement analysis, probes were
designed at all exonic regions and all Nlalll restriction sites
across the entire gene, plus at least 20 kb of its flanking se-
quences (Figure 1A). Sequencing was performed on an Illu-
mina (San Diego, CA) NovaSeq 6000 machine with 150-bp
paired-end read cycles.

FFPE-TLC Data Processing

FASTQ data were aligned to the human genome build hg38
using BWA-MEM version 0.7.17-r1188 (https://github.
com/lh3/bwa) in paired-end mode. A single paired-end
read may contain multiple fragments mapping to various
locations in the genome because of the proximity ligation
step. Thereafter, an individual FFPE alignment file was
generated for each targeted gene by demultiplexing paired-
end reads that fully or partially aligned within the gene
coordinate in the capture probe panel. Paired-end reads
overlapping with multiple genes of the capture probe panel
were assigned to multiple FFPE alignment files, and reads
without any overlap were discarded.

Rearrangement Identification by PLIER

The FFPE-TLC alignment files were used for rearrangement
identification by the computational pipeline PLIER, as pre-
viously described.”” Briefly, the reference genome was first
segmented in silico based on the recognition site of restriction
enzyme Nlalll. Then, mapped fragments were overlaid on the
segments. However, only one fragment was counted when
more than one fragment within a read overlapped a segment.
The number of segments covered by at least one fragment in
equally spaced 5- and 75-kb genomic intervals was calcu-
lated, which is called proximity frequency. Proximity scores
are then calculated by gaussian smoothing of proximity fre-
quencies across each chromosome to remove local and abrupt
increases (or decreases) in proximity frequencies that are most

Table 1  List of Genes in the Bone and Soft Tissue Tumor-Specific
FFPE-TLC Capture Panel for Rearrangement Detection

Genes for rearrangement detection (n = 47)

ACTB ERG IRF2BP2 NUP107 Ss18L1
ALK EWSR1 JAZF1 NUTM1 STAT6
ATF1 FoS KMT2A NUTM2A TFE3
BCOR FOSB MRTFB PAX3 USP6
BCORL1 FOX01 NAB2 PAX7 V6LL2
BRAF FOX04 NCOA2 PDGFB WWTR1
CAMTA1 FUS NR4A3 PHF1 YWHAE
(Ic GLI1 NTRK1 PLAG1

(0L1A1 HEY1 NTRK2 ROS1

DDIT3 HMGA2 NTRK3 5518

FFPE-TLC, formalin-fixed, paraffin-embedded—targeted locus capture.
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likely spurious. Next, an expected (or average) proximity
score and a corresponding SD are estimated for genomic in-
tervals with similar properties by in silico shuffling of
observed proximity frequencies across the genome, followed
by a gaussian smoothing across each chromosome. Finally, a
z-score is calculated for every genomic interval using its
observed proximity score and the related expected and SD of
proximity scores.

Genomic intervals within 1 Mb that showed z-scores
above 5.0 were merged, including the in-between intervals.
For those merged intervals, the 90-percentile z-score values
were calculated to get the integrated z-score. To estimate the
scale-invariant enrichment score from the 5- and 75-kb in-
terval widths, the merged intervals were grouped. The
z-score value of the intervals with the largest scale (7 kb in
this case) was the final enrichment score. Enrichment scores
within a 3-Mb region of the targeted gene were discarded to
make sure the true three-dimensional interactions between
the targeted gene and its vicinity are not considered as
rearrangements. In the end, a final list of calls with regions
enriched in proximity-ligated products was generated for
trans intervals with an enrichment score of >8.0, and for cis
intervals with an enrichment score >16.0.

To assess whether PLIER-identified enrichments were
true rearrangements, butterfly plots were generated for each
call to present the distribution of the paired-end reads with
the proximity-ligated fragments across the targeted gene and
the presumed rearrangement partner. Basically, these are
heat maps showing the number of captured DNA fragments
that contain sequence information of both the locus of the
target gene (y axis) and rearrangement partner (x axis). A
balanced rearrangement forms two interaction blocks, pro-
ducing a butterfly appearance; the 5" end of the target gene
preferentially forms proximity-ligation products with one
side of the partner locus and is separated from the 3’ end that
preferentially contacts and ligates the other part of the
partner locus (5’ end of gene A is fused to the 3’ end of gene
B, and 3’ end of gene A is fused to the 5’ end of gene B)
(Figure 1D). On the contrary, an unbalanced rearrangement
forms a single block (only one part of a target gene fuses to
a partner, 5’ end of gene A is fused to the 3’ end of gene B)
(Figure 1E). If no clear break or crossover signal is observed
in the targeted gene, but there is random distribution of data
points, then the call is considered as nonrelevant. Butterfly
plots were also routinely generated for the 3-Mb region of
the targeted gene that had been excluded in the PLIER
assessment, to allow for detection of cis rearrangements by
visual inspection. FFPE-TLC results were interpreted
blindly, without knowledge of the results obtained by the
conventional diagnostics methods to identify fusion genes.

Down-Sampling Analysis

Down-sampling analysis was automatically performed by
randomly drawing reads mapping to the target of interest
that underwent a rearrangement. This was done across
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diluted samples and their undiluted counterparts, and each
down-sampling experiment was repeated 20 times. The
number of times PLIER could successfully identify the
rearrangement is reported as a percentage and shown over
the heat map (eg, 90% refers to 18 successful identifications
of the rearrangement of 20 repeated experiments).

Fusion-Read Identification

For the fusion-read identification, split alignments (ie, in-
dividual read sequences that mapped to multiple areas in the
human genome; ie, to the locus of both the target gene and
the gene fusion partner) were collected. Then, the split
alignments that referred to enzymatic digestion in FFPE-
TLC were filtered out by discarding the split alignments that
fused at the restriction enzyme recognition site (CATG).
The split alignments that occurred within regions enriched
in proximity-ligated products, as identified by PLIER, were
collected and manually checked in a genome browser to
confirm the existence of fusion reads.

Gene Fusion Detection by Conventional Diagnostic
Methods

In total, 42 of 44 FFPE bone and soft tissue tumor samples had
been analyzed for gene fusions in routine diagnostics by one of
the five NEN-EN-ISO 15189 accredited participating centers
(Supplemental Table S3). The five centers performed FISH,
laboratory-developed RT-PCR, RNA sequencing, ArcherDx
(custom panel/FusionPlex expanded sarcoma panel 16696
version 1.1 (ArcherDx, Inc., Boulder, CO) (Supplemental
Table S2), and/or custom-designed NanoString nCounter
FusionPlex (NanoString Technologies, Inc., Seattle, WA),
according to their usual protocols (University Medical Center
Groningen Laboratory for Molecular Pathology, http://www.
moloncopath.nl, last accessed April 1, 2022).7’”"’23

Data Availability

The raw sequencing data in this article are available from
the corresponding author on reasonable request as re-
strictions apply to the availability of these patient data.

Results

Processing of Bone and Soft Tissue Tumor Samples
with FFPE-TLC

A bone and soft tissue tumor-specific FFPE-TLC capture
panel was designed, which differed from the lymphoma-
specific panel’” in terms of both number of targeted
genes and bait design. The bone and soft tissue tumor-
specific panel targets a total of 47 genes for rearrange-
ment analysis (Table 1). A spaced bait design based on
Nlalll restriction sites present across the entire gene
rather than a tiled design was followed (Figure 1A) to
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selectively pull down proximity-ligated products that
formed after Nlalll digestion. This smoothens the NGS
coverage and reduces the number of reads needed while
not compromising rearrangement detection. The number
of genes targeted by FFPE-TLC is comparable to other
NGS-based methods for bone and soft tissue tumor
classification (ie, ArcherDx FusionPlex expanded sar-
coma panel) (Supplemental Table S2).

A set of 44 FFPE tumor samples, encompassing 26
different types of bone and soft tissue tumors, and 19 FFPE
control samples was subjected to FFPE-TLC library prep-
aration (Figure 1B). FFPE-TLC only requires 3 to 4 days
from sample preparation to sequence data (Figure 1B).
Seven FFPE samples were decalcified following procedures
with picric acid, formic acid, or EDTA solutions during
diagnostic preparations in the clinical centers. All samples
passed the authors’ standard and FFPE-TLC—specific NGS
quality control metrics (ie, percentage of aligned reads,
percentage of reads on target, and percentage of reads with
proximity-ligated fragments). No apparent differences in
quality control metrics were noted between decalcified and
nondecalcified FFPE samples (Figure 1C and Supplemental
Table S3).

Identification of Rearrangements

PLIER, a computational pipeline for the analysis of FFPE-
TLC sequencing data,”” was used to identify genomic in-
tervals with significant accumulation of proximity-ligation
events formed with a given target gene: such chromo-
somal sites are candidate rearrangement partners of this
gene of interest. Subsequently, as previously described,””
butterfly plots were generated that present the distribution
of these proximity-ligation events between the targeted gene
and presumed rearrangement partner. Inspection of butterfly
plots allows finding the chromosomal breakpoint locations,
needed to unambiguously determine whether a candidate
rearrangement truly involves the target gene of interest and
whether the rearrangement is balanced or unbalanced
(Figure ID).”* A total of 58 rearrangements were identified
by FFPE-TLC in 40 of 44 FFPE tumor samples, whereas
none was found in any of the FFPE control samples (Table 2
and Supplemental Table S3). For 31 of 58 rearrangements,
the actual fusion read (or breakpoint sequence) was also
found, confirming the PLIER-identified rearrangement at bp
level (Supplemental Table S4).

Rearrangements Resulting in Gene Fusions

Most rearrangements identified by FFPE-TLC were well-
known gene fusions for bone and soft tissue tumors
(Figure 2A, Table 1, and Supplemental Figures S2—S5). For
instance, SS18::SSXI/ and SS18::SSX2 gene fusions were
identified in five synovial sarcomas, FUS::DDIT3 was
identified in three myxoid liposarcomas, and EWSR-related
fusions were identified in three clear cell sarcomas. An

jmdjournal.org m The Journal of Molecular Diagnostics
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Table 2  FFPE-TLC—Identified Rearrangements Compared with Conventional Test Results
FFPE-TLC fusion
Consensus gene and other FISH Archer/RT-PCR/ NanoString
1D Tumor type fusion gene rearrangements rearrangement RNA-seq fusion gene fusion gene Discordance
F335 Synovial sarcoma 5518 (chr18) §518-chrX: 108 Mb  $518 NA 5518 imbalance  No
rearrangement (intergenic),
$518-chr18: 9 Mb
(ANKRD12), SS18-
chr18: 0.5 Mb
(intergenic)
F336 Synovial sarcoma 5518 (chr18)::55X1  §518::55X1, 5518- 5518 NA 5518::55X1 No
(chrX) chr3: 50 Mb
(CACNA2D2)
F337 Ewing sarcoma EWSR1 (chr22)::FLI1 EWSR1::FLI1, EWSR1 NA EWSR1::FLI1 No
(chr11) EWSR1-chr11: 92
Mb (intergenic),
EWSR1-chr11: 114
Mb (intergenic)
F428 Myxoid liposarcoma FUS (chr16)::DDIT3  FUS::DDIT3 DDIT3 NA FUS::DDIT3 No
(chr12)
F431 Ewing sarcoma EWSR1 (chr22)::FLIT  EWSRI1::FLI1 EWSR1::FLI1 NA EWSR1::FLI1 No
(chr11)
F338 Ewing sarcoma EWSR1 (chr22)::ERG  EWSR1::ERG, ERG- EWSR1 (below NA EWSR1::ERG Yes
(chr21) chr3: 124 Mb cutoff)
(KALRN)
F434 Low-grade endometrial JAZF1 (chr7) JAZF1::5U712, JAZF1 NA None* Yes
stroma sarcoma rearrangement JAZF1-chr8: 22
Mb (BMP1)
F437 Biphasic synovial sarcoma 5518 (chr18) §518::55X1, 5518- §518 NA 5518::55X4 Yes
rearrangement chr2: 125 Mb
(intergenic)
F583 Synovial sarcoma 5518 (chr18) §518::55x2 §518 5518::55X4 NA Yes
rearrangement
F427 Clear cell (sinonasal) EWSR1 EWSR1::COLCA2 EWSR1 EWSR1::COLCAZ2 None' No
sarcoma (chr22)::C0LCA2
(chr11)
F433 Inflammatory THBS1 (chr15)::ALK  THBS1::ALK USP6 (negative) THBS1::ALK NA No
myofibroblastic tumor (chr2)
F588 Aneurysmal bone cyst USP6 (chr17) (DH11::USP6 N Did not pass QC NA No
rearrangement
F388 Synovial sarcoma 5518 (chr18) 5518::55X1 5518 NA NA No
rearrangement
F389 Clear cell sarcoma EWSR1 (chr22) EWSR1::ATF1 EWSR1 NA NA No
rearrangement
F390 Well-differentiated Negative Amp on chr12 MDM2/CEP12 NA NA No
liposarcoma (including MDM2)
F391 Myxoid liposarcoma DDIT3 (chr12) FUS::DDIT3 DDIT3 NA NA No
rearrangement
F394 Alveolar FOX01 (chr13) PAX7::FOX01, amp FOX01 NA NA No
rhabdomyosarcoma rearrangement on chr2
(including MYCN)
F395 Dermatofibrosarcoma (OL1A1 (chr17) COL1A1::PDGFB (O0L1A1 NA NA No
protuberans rearrangement
F397 Low-grade fibromyxoid FUS (chr16) FUS::CREB3L1, chrl: FUS NA NA No
sarcoma rearrangement 117 (intergenic)
—FUS
F398 Synovial sarcoma 5518 (chr18) 5518::55X2, amp on 5518 NA NA No

rearrangement

chr4 (including
PDGFRA)

The Journal of Molecular Diagnostics m jmdjournal.org
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Table 2 (continued)

ID Tumor type

Consensus
fusion gene

FFPE-TLC fusion
gene and other
rearrangements

FISH
rearrangement

Archer/RT-PCR/
RNA-seq fusion gene

NanoString
fusion gene

Discordance

F432 Nodular fasciitis

F435 Myoepithelioma

F436 Malignant lesion

F339 Ewing sarcoma

F582 Infantile fibrosarcoma

F342 Cellular myxoma

F344 Low-grade osteosarcoma

F392 Atypical spindle cell/
pleomorphic
lipomatous tumor

F426
F573

Myoepithelioma
Extraskeletal myxoid
chondrosarcoma

F581 Mesenchymal
chondrosarcoma

F584 Extraskeletal myxoid
chondrosarcoma

F585 Aneurysmal bone cyst

F586 Clear cell sarcoma

F587 Aneurysmal bone cyst

F589 Myoepithelioma

F590 Ossifying fibromyxoid
tumor

F572 Ewing sarcoma

F574 Epithelioid
hemangioendothelioma

F576 Myxoid liposarcoma
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USP6 (chr17)
rearrangement

EWSR1 (chr22)
rearrangement

Negative

EWSRT (chr22)::ERG
(chr21)

ETV6 (chr12)::NTRK3
(chr15)
Negative

Negative

HMGA2
(chr12)::(DK14
(chr7)

Negative

EWSR1
(chr22)::NR4A3
(chr9)

HEY1 (chr8)::NCOA2
(chr8)

TAF15
(chr17)::NR4A3
(chr9)

(DH11
(chr16)::USP6
(chr17)

EWSR1
(chr22)::CREB1
(chr2)

PAFAH1B1
(chr17)::USP6
(chr17)¥

FUS (chr16)::POU5F1
(chr6)

MEAF6 (chrl)::PHF1
(chr6)

EWSR1 (chr22)::FLI1
(chr11)

WWTR1
(chr3)::CAMTA1
(chr1)

FUS (chr16)::DDIT3
(chr12)

MIR22HG::USP6
EWSR1::PBX3
Negative

EWSR1::ERG, GAS2L1
(downstream of
EWSR1)—chr8:
102 Mb
(intergenic)

ETV6::NTRK3

Negative

Amp on chr12
(including MDM2)
HMGA2::CDK14,
RPSAP52
(upstream of
HMGA2)—chr12:
28 Mb
(XR_931461.2)
CAMTA1::intergenic
EWSR1::NR4A3

HEY1::NCOA2, HEY1-
chr8: 118 Mb
(intergenic)

TAF15::NR4A3

(DH11::USP6

EWSR1::CREB1, chr8:

58 Mb (SDCBP)

—EWSR1, amp on

chr8
PAFAH1B1::USP6Y

FUS::POU5F1, chri6:

18 Mb

(intergenic)—FUS
MEAF6::PHF1
EWSR1::FLI1

WWTR1::CAMTA1

FUS::DDIT3

USP6 (borderline)
EWSR1

EWSR1 and FUS
(negative)
NA

NA
NA
NA

NA

NA
NA

NA

NA

NA

NA

NA

NA

NA
NA

NA

NA

NA
NA
NA

EWSR1::ERG

ETV6::NTRK3

FUS::CREB2L2
negative

HEY1::NCOA2
negative

HMGA2::CDK14*

Negative
EWSR1::NR4A3

HEY1::NCOA2

TAF15::NR4A3

CDH11:: USP6*

EWSR1::CREB1

PAFAH1B1::USP6

FUS::POU5F1

MEAF6::PHF1
NA

NA

NA

NA

NA

NA

EWSR1::ERG

ETV6::NTRK3

NA

NA

NA

NA
NA

NA

NA

NA

NA

NA

NA

NA

EWSR1::FLI1

WWTR1::CAMTA1

FUS::DDIT3

No

No

No

No

No

No

No

No

No
No

No

No

No

No

No

No

No

No

No

No

(table continues)
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Table 2 (continued)
FFPE-TLC fusion
Consensus gene and other FISH Archer/RT-PCR/ NanoString

ID Tumor type fusion gene rearrangements rearrangement RNA-seq fusion gene fusion gene Discordance
F579 Dermatofibrosarcoma (0L1A1 COL1A1::PDGFB, amp NA NA COL1A1::PDGFB  No

protuberans with (chr17)::PDGFB on chr12

fibrosarcomatous (chr22)

progression (grade 3)
F575 Epithelioid hemangio- WWTR1 WWTR1::CAMTA1 NA NA None! Yes

endothelioma (chr3)::CAMTA1

(chr1)

F340 Giant cell tumor of bone  Negative Negative NA NA NA No
F341 Giant cell tumor of bone  Negative Negative NA NA NA No

Discrepant results between FFPE-TLC and the conventional test results are highlighted in bold.
*NanoString identified also other gene fusions with high counts; therefore, JAZF1 fusion not reported.

TEWSR1::COLCA2 not present in NanoString panel.
*ArcherDx initially not performed in diagnostics.
SAnalysis performed on fresh-frozen tissue.
YFFPE-TLC initially missed this in cis call.

IWWTR1::CAMTAL not identified by NanoString; no FFPE material left for re-analysis.
Amp, amplification; chr, chromosome; FFPE-TLC, formalin-fixed, paraffin-embedded—targeted locus capture; FISH, fluorescence in situ hybridization; ID,
identifier; Mb, megabases; NA, not analyzed; QC, quality control; RNA-seq, RNA sequencing.

EWSRI::COLCA?2 gene fusion, a rare but recurrent fusion in
a specific subtype,” was observed in the sinonasal sarcoma.
In addition, a novel gene fusion, HMGA2::CDKI14, was
detected in an atypical spindle cell/pleomorphic lipomatous
tumor (sample F392) (Figure 2B)."25 The butterfly plot of
this gene fusion showed an unbalanced rearrangement in
which the 5" end of HMGA? is fused to the 3’ end of CDK14
(Figure 2, C and D). The actual genomic breakpoint was
found in intron 4 of HMGA2 (NM_003483) and intron 13 of
CDKI14 (NM_012395) (NM_numbers are searchable in
Ensembl, https://www.ensembl.org, last accessed November
1, 2022). This was predicted, and later confirmed, on RNA
level with the ArcherDx FusionPlex Expanded Sarcoma
assay, to result in an in-frame fusion transcript leading to
truncation of HMGA?2. At time of diagnosis, there were no
histopathologic indications for gene fusion analysis
(Figure 2B and Supplemental Figure S6). The butterfly plot
also showed lack of proximity-ligation products of HMGA2
with its naturally upstream sequences. In fact, chromosome
12p11.22 sequences are upstream of the HMGA2::CDK 14
gene fusion (Supplemental Tables S3 and S4). This addi-
tional rearrangement, which occurred intrachromosomally,
remained undetected by ArcherDx.

Butterfly visualization of all these well-known gene fu-
sions showed their involvement in balanced and unbalanced
rearrangements  (Supplemental Figures S2—S5). An
example of a reciprocal but complex rearrangement
observed in the alveolar rhabdomyosarcoma sample (sample
F394) (Supplemental Figure S6) is provided in Figure 2, E
and F. The FOXO1::PAX7 gene fusion that combines the 5’

The Journal of Molecular Diagnostics m jmdjournal.org

end (start) of FOXOI (chromosome 13) with the 3’ end
(end) of PAX7 (chromosome 1) is clearly still part of
chromosome 13, because the 3’ end of PAX7 not only forms
ligation products with the 5’ end of FOXOI, but also with its
upstream sequences on chromosome 13. In contrast, the
reciprocal and oncogenic PAX7::FOXOI gene fusion ap-
pears not part of chromosome 13 or 1 sequences, as the 5’
end of PAX7 and the 3’ end of FOXOI exclusively form
ligation products with each other, not with their naturally
flanking sequences. This suggests that the PAX7::FOXOI
gene fusion exists on extrachromosomal DNA. Moreover,
the extremely high number of ligation products suggests that
this extrachromosomal DNA is highly amplified. The
identified genomic breakpoint sequences within the PAX7
and FOXOI locus enabled reconstructing the configuration
of the extrachromosomal circular DNA (Figure 2, G and H,
and Supplemental Table S4). Another striking observation
was detected in a low-grade endometrial stromal sarcoma,
which presented with a double (bi-allelic) JAZFI fusion
(sample F434). Balanced rearrangements were observed
with the fusion partners SUZI2 and BMP1I; however, only
the JAZF1::SUZI2 was predicted to result in an in-frame
fusion transcript. The JAZFI and BMP]I fusion presented
with an incorrect orientation of the genes. The butterfly
visualization showed that the 5" ends of JAZFI and BMP1
and 3’ ends of JAZFI and BMP1 were fused, which will not
result in a functional fusion transcript (Supplemental
Figures S2—S5). These examples illustrate that FFPE-TLC
not only identifies the gene fusion, but also provides de-
tails on the complexity of the event.
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Other Rearrangements Chromosomal amplifications were detected as several

targeted genes showed significant enrichment of proximity-
Rearrangements not leading to a gene fusion were also ligated products in the same region. Some of these amplifi-
observed in several FFPE tumor samples (Table 2 and cations are known driver molecular alterations [eg, an
Supplemental Table S3). These included rearrangements amplified region on chromosome 12 containing several
with one genomic breakpoint localized in an intergenic re- genes, including MDM?2, was observed in a low-grade os-
gion, chromosomal amplifications, and more complex rear- teosarcoma and well-differentiated liposarcoma (samples
rangements. One of the gene::intergenic fusions was found F344 and F390) and an amplified region on chromosome 2
in a myoepithelioma (sample F426) (Figure 21 and containing MYCN was observed in an alveolar thabdomyo-
Supplemental Figure S6) that presented with P40 [an iso- sarcoma (sample F394)]. Complex rearrangements were
form of p63 (deltaNp63)] and diffuse cytokeratin-7 (CK-7) seen in a synovial sarcoma, which harbored several SSI8
and S-100 positivity. The butterfly plot uncovered that the 5 rearrangements with intrachromosomal and interchromo-
end of CAMTAI was fused to an intergenic region upstream somal partners (Supplemental Figures S2—S5).

of KHDRBS1 (Figure 2, J and K). However, the genomic

breakpoint sequence implied that the 3’ end of CAMTAI was  FFPE-TLC versus Conventional Diagnostic Methods
involved. Subsequent intragenic analysis for breakpoint se-

quences revealed a small deletion and inversion in intron 5 To compare the detection of rearrangements by FFPE-TLC
of CAMTAI (NM_015215, searchable in Ensembl, hzips:// with conventional diagnostic methods, results of 43 samples
www.ensembl.org, last accessed November 1, 2022), which that underwent prior rearrangement analysis with one or
supports the findings of the butterfly visualization. more conventional diagnostic methods were retrieved from
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Figure 2  Rearrangements resulting in gene fusions. A: Circos plot showing an overview of all identified rearrangements resulting in gene fusions in the 44
formalin-fixed, paraffin-embedded tumor samples. The 5'- and 3’-end partners of the gene fusion are depicted in black and green, respectively. B: Repre-
sentative image from hematoxylin and eosin (H&E) staining of the atypical spindle cell/pleomorphic lipomatous tumor (sample F392) showing atypical spindle
cells irreqularly admixed with adipocytic cells. The atypical spindle tumor cells show an ill-defined, pale eosinophilic cytoplasm with hyperchromatic nuclei, set
in a collagenous stroma. Bizarre, hyperchromatic, and pleomorphic multinucleated cells are scattered within the spindle cells and adipocytes. C: Butterfly
visualization of the novel HMGAZ::CDK14 gene fusion that was identified in an atypical spindle cell/pleomorphic lipomatous tumor (sample F392). A total of
1301 paired-end reads with proximity-ligated products show that the 5" end of HMGAZ is fused to the 3’ end of CDK14. D: Schematic representation of the
HMGA2::CDK14 gene fusion and predicted fusion transcript leading to truncation of HMGAZ2. Not to scale. E: Representative image from H&E staining of the
alveolar rhabdomyosarcoma (sample F394). F: Butterfly visualization of a PAX7::FOX01 gene fusion. The reciprocal fusion of the 5" end of PAX7 to the 3’ end of
FOX01, indicated in the red boxed area, lacks proximity-ligated products in the flanking sequences (upstream of PAX7 and downstream of FOX01). This
suggests that the PAX7::FOX01 gene fusion exists on extrachromosomal DNA. G: Breakpoint locations within the PAX7 and FOX01 locus for the PAX7::FOX01
gene fusion. The orientation of the breakpoint junctions is indicated with a + (5’ end of fragment) or — (3’ end of fragment). The breakpoint junctions on
extrachromosomal DNA are indicated with red dotted lines. Not to scale. H: Predicted visualization of PAX7::FOX01 gene fusion on extrachromosomal circular
DNA. Not to scale. I: Representative image from H&E staining of the myoepithelioma (sample F426) showing tumor cells with eosinophilic cytoplasm and
prominent nucleoli and few areas of squamous-like metaplasia with focal dyskeratosis. 3 and K: Butterfly visualization and schematic overview of CAMTA1
intergenic rearrangement. Scale bars = 100 um (B, E, and I). Chr, chromosome; m, megabase.
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the five participating centers. The five centers used a wide
range of conventional diagnostic methods, including FISH,
RT-PCR, RNA sequencing, ArcherDx (custom panel/
FusionPlex expanded sarcoma panel), and custom-designed
NanoString nCounter FusionPlex. Although most samples
were analyzed with a single method, 14 samples were
diagnosed with two methods. The overall success rate of the
conventional diagnostic methods was 98%; only one sample
failed RNA quality control in the ArcherDx.

FFPE-TLC results were highly concordant with the con-
ventional diagnostic methods (Tables 2 and 3). Small dis-
crepancies were observed in five samples. In two synovial
sarcomas, FFPE-TLC identified SS/8::5SX/ and
SS18::58X2 gene fusions, whereas ArcherDx and Nano-
String identified SSX4 as fusion partner (samples F437 and
F583). The SSX genes are highly homologous™’*° and,
therefore, difficult to distinguish on breakpoint sequence
alone. FFPE-TLC with PLIER analysis can easily identify
the correct gene fusion partner (Supplemental Figure S7), as
the proximity-ligation step generates broad sequencing
coverage across the fusion partner. In the low-grade endo-
metrial stromal sarcoma with a double JAZFI fusion, a
double fusion signal was also observed with JAZFI break-
apart FISH. As expected, only the in-frame fusion gene
(JAZF1::SUZI2) leading to an expressed transcript was
uncovered with ArcherDx; however, the gene fusion(s)
remained below detection limit by NanoString (sample
F434). NanoString also failed to detect a gene fusion in
sample F575, and FFPE-TLC identified a WWTR::CAMTAI
gene fusion that was predicted to produce an in-frame fusion
transcript. Unfortunately, insufficient FFPE material was left
for re-analysis or independent confirmation. The other
discrepancy was observed because split signals were below
the FISH positivity threshold of 30% for EWSRI (sample
F338). Overall, FFPE-TLC with PLIER analysis achieved a
high specificity (no false positives) and sensitivity (no false
negative) for the detection of fusion genes.

Limit of Detection for Rearrangement Identification by
FFPE-TLC

The aim of this study was to determine whether FFPE-TLC
and PLIER analysis can easily be applied to additional
tumor types, with different samples and different panel de-
signs. Following the successful identification of rearrange-
ments, the limit of detection was determined using contrived
admixtures of gene fusion-negative and gene fusion-positive
FFPE samples. The five gene fusions with a 5% variant
allele frequency were detected in all replicates, even when
the total number of sequencing reads across the whole panel
was sampled to 5 million paired-end reads (Table 4). When
down sampling to 2.5 million paired-end reads, PLIER still
identified the gene fusion in 98% of the replicates. For all
(undiluted) samples in this study, the total number of paired-
end reads ranged from 0.12 to 49.49 million reads (median,
10.68 million reads) (Supplemental Table S3). At least
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5 million paired-end reads were also obtained for the five
rearrangement-negative tumor samples and 19 control
samples. An EWSRI::FLII gene fusion was identified with
merely 117,243 paired-end reads in an Ewing sarcoma
sample, but this sample, according to FISH, contained a
high tumor load.

Discussion

This study investigated the applicability of the DNA-based
FFPE-TLC technology for rearrangement detection in bone
and soft tissue tumor samples and compared the results with
conventional diagnostic methods. FFPE-TLC was success-
fully applied to all decalcified and nondecalcified FFPE
samples from the five participating centers. Straightfor-
wardly, rearrangements resulting in either gene fusions or
other chromosomal changes were identified in 40 of 44 FFPE
tumor samples. Comparison with conventional methods
revealed five discordant cases, in which FFPE-TLC could
identify gene fusions, and other methods had failed mainly
because of detection limits. The high concordance to con-
ventional diagnostic methods and a limit of detection of 5%
variant allele frequency denote the potential of FFPE-TLC as
areliable alternative for routine molecular diagnostics.

With FFPE-TLC, novel and known rearrangements can
be successfully identified independent of cancer type,
breakpoint sequence, and complexity of the genomic
event.”” In one sample, FFPE-TLC revealed a novel fusion
partner for HMGA2, which expands the genetic spectrum
of bone and soft tissue tumors. HMGA?2 is often rearranged
in lipomas; however, the functional and clinical signifi-
cance of HMGAZ2::CDKI14 remains untested. This partic-
ular sample also presented with an RBI deletion; therefore,
ArcherDx gene fusion analysis was initially not performed
for molecular diagnostics. Similarly, the clinical signifi-
cance remains unknown for the unique observation in the
alveolar rhabdomyosarcoma sample, which contained the
amplified PAX7::FOXOI1 gene fusion on extrachromo-
somal DNA. There is evidence that gene fusion status is
essential for prognostic stratification of patients with
alveolar rhabdomyosarcoma.”’ However, despite PAX3
and PAX7::FOXOI gene fusions having been previously
identified to be amplified on extrachromosomal elements,”®
the presence and amplification on extrachromosomal DNA
have not been taken into account as factors in these
prognostic studies. The additional information provided by
FFPE-TLC, beyond the driver gene of the gene fusion, may
be an important determinant for diagnosis, prognosis, and
treatment.

When compared with conventional diagnostic methods,
FFPE-TLC showed high performance in detecting gene
fusions. More important, FFPE-TLC could identify gene
fusions where conventional methods had failed due to either
detection limits (FISH and NanoString) or poor sample
quality (ArcherDx). The poor sample quality may be the
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Table 3  FFPE-TLC versus Conventional Diagnostic Methods
ArcherDx/
RNA-seq/

FISH RT-PCR NanoString  Combined
Method No Yes NA No Yes NA No Yes NA No Yes NA
PLIER

No 1 0 3 2 0 6 0 0 7 3 0 16
Yes 1* 20 19 1' 13 22 2} 13 22 4 45 64

The discrepant results are highlighted in bold.

*Sample F338.

fSample F588.

iSamples F434 and F575.

FFPE-TLC, formalin-fixed, paraffin-embedded—targeted locus capture;
FISH, fluorescence in situ hybridization; NA, not analyzed; PLIER, prox-
imity-ligation—based identification of rearrangements; RNA-seq, RNA
sequencing.

result of decalcification.”” Previous studies have also re-
ported a higher failure rate for gene fusion detection in
decalcified FFPE samples using an RNA-based assay.”’
The use of milder decalcifying agents, such as EDTA, has
been advocated as they have been shown to yield better
RNA/DNA quality from decalcified FFPE tissue. In this
study, no apparent differences in quality control metrics
were noted between the acid-decalcified and EDTA-
decalcified and nondecalcified FFPE samples, but only a
few decalcified samples were analyzed. The (potentially)
enhanced gene fusion detection of FFPE-TLC in decalcified
samples requires expanded analysis with comparison to the
conventional diagnostic methods.

Besides the high performance, FFPE-TLC offers addi-
tional significant benefits over the conventional methods,
FISH, ArcherDx, and/or NanoString. First, FFPE-TLC re-
quires only a single FFPE slide (10 pwm thick) as starting
material to simultaneously analyze multiple targets. Second,
after the initial proximity-ligation steps, FFPE-TLC follows

the standard DNA-based targeted NGS workflow, which
allows researchers to simultaneously assess other genetic
variations (eg, single-nucleotide variations, copy number
variations, and microsatellite instability). Such an all-in-one
workflow, which only requires 1 extra day compared with
the current DNA-based NGS tests, will positively impact the
turnaround time and labor costs. Third, FFPE-TLC can
detect gene fusion partners without prior knowledge
following a relatively simple bioinformatic workflow.
However, some potential gene fusion partners (like SSX
genes™*%) exhibit significant homology between each
other. Collectively, FFPE-TLC could become a diagnostic
alternative to the conventional diagnostic methods.

One challenge of the conventional DNA-based targeted
NGS is to detect gene fusions in intronic regions, because
introns cannot always be fully covered by capture probes
because of either repetitive regions or the large intron size,
resulting in a lower sensitivity. FFPE-TLC is also based on
regular capture protocols but can overcome these challenges
as the proximity-ligation step generates broad sequencing
coverage and allows for gene fusion detection independent
of the identification of the breakpoint fusion read. Following
specific capture design rules, many (large) genes can
simultaneously be analyzed for their involvement in rear-
rangements. On updates in the molecular testing guidelines,
FFPE-TLC, like other capture-based NGS technologies, can
easily expand the gene panel. In this study, the exceptionally
large introns of NTRK -3 with numerous repetitive elements
were also covered without impairing sequencing efficiency.
Despite the spaced probing, breakpoint sequences were still
identified in most of the gene fusion-positive FFPE samples.
These DNA breakpoint sequences could serve as potential
biomarkers to monitor disease progression.

Although FFPE-TLC offers several advantages over the
conventional methods, the bioinformatic workflow that
worked well on lymphomas and bone and soft tissue tumors
can be further optimized to be more effective in routine

Table 4 Limit of Detection for Rearrangement Identification by FFPE-TLC with PLIER Analysis

Repeats = 20

10M 7.5 M 5M 2.5 M
Sample Target Partner 5% 2% 0.50% 5% 2% 0.50% 5% 2% 0.50% 5% 2% 0.50%
F429 ALK CLTC NA NA NA 100 NA NA 100 100 0 100 100 0
F391 FUS DDIT3 100 100 100 100 100 100 100 100 100 100 100 100
F391 DDIT3 FUS 100 100 100 100 100 100 100 100 100 100 100 100
F339 ERG EWSR1 100 90 15 100 80 15 100 15 25 100 25 5
F339 EWSR1 ERG 100 0 0 100 0 0 100 0 10 90 0 10
F388 5518 SSX1 100 100 100 100 100 100 100 100 100 100 100 90
F336 5§18 SSX1 100 100 0 100 100 0 100 100 0 100 90 0

The number of times PLIER could successfully identify the rearrangement is reported as a percentage (eg, 90% refers to 18 successful identifications of the

rearrangement of 20 repeated experiments).

FFPE-TLC, formalin-fixed, paraffin-embedded—targeted locus capture; M, million reads; NA, not analyzed; PLIER, proximity-ligation—based identification of

rearrangements.
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diagnostics. Currently, the butterfly visualizations of the
PLIER-identified enrichments are manually inspected for
true rearrangements. This requires a short training session
and minimum effort. The number of PLIER-identified en-
richments per sample is low, especially when a known list
of background regions (ie, centromeric and telomeric re-
gions) is generated, which also have high enrichment scores
in control samples. In addition, the 3-Mb region surrounding
each target is visualized in butterfly plots to manually
identify in cis rearrangements. Hence, the workflow can
benefit from automated interpretation of the butterfly plots.
However, additional studies with samples containing in cis
rearrangements need to be performed to develop such an
interpreter in the current workflow.

The several conventional methods used by the five
participating centers illustrate the lack of standardization for
fusion gene detection in bone and soft tissue tumors.
Together with the emerging understanding that distinct gene
fusions result in different entities of bone and soft tissue
tumors with distinct prognostic and therapeutic implica-
tions,” reliable and robust detection of these gene fusions is
essential. FFPE-TLC has the potential to become a good
alternative assay because of its sensitivity, good perfor-
mance, and lack of pre-existing sequence knowledge. And,
above all, it’s a DNA-based NGS technology, allowing a
single workflow in routine diagnostics.
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