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Purpose Leiomyosarcoma (LMS) is a soft-tissue sarcoma characterized by multiple copy
number alterations (CNAs) and without common recurrent single-nucleotide variants.
We evaluated the feasibility of detecting circulating tumor DNA (ctDNA) with next-
generation sequencing in a cohort of patients with LMS whose tumor burden ranged
from no evidence of disease to metastatic progressive disease.

Patients and Methods We evaluated cell-free DNA in plasma samples and paired ge-
nomic DNA from resected tumors from patients with LMS by ultra-low passage whole-
genome sequencing. Sequencing reads were aligned to the human genome and CNAs
that were identified in cell-free DNA and tumor DNA by ichorCNA software to deter-
mine the presence of ctDNA. Clinical data were reviewed to assess disease burden and
clinicopathologic features.

Results We identified LMS ctDNA in 11 (69%) of 16 patients with disease progression
and total tumor burden greater than 5 cm. Sixteen patients with stable disease or low
disease burden at the time of blood draw were found to have no detectable ctDNA.
Higher ctDNA fraction of total cell-free DNA was associated with increasing tumor
size and disease progression. Conserved CNAs were found between primary tumors and
ctDNA in each case, and recurrent CNAs were found across LMS samples. ctDNA levels
declined after resection of progressive disease in one case and became detectable upon
disease relapse in another individual patient.

Conclusion These results suggest that ctDNA, assayed by a widely available sequencing
approach, may be useful as a biomarker for a subset of patients with uterine and extra-
uterine LMS. Higher levels of ctDNA correlate with tumor size and disease progression.
Liquid biopsies may assist in guiding treatment decisions, monitoring response to sys-
temic therapy, surveying for disease recurrence, and differentiating benign and malig-
nant smooth muscle tumors.
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INTRODUCTION alterations (CNAs).”* LMS is frequently a clini-
cally aggressive disease, and patients are at high
risk for local and metastatic relapse after initial
complete resection.”!? Efforts to improve out-
comes for patients would benefit from more

reliable indicators of high-risk disease and bio-

Leiomyosarcoma (LMS) is a malignant neoplasm
derived from smooth muscle that represents
one of the most common subtypes of soft-tissue
sarcoma.'” Although the majority of LMS cases

are sporadic, predisposing factors include Li-
Fraumeni syndrome, hereditary retinoblastoma,
and radiation exposure.** There are no onco-
genic single-nucleotide variants (SNVs) that
characterize LMS, although loss of tumor sup-
pressors, including 7P53, RBI, and PTEN, are
commonly observed, as are multiple copy number

© 2018 by American Society of Clinical Oncology

markers of response to therapy.

Detection of circulating tumor DNA (ctDNA)
has emerged as a new approach for identifying
oncogenic mutations, measuring disease burden,
clinical prognostication, and assessing tumor
response to therapy.'"'? Most ctDNA assays
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have been developed to detect SNVs that are
highly recurrent in many types of carcino-
mas." Although the lack of recurrent SNVs in
LMS limits efforts at targeted sequencing, the
numerous CNAs that are characteristic of this
disease represent an ideal target for detection.
A next-generation sequencing approach using
ultra-low passage whole-genome sequencing
(ULP-WGS) can detect CNAs in cell-free DNA,
which indicates the tumor fraction of ctDNA
presentin blood.'*!> Previous studies have shown
that ctDNA can be detected in cell-free DNA
samples that are sequenced at a minimum cover-
age of 0.1x across the whole genome.!* Sequenc-
ing for ULP-WGS wuses the standard Illumina
next-generation sequencing platform without
modifications or special adaptions (Illumina, San
Diego, CA). The ichorCNA algorithm is used to
detect megabase-scale CNAs from ULP-WGS
data in which ctDNA comprise as little as 3% of
the total cell-free DNA extracted from a plasma
sample.'

In the current study, we evaluated plasma from
patients with uterine and extrauterine LMS for
the presence of ctDNA using ULP-WGS. Paired
resected tumors from each patient were also
sequenced when available (29 of 30 patients),
which enabled the identification and comparison
of CNAs between primary tumors and ctDNA.
We related the tumor fraction of cell-free DNA
with the clinical status of the patient’s disease.
Finally, we found that longitudinal measurements
of ctDNA declined with tumor resection in one
patient and in another patient became detectable
at the time of disease recurrence. These results
suggest that monitoring ctDNA may have clin-
ical utility in establishing diagnosis, estimating
prognosis, measuring treatment response, and
performing surveillance for relapse in patients

with LMS.

PATIENTS AND METHODS
Patients

Patients with LMS who had previously provided
written consent for enrollment in an institu-
tional review board—approved sample banking
and research protocol, including collection of
clinical data, and who underwent surgery and
treatment at Brigham and Women’s Hospital
and Dana-Farber Cancer Institute were reviewed
for inclusion in the evaluated cohort. Inclu-
sion required a diagnosis of LMS by pathologic

review of a surgically resected specimen. We
identified 30 patients with at least one plasma
sample, 29 of which had a matched tumor sam-
ple that was available for profiling. We also identi-
fied an additional eight patients with only tumor
samples. Clinical, radiologic, and pathologic data
were obtained from the medical record. All eval-
uated patients with plasma samples ultimately
experienced either local or metastatic disease
recurrence.

Sample Preparation

Patients had one or serial venous blood draws
collected for research in EDTA tubes (Becton
Dickinson, Franklin Lakes, NJ), and plasma was
isolated within 4 hours of collection and stored
at -80°C, as previously described.'® A QIAamp
Circulating Nucleic Acid Kit (Qiagen, Venlo,
the Netherlands) was used to isolate cell-free
DNA from 3.4 mL to 5.0 mL of frozen plasma.
Genomic DNA from LMS tumors was isolated
from formalin-fixed, paraffin-embedded (FFPE)
tissue using a QIAamp DNA FFPE Tissue kit
(Qiagen) or fresh frozen tumors using a QIAamp
DNA Mini-Kit (Qiagen).

ULP-WGS and c¢tDNA Quantification

Extracted DNA was quantified using Quant-i'T
PicoGreen dsDNA Assay Kit (Thermo Fisher Sci-
entific, Waltham, MA). High-molecular-weight
DNA contamination of cell-free DNA was
determined by Bioanalyzer (Agilent Technol-
ogies, Santa Clara, CA) and size selection was
performed if necessary (AMPure XP beads;
Beckman Coulter, Brea, CA). DNA that was
extracted from FFPE or fresh frozen tumors
was fragmented (Covaris) to 250 bp and purified
with AMPure XP beads. Up to 40 ng of cell-free
DNA, 100 ng of DNA from fresh frozen tissue,
and 200 ng of DNA from FFPE tissue were
used for KAPA Hyper library preparation (Kapa
Biosystems, Wilmington, MA). Libraries were
assessed for quality by Bioanalyzer followed by
quantification using the MiSeq Nano flow cell
(Illumina). Barcoded libraries were pooled and
we performed sequencing on a HiSeq 2500 in
rapid run mode (Illumina) to a targeted coverage
of 0.2x (actual range, 0.15x to 0.30x). Seventeen
of 37 tumors were previously sequenced for a
separate research project at higher coverage
(range, 1.1x to 2.1x). Sequencing was performed

ascopubs.org/journal/po JCO™ Precision Oncology


http://ascopubs.org/journal/po

after Bioruptor sonication (Diagenode) of form-
aldehyde-fixed fresh frozen sample, with library
preparation using a ThruPLEX DNA sequenc-
ing kit (Rubicon) and sequencing on an Illumina
NextSeq 500. This higher sequencing coverage
did not alter downstream analyses or data inter-
pretation.

Sequencing results were demultiplexed, aligned,
and processed using Picard, Burrows-Wheeler
Alignment tool,"” and Genome Analysis Tool-
kit.!! To assess for CNAs in tumor and cell-
free DNA and determine tumor fraction or
percentage of ctDNA in cell-free DNA, we used
ichorCNA software'* with manual curation of
results as necessary to confirm tumor percent-
ages. Previous studies have demonstrated that
this technique can be used to identify and quan-
titate ctDNA that constitutes as little as 3% of
the cell-free DNA in a sample.'*

Copy Number Analysis

Copy number segments and estimates of tumor
fraction and ploidy were generated by ichorCNA.
The log, ratio values of segments were adjusted
for tumor fraction and ploidy such that the data
were consistent across samples. GISTIC2.0%
was used to determine gene-level copy number
analyses. For copy neutral segments predicted
by ichorCNA, the log, ratio was set to zero. The
amplification/deletion log, ratio threshold used
for GISTIC was 0.3. Significant gains and losses
were determined with a false discovery rate of
0.25. This analysis was performed separately on
tumor resection samples, including the eight
samples for which plasma was not available, and
on plasma samples that were positive for detect-

able levels of ctDNA.

Statistical Analysis

Group comparisons between patients with LMS
with active or indolent disease at the time of
plasma collection was performed by nonpara-
metric Mann-Whitney test, and we performed
Pearson correlation coefficient between tumor
fraction or cell-free DNA and tumor burden
using GraphPad Prism (version 7.0; GraphPad
Software, La Jolla, CA). One was added to inte-
ger values before log, transformation to gener-
ate non-negative values for data representation.

RESULTS
Detection of LMS ctDNA

We retrospectively identified 30 patients who
were diagnosed with metastatic LMS who had
plasma banking performed at variable time
points in their treatment history between Jan-
uary 2007 and November 2017. Two of these
patients had plasma samples banked at two sep-
arate time points for a total of 32 plasma sam-
ples. Median age at diagnosis was 51 years, most
patients were female, the most common primary
tumor location was the uterus (n = 16) followed
by the retroperitoneum (n = 8), and most tumors
were originally of intermediate or high grade
(Table 1). Twenty-nine of 30 patients had a
tumor resection sample available for comparison

with cell-free DNA.

In review of clinical data at the time of plasma
banking, the cases could be divided into active
disease or indolent disease groups on the basis of
tumor volume and evidence of disease progres-
sion. The active disease group consisted of 16
patients and was defined by having a total tumor
burden greater than 5 cm in greatest diameter
and progressive disease at the time of blood
draw on the basis of imaging or clinical deter-
mination. In contrast, 16 patients in the indo-
lent disease group had stable disease at the time
of blood draw and/or tumor burden less than
5 cm. Among the active disease group, 11 (69%)
of 16 patients had detectible ctDNA, includ-
ing patients with both uterine and extrauterine
primary tumors. None of the samples obtained
from the indolent disease group had detectible
ctDNA (Fig 1A).

When comparing the amount of ctDNA—
measured as a fraction of total cell-free DNA—
in the plasma sample to the volume of tumor
burden reported by computed tomography
scan, there was a significant association between
higher ctDNA levels and increasing tumor bur-
den (Fig 1B). In contrast, there was no correla-
tion between the amount of total cell-free DNA
extracted from the plasma sample and tumor
burden (Fig 1C). Several patients in the indolent
disease group of similarly high tumor burden
produced no detectible ctDNA despite signifi-
cant tumor volume. Taken together, these data
demonstrate that ctDNA is detectible using a
ULP-WGS approach in the majority of patients
with LMS with a tumor burden of greater than
5 cm and progressive disease.
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Table 1. Clinical Characteristics of 30 Leiomyosarcoma Cases With Plasma Samples

Age at Primary Primary Tumor
Diagnosis, Tumor Tumor Primary Tumor Location of Volume Progressive ctDNA

ID Sex Years Location Grade Mitotic Rate ~ Metastases >5cm Disease Present
LMS1 F 49 Uterus High 10:1HPF C, AL P B + + +
LMS2 F 60 Uterus NA 17:10HPF A ST, B + + +
LMS3 F 42 Uterus Low 5:10HPF € — — —
LMS4 F 46 Uterus High 40:10HPF C,A,P + + +
LMSS5 F 44 Uterus High NA @€ — — —
LMS6 F 50 Uterus NA 9:10HPF p — — —
LMS7 F 51 Uterus High >20:10HPF © — + —
LMS8 F 55 Retroperitoneum High 39:10HPF C L,B,ST + + +
LMS9 M 70 Retroperitoneum High 22:10HPF C A + + +
LMS10 F 61 Retroperitoneum  Intermediate 5:10HPF C A + + —
LMSI11 1 58 Intraperitoneal NA 37:10HPF AP + + +
LMS12 F 50 Uterus High >40:10HPF C AP + + —
LMS13 1 19 Intraperitoneal Low 4:10HPF A — — —
LMS14 F 24 Abdominal wall NA 23:10HPF C — + —
LMS15 F 59 Uterus Low 4:10HPF P — — —
LMS16 F 62 Uterus Intermediate 25:10HPF C, AP + — —
LMS17 F 59 Uterus Intermediate 3:10HPF ST — — —
LMS18 F 52 Retroperitoneum High NA L,ST — + —
LMS19 i 85 Retroperitoneum High 10:10HPF C A + + +
LMS20 F 38 Pelvis NA 17:10HPF P + + —
LMS21 F 59 Retroperitoneum NA 23:10HPF AL P + — —
LMS22 F 48 Uterus NA 20:10HPF AP — — —
LMS23 M 30 Extremity High 33:10HPF C LA + + +
LMS24 M 48 Paratesticular Intermediate 20:10HPF C, LA ST + + +
LMS25 F 43 Retroperitoneum NA 8:10HPF @ — — —
LMS26 F 47 Retroperitoneum High 29:10HPF L — + —
LMS27 F 73 Uterus High 52:10HPF P + + +
LMS28 F 48 Uterus High 46:10HPF AP + + +
LMS29 I 53 Uterus NA 30:10HPF @ + + —
LMS30 F 65 Uterus NA NA A + + —

NOTE. For tumor volume, progressive disease, and ctDNA columns, assessment was performed at the time of plasma collection. Two patients, LMS27 and LMS28, had

serial plasma samples drawn, with data displayed in the table matching the time point at which ctDNA was detected.

Abbreviations: A, abdomen; B, bone; C, chest; ctDNA, circulating tumor DNA; F, female; HPF, high-power field; L, liver; M, male; NA, not available (data not reported

during pathology review); P, pelvis; ST, soft tissue, including subcutaneous, muscle, and paraspinal locations.

CNA Concordance Between LMS Tumors
and ctDNA

In the 11 plasma samples with detectible levels of
ctDNA, there was a high concordance of CNAs
between the tumor sample and ctDNA (Figs
2A-2D), with blood collection occurring less
than 2 years apart from resection of the matched
tumor specimen. In cases of high ctDNA with
lower tumor fraction in the surgical sample,
CNAs were more pronounced in cell-free DNA

(Fig 2A). In contrast, with low tumor fraction,
many CNAs observed in the surgical sample
could not be readily identified (Figs 2D and 2E).
These results are consistent with those of prior
publications that demonstrated agreement
between plasma and tumor CNAs?! and further
underscores the diversity of chromosomal gains
and losses observed across LMS tumors.

We used GISTIC2.0” to characterize recurrent
gene-level CNAs in tumor and cell-free DNA in
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Fig 1. Identification of circulating tumor DNA (ctDNA) in plasma from patients with leiomyosarcoma (LMS). (A) Plot of percent ctDNA
in active disease (n = 16) and indolent disease (n = 16) LMS groups. The active disease group consists of patients with tumors > 5 cm in size and
with progressive disease at the time of blood draw as indicated by computed tomography (CT) scan or clinical report. The indolent disease group
consists of patients with tumors < 5 cm in size and/or no evidence of disease progression by CT scan. Groups were compared using Mann-
Whitney test. (*) P < .001. (B) Scatterplot of log, tumor fraction and tumor burden. Labels indicate the active disease subgroup (red) with tumor
size > 5 cm and progressive disease (n = 16), or indolent disease subgroups (gray) with tumor size > 5 cm and stable disease (n = 2, diamond),
tumor size < 5 cm and progressive disease (n = 4; triangle), and tumor size < 5 cm and stable disease (n = 10; circle). Tumor burden was deter-
mined by adding the diameters of the tumor lesions reported on CT scan at the time of ctDNA assessment. Pearson correlation coeflicient
between tumor fraction and tumor burden is shown for all patients with measurable disease. (C) Scatterplot of log, total extracted cell-free DNA
from all plasma samples (n = 32) and tumor burden. Pearson correlation coefficient across all samples is shown.

this LMS cohort. Overall, recurrent CNAs from
tumors in this cohort are remarkably similar to
those found in prior studies.”® The most sig-
nificantly amplified genomic region was found
on chromosome 17p, which includes the tran-
scriptional regulator MYOCD (copy gained in
20 of 37 tumors). This gene has previously been
reported as significantly amplified in LMS and
is associated with smooth muscle differentia-
tion.”> Additional putative oncogenic and LMS-
associated genes that were recurrently amplified
include HDGF in 20, MYC in 14, CTHRCI in
17, TNFRSF19 in 10, and MYH?2 in 16 of 37
tumors (Fig 3A). Copy gains in these genes were
also observed in a portion of cell-free DNA sam-
ples with detectable ctDNA (MYOCD in four,
HDGF in six, MYC in eight, CTHRC]I in nine,
TNFRSF19 in three, and MYH?2 in four of 11
ctDNA-positive samples); however, the number
of evaluable samples was too small for any copy
gains of these genes to reach statistical signifi-
cance (Fig 3B). From tumor samples, recurrent
deletions in tumor suppressors were found,
which are characteristic of LMS,>** including
PTEN deletions in 27, RBI in 27, and TP53 in
11 of 37 tumors profiled (Fig 3C). Deletions
that involved these genes were also detected in
ctDNA (PTEN in eight, RBI in six, and 7P53 in
two of 11 ctDNA-positive samples), but sample
size was too small for many of these deletions

to reach significance (Fig 3D). As described in
previous studies, gains and losses of these genes
were caused by events that ranged from focal
(megabase scale) to whole-chromosomal CNAs.
Thus, ULP-WGS is capable of detecting recur-
rent CNAs characteristic of LMS, and these
methods may be helpful in identifying gene-
level CNAs in ctDNA.

ctDNA Longitudinally Correlates With
Disease Status

To determine whether ctDNA levels change in
agreement with longitudinal disease status, we
evaluated serial plasma samples in two patients
after either resection of localized LMS or with
disease recurrence after surgery. In the patient
who underwent resection of locally recurrent
disease, ctDNA detected preoperatively was
eliminated 5 weeks after surgery (Fig 4A). In
contrast, in the patient with disease recurrence
32 months after surgical resection, cell-free
DNA tumor fraction increased from undetect-
able postoperatively to detectable at the time
of disease recurrence (Fig 4B). These data
demonstrate that ctDNA correlates in individ-
ual patients with disease burden over time in this
small cohort and that such liquid biopsies may
represent a valuable diagnostic tool to support
evidence of LMS recurrence or disease burden.
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Fig 2. Concordant copy number alterations in leiomyosarcoma tumors and circulating tumor DNA. (A-E) Copy number plots generated from
ultra-low passage whole-genome sequencing of five representative tumor surgical (left panels) and plasma (right panels) sample pairs. The x-axis
indicates chromosome and y-axis copy number (log, ratio). Tumor fraction is indicated for each plot.

DISCUSSION

In the current study, we analyzed cell-free DNA
from the plasma of patients with LMS for evi-
dence of ctDNA. Stratifying patients by tumor
burden and active versus indolent disease, we
found that the majority of patients with active

disease have detectable ctDNA. A significant
association between tumor burden and the
amount of ctDNA was identified, which suggests
that larger and actively growing tumors are more
likely to release tumor DNA into circulation.
We were unable to detect ctDNA in any tumor
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Fig 3. Recurrent copy
number alterations in
leiomyosarcoma (LMS).
(A-D) GISTIC2.0 analysis

identifying recurrent focal

amplified (A

and B) and

deleted (C and D) regions

in LMS tumors (n = 37; left

panels) and cell-free DNA
samples with detectable
circulating tumor DNA
(n = 11; right panels).

LMS-associated genes and/

or putative oncogenes are
labeled in panel A, whereas
putative tumor suppressor
genes are labeled in panel
C. The x-axis indicates

chromosome and y-axis false

discovery rate (FDR). The

green line indicates an FDR

of 0.25.

less than 5 cm in size, regardless of evidence
of disease progression, which may represent a
technologic sensitivity threshold. In addition,
we were unable to detect ctDNA in patients
with significant disease burden but with a lack
of evidence of disease progression. This presum-
ably arises from reduced levels of apoptosis or
necrosis in tumors without active growth, which
may be exploited to determine the therapeutic
benefit of antineoplastic therapies. DNA from
tumor resections and associated ctDNA demon-
strated preserved CNAs, and recurrent CNAs
were found across LMS samples. We further
found that ctDNA levels decline with resection
of disease and increase with disease recurrence
in individual patients, which indicates that these
methods may be useful for supporting a diagno-
sis of disease recurrence or response to therapy.

Sequencing of SNVs in cell-free DNA has proven
clinical utility in detecting resistance muta-
tions to targeted therapies and directing treat-
ment strategies.”* Emerging use of whole-genome

sequencing to identify and quantify CNAs from
tumor-derived DNA circulating in patients with
cancer has been evaluated in a number of cancer
types.'**?7 This noninvasive approach can be
useful in the genomic characterization of malig-
nancy and provide diagnostic and prognostic
information relevant for clinical care.!>?!

In a recent study of patients with LMS, a highly
customized LMS-specific assay (Cancer Person-
alized Profiling by Deep Sequencing, or CAPP-
Seq) was designed to detect selected SNVs and
combined with CNA analysis to identify and
quantify ctDNA in patients with progressive
disease.”’” In this study, the investigators found
that approximately 20% of patients (two of nine)
had tumors that did not have somatic events
that were detectable by the assay. In contrast,
we found that tumors from 100% of cases had
CNAs that were detectable by ULP-WGS,
which suggests that ULP-WGS may be more
broadly applicable for patients with LMS. Con-
versely, CAPP-Seq was able to detect ctDNA
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Fig 4. Leiomyosarcoma
circulating tumor DNA
(ctDNA) correlates with
changes in disease burden.
(A and B) Change in tumor
fraction in the preoperative
and postoperative setting,
with images indicating
tumor burden at each time
point. (C and D) Change in
tumor fraction after unifocal
recurrence of disease, with
images indicating tumor
burden at each time point.
The interval between surgi-
cal date and cell-free DNA
collection is indicated.

in six of seven baseline samples of patients who
were eligible for study (86%) and had a sensi-
tivity of 68% among all samples tested from
their cohort. In comparison, our study detected
ctDNA in 11 (69%) of 16 patients with active
disease. Although these numbers are small, this
suggests that CAPP-Seq may have a higher sensi-
tivity for ctDNA, which might be expected given
the deep sequencing coverage used in this assay.
It remains unclear what assay features will have
the highest clinical utility in sarcomas, and we
expect that different assays may be beneficial for
different clinical indications. For example, our
recent study in osteosarcoma demonstrated that
pretreatment ctDNA levels detected by ULP-
WGS are prognostic,”® whereas a more sensitive
assay, such as CAPP-Seq, may be advantageous
in the setting of disease surveillance.?’

There are several potential clinical uses of ctDNA
in the diagnosis and management of patients
with LMS. First, ctDNA may be able to differ-
entiate benign smooth muscle neoplasms, such
as leiomyoma, from LMS.?%’! This knowledge
would principally inform surveillance of sug-
gestive lesions and considerations of operative
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