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ABSTRACT
Background: High grade serous ovarian cancer (HGSOC) recurs frequently and 

commercial tests have emerged for tumor-informed, cell-free DNA (cfDNA)-based 
detection of minimal residual disease. These tests are based on somatic single 
nucleotide variants prevalent in many cancers and thus are not well matched to 
HGSOC, which is dominated by structural genomic rearrangements. The purpose of 
this study was to evaluate the feasibility of a structural-variant (SV)-informed, cfDNA-
based method for detecting clonal and subclonal HGSOC disease burden.

Methods: A method was developed for detecting patient-specific SV breakpoints 
using digital droplet PCR (ddPCR) with custom tumor-informed primer/probe 
pairs. Test parameters were first estimated using synthetic cfDNA generated by 
ultrasonication of genomic DNA from ovarian cancer cell lines. The optimized 
workflow was implemented in which whole genome sequencing of multisite 
pre-treatment HGSOC biopsies performed and high confidence SVs were called 
by multiple published SV callers. Real-time PCR and ddPCR were used for assay 
development.

Results: Following the optimized workflow, tumor-specific SV breakpoint-
spanning primers/probe sets of four HGSOC patients’ multisite biopsies were designed 
and validated by real-time PCR and ddPCR. Together with four HGSOCs, a total of 29 
SVs breakpoints-spanning tumor-informed primers/probe sets were designed and 
validated in multisite biopsies. 15 validated tumor-specific SVs were selected for 
quantification in their corresponding liquid biopsies using the validated ddPCR, and 
9 had measurements in liquid biopsies.

Conclusions: Our result shows the detection of SVs from pre-treatment cfDNA 
using tumor-informed breakpoints-spanning ddPCR is feasible and may enable a novel 
and sensitive method for monitoring on-treatment disease burden.

INTRODUCTION

High grade serous ovarian cancer (HGSOC) is the 
most common histological type of ovarian cancer and is 

the leading cause of death from gynecologic cancers [1]. 
Most HGSOC responds to combined first-line treatment 
with cytoreductive surgery and perioperative platinum-
based chemotherapy, yet most patients will experience 
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relapse which is the major cause of mortality in HGSOC. 
One fundamental mechanism of cancer recurrence is 
the outgrowth of resistant subclones present at initial 
diagnosis following elimination of sensitive subclones 
by chemotherapy [2, 3]. Therefore, understanding the 
genomic composition of these resistant subclones may 
provide insights in the mechanisms for recurrence and 
promising targets for the development of novel treatment. 
However, after the achievement of a clinical or pathologic 
complete response, the volume of minimal residual disease 
(MRD) is usually not sufficient for conventional genomic 
analysis or even clinical detection in many cases.

The detection of tumor DNA from circulation 
has emerged as an alternative to the analysis of tumor 
biopsies for an expanding range of clinical and research 
applications. For example, the FDA has approved a 
cfDNA assay for the prognostic molecular stratification 
of non-small cell lung cancer patients by EGFR mutation 
status [4]. Signatera™ is a commercially available 
platform for MRD monitoring in cancers by detection 
of tumor-informed single nucleotides variants (SNVs) 
in ctDNA. Most recent study on the usage of Signatera™ 
on epithelial ovarian cancers showed that the ctDNA 
outperformed CA-125 in identifying patients at highest 
risk of recurrence [5]. PCR and sequencing-based assays 
have also been developed as platforms for the early 
detection of relapse in breast cancer [6] and it has also 
been shown that cfDNA correlates with clinical and 
radiographic measurement of disease burden [7]. The 
early discovery that tumor specific TP53 mutations are 
detectable in bodily fluids of HGSOC patients [8] led 
to the development of assays for detecting cfDNA TP53 
mutations as a means of monitoring disease status [9]. 
Baseline intra-tumoral heterogeneity gives rise to diverse 
tumor subclones that may respond differently to selective 
pressure from chemotherapy or precision therapies. In 
a large study of patients with colorectal cancer, cfDNA 
detected subclonal mutations in the extracellular domain 
of EGFR that may have reflected the on-treatment 
emergence of resistant subclones [10]. Since TP53 
mutations are truncal in nearly all cases of HGSOC, it is 
not yet known if cfDNA can be effectively applied to the 
detection of structural variants (SVs) in this disease.

HGSOC is characterized by genomic instability 
and frequent SVs defined by at least one “breakpoint” 
or rearrangement site [11]. The high frequency of 
SVs in this disease and their close association with 
fundamental oncogenic mechanisms such as homologous 
recombination deficiency make them an ideal mutational 
substrate for tracking HGSOC tumor disease burden. In 
addition, the unique characteristics of tumor SVs allow 
for the design of tumor-informed primer/probe pairs that 
span breakpoints, lending a high degree of specificity. The 
long-term goal of this research is to develop a platform 
to detect and monitor on-treatment clonal dynamics 
in HGSOC in order to predict treatment response and 

investigate mechanisms of treatment resistance. Here we 
report the successful detection of SVs from circulating 
cell-free DNA (cfDNA) to monitor on-treatment HGSOC 
response.

RESULTS 

Workflow of detection of SVs in liquid biopsy 
optimization

The feasibility of SV-based detection from liquid 
biopsy samples was first evaluated using synthetic cfDNA 
of ovarian cancer cell lines Caov-3 and SKOV-3. In these 
experiments, primer/probe sets designed to target SVs 
in one cell line were evaluated in the other cell line, in 
order to estimate sensitivity and specificity. The synthetic 
cfDNA with a peak size of 180bp, mimicking actual 
cfDNA distribution, of both cell lines was generated by 
ultrasonication of genomic DNA. Published WGS data of 
Caov-3 [11] were used for SVs analysis. Consensus of two 
SV calling algorithms, LUMPY [12] and BRASS [13], 
identified simple deletion (DEL) SVs in Caov-3. A total 
of 21 DEL SVs were selected for breakpoint-spanning 
primers design with a targeted amplicon of approximately 
150bp. 

11 out of 21 pairs of breakpoints-spanning primers 
showed specific amplification in synthetic cfDNA of 
Caov-3, not SKOV-3. To acquire the accurate sequences 
of SV coordinates, required for custom TaqMan probes, 
the 11 PCR amplicons of Caov-3 SVs were subcloned 
and analyzed using Sanger sequencing. Nine custom 
TaqMan probes of Caov-3 SVs were designed. All nine SV 
breakpoints-spanning primers/probe sets were screened 
by real-time PCR, one pair was eliminated for further 
analysis due to high amplification activity in no template 
control reactions (NTCs).

The remaining 8 DEL SVs all showed low 
ΔCq values in synthetic cfDNA of Caov-3, with no 
amplification detected in synthetic cfDNA of SKOV-3 
(Supplementary Figure 1A). The final step to establish 
the workflow was to measure the concentrations of 
these Caov-3 SVs using the validated primers/probe 
sets in ddPCR (digital-droplet PCR). As shown in 
Supplementary Figure 1B, the concentrations of all 8 DEL 
SVs were measured in synthetic cfDNA of Caov-3, with 
no measurement in control synthetic cfDNA made from 
SKOV-3 gDNA. This result indicates the high specificity 
of the designed primers/probe assays, and the application 
in cfDNA from patient samples. 

Taken together, we streamlined the workflow 
(Figure 1) based on the testing results from ovarian cancer 
cell lines. We obtained pre-treatment cryopreserved 
multisite biopsy specimens and blood components of four 
patients who were diagnosed with HGSOC. Following 
SVs calling, SV breakpoints-spanning primers/probe 
design and validation using multisite biopsy samples, 
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eventually selected high-specificity assays are used to 
measure the SVs concentrations in liquid biopsy. 

SVs identification in HGSOC multisite biopsies 
using NGS

We next performed WGS on 11 multisite biopsy 
samples with matched blood controls collected from four 
HGSOC cases. To minimize false positives and detect 
high-confidence SVs, we used five somatic SV callers and 
retained variants identified by at least four of them (Figure 
2A, see Methods). While some of these high-confidence 
SVs were shared across multiple sites within the same 
patient, others were not (Figure 2B), indicating intratumor 
spatial heterogeneity of these cases.

Validation of SVs breakpoints-spanning primers/
probe sets by real-time PCR

After tumor-informed SVs from four HGSOC 
patients’ multisite biopsies were identified from WGS 
results, we selected DELs (deletions) of SVs for further 
investigation. Selection of SVs for primers/probe design 
was mainly based on the visualization of sequencing 
depth on Samplots (Supplementary Figure 2). Relative 

expressions of SVs to GAPDH were used for comparison. 
ΔCq was calculated as follows: ΔCq = Cq.Target - 
Cq.GAPDH. The lower ΔCq values, the higher relative 
expression of an SV target. For this study, ΔCq <5 is 
considered high expression, and >10 is an indication of 
low expression. 

In HGSOC#1 case, real-time PCR validated six 
SVs breakpoints-spanning primers/probe sets in LOV, 
ROV, and RECT biopsies (Figure 3A), among which, SV1 
and SV2 showed relatively higher expression across all 
samples; SV3 had lower expression in the RECT biopsy 
site; SV4 had higher expression in the RECT site, little or 
no detection in the other sites; SV5 showed no detection 
in any biopsies; SV6 had higher expression in RECT and 
little in the rest sites. In HGSOC#2 case, real-time PCR 
validated six SVs breakpoints-spanning primers/probe 
sets in OV, OM, and PERI biopsies (Figure 3B). SV1 and 
SV3 showed higher levels in all biopsies; SV2 had been 
detected in both OM and PERI; SV4, SV5, and SV6 had 
specific expression only in OM. 

In HGSOC#3, eight SVs breakpoints-spanning 
primers/probe sets were tested in LOV, LPELV, and RABD 
biopsies (Figure 3C) by real-time PCR. All eight SVs were 
detected across all samples with various expression levels. 
In HGSOC#4 case, real-time PCR measured nine SVs 

Figure 1: Workflow of detection of tumor-informed SVs of HGSOCs in liquid biopsy. Schematic summary of the workflow: 
cryopreserved HGSOC multisite biopsies and WBC (white blood cell, germline control) were subjected to WGS (whole genome sequencing), 
and SVs (structural variants) were identified by multiple algorithms; personalized primers/probes were designed and validated using gDNA 
(genomic DNA) of HGSOC biopsies before measuring their concentration in liquid biopsy; cfDNA was isolated from fresh frozen plasma. 
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relative expressions in OM and PELVIS biopsies using 
breakpoints-spanning primers/probe sets (Figure 3D). 

Taken together, a total of 29 SVs breakpoints-
spanning tumor-informed primers/probe sets were tested, 
and only one set showed no detection. The rest of the SVs 
were detected in the corresponding biopsy sites suggested 
by the WGS analysis (Figure 2) without detection in 
matched WBC samples. These results provide strong 
evidence that the TaqMan probes have high specificity in 
tumor-informed SVs detection. 

Measurements of SVs concentration in HGSOC 
multisite biopsies by ddPCR

To increase the sensitivity in the final application 
of SVs measurement in liquid biopsy, we applied ddPCR 
for selected primers/probe sets in multisite biopsies of 
all four HGSOCs. In HGSOC#1 and #2, we were able to 
measure SV1-6 of HGSOC#1, and SV1-6 of HGSOC#2 
in their corresponding multisite biopsies (Figure 4A, 4B), 
including SV5 of HGSOC#1, which was not detected 
by real-time PCR (Figure 3A). As shown in Figure 4A, 
in HGSOC#1, SV1 and SV2 were expressed across all 
biopsies, while the rest SVs were mainly expressed in 
the RECT site. Similarly, in Figure 4B, in HGSOC#2, 
SV1, SV2, and SV3 had universal expression, but 
inHGSOC#2, SV4, SV5, and SV6 specifically expressed 
in the OM site. 

In HGSOC#3 and #4, due to volume limitations of 
multisite biopsies, we selected five SVs for each case to 

measure their concentrations by ddPCR. In HGSOC#3, 
SV1 and SV3 were measured in all biopsy sites, while 
SV4, SV7, and SV8 were mainly in the LPELV site (Figure 
4C). In HGSOC#4, only two biopsies were obtained, and 
the selected SVs were measured in both sites (Figure 4D).

In summary, ddPCR showed superior sensitivity in 
measuring concentrations of SVs using the breakpoints-
spanning primers/probe sets compared to real-time PCR. 
Validated ddPCR assays are ready to use in the absolute 
quantification of tumor-informed SVs in liquid biopsy. 

Quantification of HGSOC tumor-informed SVs 
from liquid biopsy

After the validation of the breakpoints-spanning 
primers/probe sets in multisite biopsies by ddPCR, we 
used selective sets to measure the SVs concentrations 
from the corresponding cfDNA isolated from fresh frozen 
plasma. We obtained pre-treatment plasma from all four 
HOSOC patients. For the HGSOC#3 case, besides the pre-
treatment/surgery plasma, we also obtained post-surgery 
plasma. We requested 11 healthy donors’ fresh frozen 
plasma from the gynecological oncology tumor bank at 
MD Anderson. After isolation and quality control of all 
healthy donors’ cfDNA, we pooled the cfDNA and used it 
as the healthy donor cfDNA control for this study. 

For the HGSOC#1, we selected four SVs to measure 
their concentrations, three SVs were detected from the pre-
treatment liquid biopsy (Figure 5A). For HGSOC#2, three 
SVs were measured in the liquid biopsy, two had positive 

Figure 2: Identification and concordance of SVs across multisite biopsies using WGS. (A) Venn diagrams showing the 
overlap of SVs identified by five somatic SV callers at each sampling site. A substantial number of SVs were consistently detected by all 
five methods in HGSOC#1–#3, whereas HGSOC#4 showed a lower concordance, likely due to reduced sensitivity due to low tumor purity. 
(B) Venn diagrams showing the overlap of high-confidence SVs (see Methods) among different sampling sites within each case. Shared and 
unshared SVs reflect intratumor spatial heterogeneity.
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measurements in the patient’s liquid biopsy. However, in 
HGSOC#2, SV6 also had a higher measurement in the 
healthy donor cfDNA (Figure 5B). 

In HGSOC#3, we measured four SVs concentrations 
in this patient’s pre- and post-surgery cfDNA. SV1 and 
SV3 had positive measurements in both pre- and post-
surgery liquid biopsies, with higher expression in the 

pre-surgery cfDNA; SV8 was only detected in the post-
surgery liquid biopsy (Figure 5C). In HGSOC#4, among 
the four SVs we measured in the cfDNA, SV3 showed a 
positive signal (Figure 5D).

These results indicated the possibility of measuring 
tumor-informed SVs of HGSOCs from liquid biopsy using 
personalized TaqMan probes by ddPCR. 

Figure 3: Validation of SVs breakpoints-spanning primers/probe sets by real-time PCR. (A–D) Real-time PCR results of 
targeted SVs. ΔCq (ΔCq = Cq.Target - Cq.GAPDH) were calculated and compared in HGSOC#1-4. Each dot represents the mean value of 
three duplicates. Germline control WBC (white blood cell) of each HGSOC and NTC (no template control) were used for all experiments. 
(A) In HGSOC#1, gDNA of multisite biopsies LOV (left ovary), ROV (right ovary), and RECT (rectus) were used for real-time PCR and 6 
SV targets (SV1-6) were tested. (B) In HGSOC#2, gDNA of multisite biopsies OV (ovary), OM (omentum), and PERI (pericardium) were 
used for real-time PCR and 6 SV targets (SV1-6) were tested. (C) In HGSOC#3, gDNA of multisite biopsies LOV (left ovary), LPELV (left 
pelvis), and RABD (right abdominum) were used for real-time PCR and 8 SV targets (SV1-8) were tested. (D) In HGSOC#4, gDNA of 
biopsies OM (omentum) and PELVIS (pelvis) were used for real-time PCR and 9 SV targets (SV1-9) were tested.
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DISCUSSION

Previous studies have attempted to utilize cfDNA 
to monitor solid tumor disease burden, however, few 
efforts or results have been made in HGSOCs, especially 
using SVs which is a characteristic feature of this disease. 
Our results for the first time used multisite biopsies to 
identify personalized SVs in liquid biopsy without pre-
amplification of cfDNA. These results demonstrated the 
feasibility of detecting tumor-informed SVs from cfDNA, 
especially the shared-SVs across multisite biopsies. We 

established a practical workflow with high sensitivity 
and specificity that may be useful for monitoring disease 
burden of HGSOCs. One benefit of this workflow is that 
there is no requirement of healthy donor cfDNA as a 
control during real-time application, as each primers/probe 
set is personalized which is unique to a patient of interest, 
therefore the WBC of the patient will provide sufficient 
germline control.

Despite the appealing significance of this study, 
several key limitations should be noted. One limitation 
is that this pilot study has limited statistical power and 

Figure 4: Measurements of SVs concentrations in HGSOC multisite biopsies. (A–D) Concentrations (copy numbers per ng 
sample input) of targeted SVs were measured by ddPCR (digital droplet PCR). Each column represents the mean value of three replicates. 
Germline control WBC of each HGSOC and NTC were used for all experiments. (A) In HGSOC#1, gDNA of multisite biopsies LOV (left 
ovary), ROV (right ovary), and RECT (rectus) were used ddPCR and 6 SV targets (SV1-6) were measured. (B) In HGSOC#2, gDNA of 
multisite biopsies OV (ovary), OM (omentum), and PERI (pericardium) were used for ddPCR and 6 SV targets (SV1-6) were measured. 
(C) In HGSOC#3, gDNA of multisite biopsies LOV(left ovary), LPELV (left pelvis), and RABD (right abdominum) were used for ddPCR 
and 5 SV targets (SV1, 3, 4, 7, 8) were measured. (D) In HGSOC#4, gDNA of biopsies OM (omentum) and PELVIS (pelvis) were used for 
ddPCR and 5 SV targets (SV1-5) were measured.
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generalizability due to a small group of cases studied. 
One thing makes it challenging for utilization in actual 
practice is that multisite biopsies with high tumor content 
work better for this workflow, but these materials are not 
routinely available in clinical practice. Another limitation 
is that as a tumor-informed approach, this method has a 
high cost and significant practical barriers for non-research 
implementation. Besides the hurdles to overcome before 
application of the workflow in clinical practice, there 
are some practical limitations of the designing process: 
(1) difficulty identifying high confidence SVs from 
biopsies, mostly because of sample quality like volume, 
tumor content and necrosis percentage, etc; (2) during 

the process of primer/probe sets designing and screening, 
there were approximately 50% screened out due to no 
amplification in any samples or unspecific amplification 
in germline control, which makes the screening process 
sometimes longer than expected. Lastly, we also attempted 
to identify subclonal SVs with high confidence, however, 
current published algorithms are limited.

Our study has opened various opportunities for 
further exploration. Refining the ability to detect and 
validate subclonal SVs deserves a decent amount of effort 
and time. Achievement of this task will enable clonal and 
subclonal SVs labeling and tracking, so that following 
recurrence, correlate cfDNA trajectories with composition 

Figure 5: Quantification of tumor-informed SVs of HGSOCs in liquid biopsy. (A–D) Concentrations (copy numbers per ng 
sample input) of targeted SVs were measured by ddPCR (digital droplet PCR). Each column represents the mean value of 1 or 2 replicates 
due to sample limitations. Germline control WBC(white blood cell) and subject pre-treatment cfDNA (cell-free DNA) of each HGSOC, 
pooled healthy cfDNA and a NTC were used for all experiments. (A) In HGSOC#1, 4 SV targets (SV1, 3, 4, 5) were measured. (B) In 
HGSOC#2, 3 SV targets (SV1, 4, 6) were measured. (C) In HGSOC#3, subject post-surgery cfDNA was also used in ddPCR and 4 SV 
targets (SV1, 3, 4, 8) were measured. (D) In HGSOC#4, 4 SV targets (SV1, 2, 3, 5) were measured.
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of recurrent tumor. To further expand this study, the 
workflow should be tested by longitudinal sample 
collections, for example, comparisons between before and 
after surgery or chemotherapy. Larger cohort and/or as a 
translational component of a prospective clinical trial is 
warranted. 

MATERIALS AND METHODS

Blood and tumor samples

Pre-treated cryopreserved multisite tumor biopsies, 
WBCs and plasma from four patients diagnosed with 
HGSOCs and 15 healthy donor plasmas were obtained 
from the M.D. Anderson Cancer Center Gynecologic 
Oncology Multidisciplinary Tumor Bank under an 
Institutional Review Board (IRB)–approved biospecimen 
use protocol (#2022-0078). Written, informed consent for 
biospecimen collection and research use was provided by 
each patient under IRB protocol (LAB02-0188). Samples 
inclusion criteria are: cryopreserved, pre-treatment, 
pathological diagnosis with HGSOC, multisite biopsies 
(at least 2 sites), and paired plasma with volume at least 
1 mL. The biopsies and plasma were all collected at the 
pre-treatment time point. In the HGSOC#3 only, besides 
the pre-treatment biopsies and plasma, after-surgery 
plasma was also collected. Each biopsy specimen was 
reviewed by an expert gynecologic oncology pathologist 
(B.L.) and confirmed to contain at least 50% tumor cells 
with less than 20% necrosis. Approximately 25 mg of each 
biopsy specimen, 100 μL of WBC and 1 mL of plasma 
were acquired for sequencing and other analyses.

Cell lines

Ovarian cancer cell lines Caov-3 [Caov3] (ATCC 
HTB-75) and SK-OV-3 [SKOV-3; SKOV3] (ATCC HTB-
77) were purchased from ATCC. Caov-3 were cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM) with 
high glucose (Cytiva, cat. #SH30285.FS) and SKOV-3 
were cultured in McCoy’s 5a Medium Modified (Cytiva, 
cat. #SH30200.01). Both mediums were supplemented 
with 10% heat-inactivated FBS (Life Technologies, cat. 
#16140071) and 1% penicillin/streptomycin (Cytiva, 
cat. #SV30010). All the cells were grown at 37°C in a 
humidified incubator with 5% CO2.

Generation of synthetic cfDNA

Genomic DNA of cell lines Caov-3 and SKOV-
3 were isolated using the DNeasy Blood and Tissue Kit 
(Qiagen, cat. #69504) per the manufacturer’s instructions. 
Genomic DNA was sheared using an ME220 Focused-
ultrasonicator (Covaris, Inc.) for 5 minutes under the 
following setup: base pair mode 150bp, repeat 23, 
peak power 50W, duty factor 30%, cycles per burst 
1000. The size distribution of sheared synthetic cfDNA 

was confirmed using a TapeStation (Agilent, Inc.; cat. 
#G2964AA). Concentrations were measured using 
Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific, 
cat. #Q32851) by Qubit™ 4 Fluorometer (Thermo Fisher 
Scientific, cat. #Q33238).

Genomic DNA isolation

Genomic DNA from multisite biopsy specimens 
was isolated using the DNeasy Blood and Tissue Kit 
(Qiagen, cat. #69504) per the manufacturer’s instructions. 
Concentrations were measured using Qubit™ dsDNA 
BR Assay Kit (Thermo Fisher Scientific, cat. #Q32850) 
by Qubit™ 4 Fluorometer (Thermo Fisher Scientific, 
cat. #Q33238). Genomic DNA purity was analyzed 
by NanoDrop 2000 spectrophotometer (ThermoFisher 
Scientific, cat. #ND-2000).

Whole genome sequencing (WGS)

WGS of tumor and normal samples was performed 
by the MD Anderson Cancer Center Cancer Genomics 
Laboratory similar to how has been previously described 
[14] with target depth of 60X for tumor samples and 
30X for normal controls. Briefly, 500 ng of genomic 
DNA was used for library preparation using bead-based 
tagmentation. A dual-indexed paired-end read of 320 cycle 
run is conducted to complete the sequencing process on a 
NovaSeq 6000 system (Illumina, Inc.).

Structural variants calling

Sequencing reads were aligned to the GRCh38 
reference genome using BWA [15]. Somatic SV callers 
used in cancer research often show limited concordance, 
and combining multiple tools is recommended to reduce 
false positives [16]. For multi-site tumor samples with 
their matched normal blood control, we applied five 
somatic SV detection tools, including GRIDSS 2.13.2 
[17], DELLY 1.16 [18], SvABA 1.2.0 [19], Manta 1.6 
[20], and BRASS v6.2.1 [21], using default parameters. 
The detected SVs were first reformatted using AnnotSV 
3.4.1 [22], and merged using the SURVIVOR [23] 
merge function, considering breakpoints located within 
1,000 base pairs of each other as the same event. In 
HGSOC#1–#3, SVs detected by all five tools were 
considered as high-confidence SVs. In HGSOC#4, due to 
reduced SV detection associated with low tumor purity, 
the threshold was relaxed, and SVs supported by at least 
four of the five were considered as high-confidence. 

cfDNA isolation and quality control

cfDNA was isolated using QIAamp Circulating 
Nucleic Acid Kit (Qiagen, cat.#5514) per the 
manufacturer’s instructions. cfDNA was analyzed using 
cell-free DNA ScreenTape (Agilent, cat. #5067-5630) 
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and reagents (Agilent, cat. #5067-5631) by Agilent 2200 
TapeStation system (cat. #G2964AA). Concentrations 
were measured using Qubit™ dsDNA HS Assay Kit 
(Thermo Fisher Scientific, cat. #Q32851) by Qubit™ 4 
Fluorometer (Thermo Fisher Scientific, cat. #Q33238).

SV Breakpoints-spanning primers design

Coordinates sequences around the breakpoint 1 
(−150bp ~ +10bp) and breakpoint 2 (−10bp ~ +150bp) 
of SVs were acquired from UCSC Genome Browser 
using Genome Reference Consortium Human GRCh38.
p14 (GCA_000001405.29). The combined coordinate 
sequence of breakpoint 1 and 2 were used as a template for 
primers design by Primer3 [24]. Upstream primer located 
in breakpoint 1 coordinate and downstream primer located 
in breakpoint 2 coordinate were selected to ensure the 
amplicon spanning across both breakpoints of SV. Primers 
were tested by PCR using AmpliTaq Gold 360 Master Mix 
(Thermo Fisher Scientific, cat. #4398881). PCR amplicon 
was subjected to agarose gel electrophoresis for analysis. 

Custom TaqMan Probe design

PCR amplicon for each SV was cloned using TOPO 
TA Cloning Kit for Sequencing (Thermo Fisher Scientific, 
cat. #450030) and transformed into chemically competent 
bacteria (Thermo Fisher Scientific, cat. #C404010). 
Plasmids were isolated by QIAprep Spin Miniprep Kit 
(Qiagen, cat. #27104). Sanger sequencing was performed 
by the ATGC (The Advanced Technology Genomics 
Core) facility at UT MD Anderson to obtain the accurate 
coordinate sequences spanning breakpoints of SVs. 
Custom TaqMan probes (Thermo Fisher Scientific, cat. 
#4331348) were designed using the accurate coordinate 
sequences as templates.

Real-time PCR

Genomic DNA isolated from multisite biopsy 
specimens was used as templates for real-time PCR. SV 
breakpoints-spanning primers/custom TaqMan probes 
and TaqMan Fast Advanced Master Mix (Thermo Fisher 
Scientific, cat. #4444557) were utilized. The real-time 
PCR was performed by using QuantStudio 6 Pro (Applied 
Biosystems, Inc.) in a 96-well format. The relative 
concentration (ΔCq) of each SV was used for comparison, 
and it was calculated as follows: ΔCq = Cq(SV) - 
Cq(GAPDH). 

Digital droplet PCR (ddPCR)

ddPCR Supermix for Probes (No dUTP) (Bio-rad, 
cat. #1863024) was used for ddPCR reaction. QX200 
AutoDG Droplet Generator (Bio-rad, cat. #1864101) 
was used for droplet generation. Regular PCR was 

performed in droplets. QX200 Droplet Reader (Bio-
rad, cat. #1864003) was used for droplet reading. SVs 
concentrations were calculated to copies per ng DNA 
input. QuantaSoft Software (Bio-rad, Regulatory Edition 
#1864011) was used for analysis.

CONCLUSIONS

Chemotherapy is effective at inducing remission 
for most patients with HGSOC, yet relapse is frequent. 
Methods to interrogate characteristic molecular properties 
and disease burden are needed to better understand the 
mechanisms of HGSOC relapse. To address this unmet 
need, we developed and validated a novel cfDNA-based 
approach for tracking on-treatment clonal evolution 
using tumor-informed SVs. Our results demonstrate the 
feasibility of detecting tumor-informed SVs from pre-
treatment cfDNA using breakpoint-spanning ddPCR and 
may enable a novel and sensitive method for monitoring 
on-treatment disease burden. 
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