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Purpose Ewing sarcoma (ES) and desmoplastic small round cell tumors (DSRCT's) are ag-
gressive sarcomas molecularly characterized by EWSRI gene fusions. As pathognomonic ge-
nomic events in these respective tumor types, EWSRI fusions represent robust potential
biomarkers for disease monitoring.

Methods To investigate the feasibility of identifying EWSRI fusions in plasma-derived cell-free
DNA (cfDNA) from patients with ES and DSRCT,, we evaluated two complementary approaches
in samples from 17 patients with radiographic evidence of disease. The first approach involved
identification of patient-specific genomic EWSRI1 fusion breakpoints in formalin-fixed, paraffin-
embedded tumor DNA using a broad, hybridization capture-based next-generation sequencing
(NGS) panel, followed by design of patient-specific droplet digital polymerase chain reaction
(ddPCR) assays for plasma cfDNA interrogation. The second approach used a disease-tailored
targeted hybridization capture-based NGS panel applied directly to ¢fDNA, which included
EWSRI as well as several other genes with potential prognostic use.

Results EWSRI fusions were identified in 11 of 11 (100%) ES and five of six (83%) DSRCT
cfDNA samples by ddPCR, whereas 10 of 11 (91 %) and four of six (67 %) were identified by NGS.
The ddPCR approach had higher sensitivity, ranging between 0.009% and 0.018%. However,
the hybrid capture-based NGS assay identified the precise fusion breakpoints in the majority of
cfDNA samples, as well as mutations in TP53 and STAG2, two other recurrent, clinically sig-
nificant alterations in ES, all without prior knowledge of the tumor genotype.

Conclusion These results provide a compelling rationale for an integrated approach using both
NGS and ddPCR for plasma cfDNA-based biomarker evaluations in prospective cooperative
group studies.
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INTRODUCTION become a standard part of the diagnostic assessment

Ewingsarcoma (ES) and desmoplastic small round of patients with these sarcomas.

cell tumor (DSRCTs) are aggressive sarcomas
with peak incidences in adolescence and young
adulthood.! Both are characterized by fusions in-
volving the EWSRI gene on chromosome 22q12.%*
The fusions in ES involve EWSRI and a member of
the ETS family. Most commonly, the partner gene is
ETS family member FLII, with alternative genes
such as ERG, ETV1, ETV4, and FEV less commonly
observed.* In DSRCTs, the fusion involves EIWSR1
and the Wilms tumor gene WT1. Given their ex-
quisite specificity for ES and DSRCT, respectively,
the detection of these fusions in a tumor biopsy has

© 2017 by American Society of Clinical Oncology

Over the past several decades, numerous trials for
ES have been conducted, leading to current ther-
apeutic standards of care that result in long-term
cure for approximately 75% of patients who pres-
ent with localized disease but only approximately
25% in patients who present with metastatic
disease.”® DSRCT was only recognized as a dis-
tinct malignancy 25 years ago, with the charac-
terization of its pathognomonic oncogenic fusion
following several years later.>” Despite intensive
regimens evaluating combinations of chemother-
apy, aggressive debulking surgical approaches,
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radiation therapy, and autologous stem cell res-
cue, outcomes for DSRCT remain poor, with
locoregional recurrences representing the most
common type of relapse.®

The establishment of clinically valid prognostic
and predictive biomarkers has been challenging in
ES and largely unstudied in DSRCT.” Specifi-
cally, numerous studies have been conducted in an
effort to establish platforms to identify and follow
subclinical levels of disease burden.'’'* The two
strategies most commonly used have been reverse
transcription polymerase chain reaction (RT-
PCR) evaluation for the EWSRI fusion transcript
from cellular RINA extracted from peripheral
blood and/or bone marrow, or, for ES, flow cyto-
metric evaluation of peripheral blood and/or bone
marrow cells on the basis of a CD99+ gating
strategy. These studies have had varying results
and, to date, have not satisfied criteria as suitable
clinical biomarkers.

More recently, studies in various cancer types have
demonstrated the potential use of identifying and
following tumor-specific mutations in cell-free
DNA (cfDNA) isolated from plasma as a marker
for subclinical disease.””™’” A study of various
different cancer types by Bettegowda et al'® dem-
onstrated highly variable levels of mutations in
baseline ¢fDNA in patents with different tumor
types, suggesting that the use of cfDNA as a
clinically relevant signal for subclinical disease will
be partly based on the cancer type itself. These
studies all rely on the ability to identify tumor-
specific aberrations as a marker of disease burden.
Tumors such as ES and DSRCTs have low mu-
tational burdens, because it is believed that the
pathognomonic EWSRI fusions are the primary
driving oncogenic lesions in these tumor types,
with few recurrent secondary alterations.'” There-
fore, the identification of tumor-specific EWSRI
fusions in cfDNA as a marker for active disease is an
especially attractive option, given that these tumors
are defined by these translocations. Moreover,
issues such as clonal evolution, which can affect
the detection of certain mutations in ¢fDNA in
other tumor types, are less pertinent, because these
sarcomas maintain these specific fusions through an
individual’s disease course. Importantly, even iden-
tical EWSRI fusion transcripts are the result of
genomic breakpoints in the corresponding introns
that are unique to each patient.”® Although a ge-
nomic DNA-based clinical assay to monitor these
translocations in plasma ¢fDNA should be more
robust than RNA-based assays in this context,
the heterogeneity of intronic breakpoint re-
gions between tumors from different patients

had previously presented a major challenge for
the design and routine application of such a
DNA-based assay, a hurdle now overcome by
the application of more powerful sequencing
approaches.

In this study, we directly compared two strategies
to identify baseline EWSRI genomic rearrange-
ments in cfDNA of patients with ES and DSRCT.
The first approach uses droplet digital PCR
(ddPCR) of cfDNA to detect fusions identified
by targeted next-generation sequencing of formalin-
fixed paraffin-embedded tumor biopsy mate-
rial.?! This approach has been successfully used
in numerous studies of other tumor types. The
second approach uses next-generation sequenc-
ing (NGS) via a modified hybridization capture
approach to identify EWSRI fusions as well as
potentially prognostic mutations in cfDNA
samples. The primary aim of this study was to
evaluate each platform, ddPCR and NGS, on
paired ¢fDNA samples from patients with ES
and DSRCT with confirmed radiographic evi-
dence of disease.

METHODS
Patient Population

Between August 2014 and January 2016, patients
with a confirmed diagnosis of ES or DSRCT and
formalin-fixed paraffin-embedded clinical tumor
material available for Memorial Sloan Kettering—
Integrated Mutation Profiling of Actionable
Cancer Targets (MSK-IMPACT) tumor geno-
typing were eligible to enroll on this study. Pa-
tients with either newly diagnosed or relapsed
disease were eligible. All patients consented to
tumor genotyping as well as plasma collection on
an institutional review board-approved institu-
tional protocol. For each patient, at least one
baseline 10-mL blood sample was collected in
Streck blood collection tubes (BCT's; Streck, La
Vista, NE).

MSK-IMPACT Tumor NGS

Genomic DNA from tumor tissue and patient-
matched normal blood were subjected to targeted
sequencing using MSK-IMPACT, a custom, deep-
coverage targeted sequencing assay approved by
the New York State Department of Health as a
clinical test."** Tumors were sequenced to an
average coverage depth of 766X (range, 405X to
1,251 X)in the clinical laboratories of the Memorial
Sloan Kettering Cancer Center Molecular Diag-
nostics Service. Sequence mutations, somatic copy
number alterations, and structural rearrangements
were called in 341 (version 1) or 410 (version 2)
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cancer-associated genes using bioinformatics
pipelines previously described.”’ Gene fusions
involving EWSRI were identified in all patients
included in this study using DELLY.?*-**

Plasma cfDNA Extraction and Analyses

Whole blood collected in 10-mL cell-free DNA
BCTs (Streck) was centrifuged in two steps to
separate plasma from cells. In step 1, whole blood
was centrifuged at800 X g for 10 minutes (ambient
temperature). Plasma was then separated from
RBCs. In step 2, separated plasma was further
centrifuged in a high-speed microcentrifuge at
18,000 X g for 10 minutes (ambient temperature).
Cell-free plasma was aliquoted and frozen at —80°C
until ready to extract. Extraction of ¢cfDNA
was performed using a fully automated QIAGEN
platform, QIAsymphony SP, and QIAsymphony
DSP Virus/Pathogen Midi Kit (catalog #937055;
QIAGEN, Valencia, CA). Thisisabead-based
custom protocol, optimized to work with 3 mL
of plasma as starting material. The extraction
process includes lysis, binding, wash, and elu-
tion steps. The final productisa 60-pL elution
of cfDNA, with an average size approximately
170 to 200 bp. Quality and quantity of cfDNA
was evaluated with automated electrophore-
sis using either TapeStation with High Sen-
sitivity D1000 ScreenTape and Reagents
(Agilent Technologies, Santa Clara, CA) or
Fragment Analyzer with High Sensitivity ge-
nomic DNA Analysis Kit (Advanced Analyti-
cal, Ankeny, IA).

Breakpoint-Specific ddPCR

For each sample, a fusion-specific assay was
designed using Primer3Plus and ordered through
BioRad (Hercules, CA). Cycling conditions were
tested to ensure optimal annealing/extension tem-
perature as well as optimal separation of positive
from empty droplets. All reactions were per-
formed on a QX200 ddPCR system (BioRad).
Each sample was evaluated in technical dupli-
cates. PCR reactions contained fusion-specific
primers and probes, BioRad validated copy
number control primers and probes, and digital
PCR Supermix for probes (no 2/-deoxyuridine
5'-triphosphate) and circulating free DNA. Re-
actions were partitioned into a median of ap-
proximately 16,000 droplets per well using the
QX200 droplet generator. Emulsified reactions
were amplified on a 96-well thermal cycler using
cycling conditions identified during the optimi-
zation step (95°C 10’; 40 cycles of 94°C 30"
58°C 1/, 98°C 10’, 4°C hold). Plates were read

and analyzed with the QuantaSoft software to
assess the number of droplets positive for mu-
tant DNA, wild-type DNA, both, or neither.
The assay threshold sensitivity was set at two
mutant droplets.

Targeted Plasma NGS

Cell-free DNA (cfDNA) from Plasma was extract-
ed using the QIAsymphony SP system (QIAGEN).
Sequencing libraries were prepared according to
the KAPA Hyper protocol (Kapa Biosystems, Wil-
mington, MA) with the ligation of Illumina se-
quence adaptors followed by PCR amplification
and clean-up. Custom DNA probes targeting all
coding exons of STAG2 and TP53 and selected
introns of EWSRI (intron 7 to 13) were synthesized
by IDT (Integrated DNA Technologies, Coral-
ville, IA). Precapture libraries were quantified with
Qubit (Invitrogen, Carlsbad, CA). An equal amount
of each DNA library (200 ng per sample) was pooled
for hybridization capture using a customized
double-capture protocol modified from the Nim-
bleGen SeqCap Target Enrichment system (Roche
Sequencing Solutions, Pleasanton, CA). The first
capture was incubated at 55°C for 16 hours and
followed by postcapture washes and 16 cycles of
PCR amplification. After PCR clean-up, the cap-
tured target library was processed by a secondary
capture (using the same custom DNA probes) in-
cubated at 65°C for 4 hours and followed by post-
capture washes and three to five cycles of PCR
amplification. The pooled, cleaned-up libraries con-
taining captured DNA fragments were sequenced
on the Illumina HiSeq system with paired end reads
2 X 100 bp).

Analysis was performed using the same bioinfor-
matics pipeline as for MSK-IMPACT tissue se-
quencing. The same blood DNA samples sequenced
with tissue using the MSK-IMPACT platform were
used as matched normals for the cfDNA samples
captured using the targeted probes. Sequence align-
ment and mutation calling were performed on reads
from all tumor samples, normals, and ¢fDNA sam-
plessimultaneously to ensure consistent realignment
around indels and consistent annotaton of shared
mutations.

The scatterplot for concordance between NGS
and ddPCR measurement of fusion molecules was
generated using the R package ggplot2. The re-
gression line was calculated using the linear model
method.

RESULTS

Baseline plasma samples from 17 patients with
ES and DSRCT with radiographic evidence of
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Table 1. Clinical Features of Patients With ES in the Study

Ageat Dx  Disease Fusion Primary Tumor  Metastatic Site(s) at Site of

Patient ID Sex  (years) Type  Partner Gene Disease Status Location Diagnosis Recurrence

ES-1 F 15 ES FLI1 Newly diagnosed,  Right fibula N/A N/A
localized

ES-2 F 12 ES ERG Newly diagnosed, Right scapula Multiple bones, bone Multiple bones
metastatic marrow

ES-3 M 34 ES FLII Recurrent, Right chest wall ~ N/A Left lung
metastatic

ES-4 F 7 ES FLI1 Newly diagnosed,  Left femur N/A N/A
localized

ES-5 F 19 ES ERG Multiply recurrent, Right chest wall ~ Multiple bones Lungs, multiple
metastatic bones

ES-6 F 15 ES FLI1 Newly diagnosed,  Left chest wall Lungs N/A
metastatic

ES-7 M 27 ES FLI1 Multiply recurrent, Pelvis Vertebrae, lungs Lungs
metastatic

ES-8 M 20 ES ERG Recurrent, Pelvis Lungs Lungs
metastatic

ES-9 M 31 ES FLI1 Recurrent, Left ankle Lungs Lungs
metastatic

ES-10 F 9 ES FLIT Recurrent, Left tibia Lungs, multiple bones,  Multiple bones
metastatic bone marrow

ES-11 F 8 ES FLI1 Recurrent, Left chest wall N/A Pleura, abdomen
metastatic

disease were analyzed by both ddPCR and cus-
tom capture NGS (Tables 1 and 2). The cohort
included 11 patients with ES and six with
DSRCT. Four of 11 patients with ES had newly
diagnosed disease, with two out of four present-
ing with localized tumors. The remaining seven
patients with ES had recurrent disease at the
time of baseline sample analysis. All patients
with DSRCT had abdominal/pelvic disease in-
volvement, being the characteristic clinical pre-
sentation of this sarcoma, and four out of six
patients also had metastatic disease involving
the mediastinum.

Table 2. Clinical Features of Patients With DSRCT in the Study

Tumor-specific EWSRI fusions were success-
fully identified by MSK-IMPACT in all 17
tumor biopsy—derived DNA samples (Table 3;
Data Supplement). Additional aberrations, in-
cluding previously described recurrent muta-
tions of TP53 and STAG2, were also identified
by MSK-IMPACT profiling of biopsy material
(Table 3). Concentrations of plasma-derived
cfDNA extracted from patient samples ranged
from 9.1 to 421.2 ng (mean, 60.8 ng; median,
22.8 ng) per Streck tube (Data Supplement).

A schema illustrating our approach for compari-
son of ddPCR and NGS platforms is depicted in

Age at Dx Disease Fusion Primary Tumor Organ Disease Outside of the

Patient ID Sex  (years) Type Partner Gene Disease Status Location Involvement Abdomen/Pelvis

DS-1 M 20 DSRCT WTI Recurrent, metastatic ~ Abdomen/pelvis ~ Liver, spleen Mediastinum

DS-2 M 23 DSRCT WTi Receiving therapy for ~ Abdomen/pelvis  N/A Mediastinum

primary disease

DS-3 M 23 DSRCT WTI Newly diagnosed Abdomen/pelvis  N/A N/A

DS-4 M 32 DSRCT WTi Recurrent, metastatic  Abdomen/pelvis  N/A N/A

DS-5 M 28 DSRCT WTI Newly diagnosed Abdomen/pelvis  Liver Mediastinum

DS-6 F 14 DSRCT WTI Newly diagnosed Abdomen/pelvis  N/A Mediastinum
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Table 3. Results of ddPCR and Custom Capture NGS Platforms for the Identification and Quantification of EWSRI Fusions and TP53, STAG2, and
CDKN2A Mutations From Tumor DNA and Plasma-Derived ¢fDNA

EWSRI1 Fusions

EWSRI1 Fusions Identified
Identified by by NGS: TP53/STAG2/CDKN2A TP53/STAG2/CDKN2A
ddPCR: Plasma Reads Mutations Identified by Tumor Mutations Identified by NGS
Sample Fusion Mu/mL Plasma (sample-normalized, Profiling (mutant reads/total cfDNA Custom Capture (mutant
1D Type (Muw/Mu + WT %) per million ) reads; mutant fraction) reads/total reads; mutant fraction)

ES-1 EWS-FLII 120 9.4) 78 (4.75)

ES-2 EWS-ERG 908 (19.2) 146 (6.09) STAG2.X435_splice STAG2.X435_splice
(268/502; 0.53), TP53.E285K (1910/4531; 0.42), TP53.E285K
(354/480; 0.74) (2495/5636; 0.44), TP53.R280K

(215/5564; 0.04), TP53.E180K
(235/5756; 0.04)

ES-3 EWS-FLII 158 (13.4) 139 (6.94) TP53.V173L (463/627; 0.74) TP53.V173L (643/2567; 0.25)

ES-4 EWS-FLI1 128 (9.8) 135 (6.56)

ES-5 EWS-ERG 77 (12.8) 143 (6.99)

ES-6 EWS-FLII 15 (3.5) 25 (1.04)

ES-7 EWS-FLII 1.67 (0.37) 0 (0)

ES-8 EWS-ERG 9(1.3) 23 (131)

ES-9 EWS-FLII 4(0.17) 4(0.17)

ES-10 EWS-FLI1 2,395 (27.8) 247 (15.67)

ES-11  EWS-FLII 2(0.21) 3 (0.16)

DS-1 EWS-WTI 0 (0) 0 (0)

DS-2  EWS-WTI 12 (0.1) 0 (0)

DS-3 EWS-WTI1 126 (13.6) 127 (6.29)

DS-4  EWS-WTI 148 2.8) 52 2.13)

DS-5  EWS-WTI 8105 (27.1) 162 (5.65)

DS-6 EWS-WTI 90 (8.6) 98 (6.27) STAG2.X892_splice STAG2.X892_splice

(512/703; 0.73)

Figure 1. For ddPCR-based analysis of baseline
plasma samples, primers were designed to amplify
the genomic breakpoint region. Serial dilution
experiments were performed on eight patient
assays (four ES and four DSRCT) to determine
the sensitivity of these ddPCR assays (Data Sup-
plement). Fusion detection for all eight assays was
stable across the dynamic range. We were able to
resolve an average of 13.5 (range, 9 to 17) mutant
copies when introduced into 330,000 copies of
wild-type background, establishing an average
lower limit of fusion detection of 0.013% (range,
0.018% to 0.009%). No false positives were de-
tected in 165,000 wild-type copies.

We identified tumor-specific fusions as evidence
of circulating tumor DNA (ctDNA) in all 11
baseline plasma samples from patients with ES
(Table 3). The highest levels were in patients with
widespread metastatic disease, as reflected in sam-
ples ES-2 and ES-10, which had > 20% of total

(195/1559; 0.13)

cfDNA identified as ctDNA. We also identified
EWSRI1-WTI fusions in five out of six DSRCT

baseline plasma samples.

Using our custom capture NGS assay involving
EWSRI1, TP53, and STAG2, we sequenced parallel
cfDNA samples from the cohort of 17 patients to a
mean total depth of coverage of 147,549X (mean
unique coverage, 3,754X after removing inferred
PCR duplicates). More than 92% of sequence reads
mapped to the four target genes, owing to the high
specificity of our sequential capture methodology. By
achieving such deep coverage, we achieved high
sensitivity for detecting different EWSRI fusions
in a single universal assay, regardless of the precise
location of the genomic breakpoint in EWSRI.
Fusions were detected in 14 out of 17 patients
(Table 3), including 10 of 11 patients with Ewing
sarcoma and four of six patients with DSCRT.. In the
majority of patients (12 of 17), NGS data revealed the
precise location of the DNA breakpoints without

ascopubs.org/journal/po JCO™ Precision Oncology


http://ascopubs.org/journal/po

Fig 1. Summary of
experimental design.
Tumor DNA from clinical
formalin-fixed paraffin-
embedded biopsy or
resection material was
extracted from all patients.
Profiling of tumor DNA
was performed using the
Memorial Sloan
Kettering-Integrated
Mutation Profiling of
Actionable Cancer Targets
(MSK-IMPACT) next-
generation sequencing
(NGS) assay to identify
tumor-specific EWSR1
genomic breakpoints for
downstream droplet digital
polymerase chain reaction
(ddPCR) assay design, as
well as the presence of
concurrent TP53, STAG2,
and CDKN2A mutations.
Consenting patients with
radiographically active
Ewing sarcoma or
desmoplastic small round
cell tumors had peripheral
blood samples drawn for
cell-free DNA (cfDNA)
extraction. After primer
design and validation of
genomic breakpoints
identified by MSK-
IMPACT, patient-derived
cfDNA was evaluated by
ddPCR. As
a complementary
approach, cfDNA samples
were also directly profiled
using a custom
capture—targeted NGS
assay designed to identify
alterations in EWSRI,
TP53, STAG2, and
CDKN2A.

DNA Extraction

Tumor

— JWWU

cfDNA Extraction
Blood

mm%-;;ﬂ

MSK-IMPACT
Breakpoint
identification

—_— P

Personalized
ddPCR primers

» ddPCR Assay

Targeted NGS

prior knowledge from sequencing the tumor tissue
(Data Supplement). When we compared the ddPCR
and NGS results for each sample, we observed a
similar fraction of molecules harboring the rear-
rangement (Fig 2).

Prior MSK-IMPACT mutation profiling of tu-
mor tissue had previously revealed four mutations
in TP53 or STAG?2 in these patients, with variant
allele fractions ranging from 0.53 to 0.74. All four
mutations were independently called in the cor-
responding cfDNA that we sequenced with our
customized NGS panel, with variant allele frac-
tions ranging from 0.13 to 0.44. Furthermore, we
identified two additional novel mutations in 7P53
in patient ES-2 thathad notbeen seen in the tumor
tissue. Altogether, this patient harbored three
TP53 mutations in cfDNA, potentially indicative
of convergent tumor evolution characterized by
multiple independent mutations in the same gene
in different subclones (Appendix Fig A1).%°

DISCUSSION

ES and DSRCTss are aggressive sarcomas, which
lack clinically useful prognostic and predictive
biomarkers. Recent investigations into the use
of plasma cfDNA in different tumor types have
shown considerable promise, butstudiesin EWSRI
translocation-associated sarcomas have been lim-
ited. This is the first report to our knowledge to
directly compare two complementary methodolo-
gies, ddPCR and hybrid-capture NGS, to evaluate
tumor-specific EWSRI fusions in c¢fDNA from
patients with ES and DSRCT.

Tumor-specific fusions are particularly attractive
target substrates for mutation-based biomarker
studies of EWSRI translocation-associated sarco-
mas. Although tumor cfDNA studies typically
target oncogene point mutations, we previously
demonstrated the relative scarcity of such recur-
rent somatic mutations in fusion-associated sar-
comas.'” Specifically, in 75 ES and 24 DSRCT
samples screened for 275 recurrent point muta-
tions in 29 oncogenes frequently mutated across
different cancer types, mutations were identified
in only 4% of ES samples, and none of the
DSRCT samples. Recent comprehensive whole-
exome and whole-genome sequencing studies of
ES tumor specimens have validated this find-
ing.”?® Conversely, EWSRI fusions are defining
molecular features of ES and DSRCT's and have
never been reported to undergo modification or
clonal evolution through a disease course.

Previous studies using RT-PCR to identfy
EWSRI fusion transcripts in peripheral blood
or bone marrow samples from patients with ES
report successful identification in < 50% of
patients.'''? Tt is perhaps not surprising that
the c¢fDNA-based approach used in our study
yielded more sensitive results, because previous
studies attempted to identify rare occult tumor
cells through the identification of cellular EWSRI
fusion transcripts. Recent studies have established
the increased sensitivity of plasma-derived cfDNA
assays as compared with circulating tumor cell
assays for blood-based identification of disease.'®
A similar sensitivity advantage of cfDNA over
cell-free RNA is also likely. Furthermore, the
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Fig 2. Concordance
between downstream
droplet digital polymerase
chain reaction (ddPCR)
and next-generation
sequencing (NGS) for
quantifying fusions in
plasma cell-free DNA.
Scatterplot of fusion
molecules in plasma
cell-free DNA detected by
NGS (reads supporting the
fusion divided by total reads
sequenced) versus ddPCR
(droplets supporting the
fusion divided by total
droplets with template) for
the 17 samples (correlation
coefficient, 0.859). The
shaded region indicates the
area in which the true
regression line lies with
probability 0.95 (95%
confidence region). Mu,
mutant droplets; WT,
wild-type droplets.

RT-PCR methodologies used RNA as a sub-
strate, which undergoes rapid degradation lead-
ing to potential false-negative results if samples
are not processed immediately. Finally, previous
attempts at using RT-PCR used primers for only
the most common transcripts seen in ES tumors
among the many reported EWSRI-FLII fusion
types.”” Therefore, a subset of patients whose
tumors harbored less common EWSRI-FLII
fusion types or other EWSRI fusion partners
was uncaptured, reducing the clinical sensitivity
of the assay.

In this study, both platforms were highly sensitive
at detecting EWSRI fusions in baseline ¢fDNA
samples, although ddPCR demonstrated in-
creased sensitivity and was able to detect levels
< 0.1%. Both approaches also provide potentially
significant prognostic genomic information, spe-
cifically 7P53 and STAG2 mutatdon status in ES
samples. The characterization of 7P53 alterations
as an adverse prognostic finding was proposed on
the basis of several retrospective studies’*= but
was not confirmed in a recent prospective study.”’
However, another recent large-scale genomic pro-
filing study of ES idendfied tumors with co-
mutation of STAG2 and TP53 as defining a par-
ticularly high-risk subset of patients.”® It is there-
fore important that future biomarker studies
continue to collect these mutational data in an effort
to establish more definitively their clinical use.

A significant advantage of the NGS approach is
that it can be performed directly on cfDNA
without a priori knowledge of tumor-specific mu-
tations. This is a particularly attractive aspect of
this methodology, because reliable acquisition of
baseline tumor tissue has proven difficult in North
American cooperative group ES banking studies.**
In thisstudy, we demonstrated the ability toidentify

fusion breakpoint sequences in the majority of
plasma cfDNA samples, along with potendally
prognostic alterations in 7P53 and STAG2. Al-
though NGS was successful at identifying fusions
in the majority of baseline cfDNA samples, there
were several examples in which ddPCR was able to
identify a low level of fusion positivity that was not
identified by NGS. This finding is not unexpected,
because the sensitivity of our ddPCR assays on the
basis of serial dilution experiments was approxi-
mately 0.01%. A similar NGS-based approach was
recently described in patients with advanced lung
cancer, with 88% and 100% sensitivity and spec-
ificity, respectively, for detecting previously char-
acterized mutations present at 0.1% allele
frequency or higher.’” The higher sensitivity of a
ddPCR approach is potentially clinically important
for identifying early evidence of relapse in follow-
up samples during and after therapy.

Our study highlights the advantages of both plat-
forms. Targeted NGS has the unique advantage of
obviating the need for parallel tumor tissue pro-
filing for breakpoint identification. Furthermore,
NGS provides the ability to capture the hetero-
geneity of a patient’s disease more completely than
ddPCR, as reflected in the patient ¢fDNA sample
(ES-2) with multiple TP53 mutations. Con-
versely, ddPCR provides significantly higher sen-
sitivity, which may be a critical feature for the early
detection of relapse. The patient cohort in our
study represents the population seen at a sarcoma
referral center, which is enriched for high-riskand
relapsed disease. Therefore, it will be important to
study a more typical population in forthcoming
studies. Nonetheless, these results provide impor-
tant data for the establishment of an optimal
strategy for future cooperative group prospective
biomarker studies of EWSRI-defined sarcomas.
Given these findings, we propose a hybrid ap-
proach for future clinical trials (Fig 3). Our data
suggest that the majority of patdents will have
identifiable disease at baseline using our targeted
NGS approach. This will also allow for identifi-
cation of the precise fusion breakpoint as well as
additonal 7P53 and STAG2 mutational status on
the majority of patients, without the need to pro-
file tumor material. Identification of the fusion
breakpoint sequence will then allow for primer
design for subsequent ddPCR evaluation of sub-
sequent follow-up samples, providing the en-
hanced sensitivity for detection of minimal
residual disease.

As addressed in a recent publication by the Chil-
dren’s Oncology Group Ewing Sarcoma Biology
Committee, there are significant challenges facing
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Fig3. Proposedschema
for prospective EWSRI1
fusion-based cell-free
DNA (cfDNA) studies.
The depicted proposed
schema for future
prospective studies
evaluating the use of
cfDNA as a marker for
subclinical disease in Ewing
sarcoma or desmoplastic
small round cell tumors
incorporates the
advantages of each
methodology (next-
generation sequencing
[NGS] and downstream
droplet digital polymerase
chain reaction [ddPCR)).
Breakpoint determination,
as well as quantification of
EWSRI fusion, and
identification of additional
mutation data are
identifiable on the majority
of baseline plasma cfDNA
samples using a targeted
custom-capture NGS
approach. This approach
obviates the need to collect
tumor biopsy material for
breakpoint identification
from the majority of
patients. Subsequent
follow-up samples can be
followed using ddPCR
though primer design
against breakpoints
identified by the baseline
NGS evaluation of cfDNA
samples. This approach
offers higher sensitivities
compared with NGS,
potendally improving the
ability to detect subclinical
disease. (*) For cases where
NGS fails to identify
genomic fusion sequences,
tissue samples will need to
be collected for breakpoint
determination through
tumor profiling.

Baseline

cfDNA Extraction

Follow-up

cfDNA Extraction
Blood

— /WU —>

— U ——>

Targeted NGS

Breakpoint determination*
Quantification of fusion
Additional mutation detection

ddPCR Assay

biomarker development in rare cancer types, and
certain characteristics are imperative for the suc-
cessful development of predictive markers in this
clinical context.” Our proposed approach is espe-
cially compelling given these criteria. First, our
approach should capture almost 100% of patients
with ES and DSRCT, because the platforms are
designed to capture any EWSRI fusion type, in-
cluding those with rare variant EWSRI translo-
cations. As a substrate, cfDNA is advantageous
over bone marrow aspirates, given the lack of need
for an invasive procedure. This is especially im-
portant in a disease that largely occurs in a pedi-
atric population, where sedation is generally
required for even minor procedures. Furthermore,
we demonstrated the feasibility and efficacy of
using specific cfDNA BCTs (Streck BCTs) for
collection of patient plasma samples. Cell-free spe-
cific BCT's contain stabilizing reagents, which have
been shown to minimize both ctDNA degradation
and sample contamination with blood cell-derived
genomic DNA.***7 This is particularly important
for potential biomarkers in rare diseases, where
cooperative group studies require long-distance sam-
ple deliveries, necessitating strategies to eliminate the
issue of substrate degradation. Finally, the technical
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APPENDIX

Fig Al. Integrative
genomics viewer
screenshot of ES-2 bam file
showing TP53 R280K
(right; frequency, 0.04;
identified in plasma) and
E285K (left; frequency,
0.44; identified in both
plasma and tissue)
mutations. The screenshot
illustrates the fact that the
two mutations are mutually
exclusive; that is, two
distinct sets of reads carry
these two mutations,
supporting the possibility
of convergent evolution of
distinct subclones sampled
in cfDNA.
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