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ABSTRACT
Plasma circulating tumor DNA (ctDNA) analysis has emerged as a minimally invasive means to perform molecular tumor typing. Here we devel-
oped a custom ultra-sensitive ctDNA next-generation sequencing assay using molecular barcoding technology and off-the-shelf reagents com-
bined with bioinformatics tools for enhanced ctDNA analysis. Assay performance was assessed via a spike-in experiment and the technique
was applied to analyze 41 plasma samples from men with advanced prostate cancer. Orthogonal validation was performed using a commercial
assay. Sensitivity and specificity of 93 and 99.5% were recorded for ultra-rare somatic variants (<1%), with high concordance observed between
the in-house and commercial assays. The optimized protocol dramatically improved the efficiency of the assay and enabled the detection of
low-frequency somatic variants from plasma cell-free DNA (cfDNA).

METHOD SUMMARY
High-throughput multigene assays interrogating circulating tumor DNA (ctDNA) have the potential to significantly improve the field of precision
oncology. However, existing methods are expensive and lack the sensitivity required to identify ultra-rare somatic variants. Here we present
a next-generation sequencing assay that uses molecular barcoding to achieve a high sensitivity and specificity for ctDNA interrogation, while
mitigating the high costs associated with a high proportion of unusable sequencing reads.
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Advances in high-throughput technological platforms such as next-generation sequencing (NGS) have allowed comprehensive tumor
profiling, fueling the rapidly expanding field of precision oncology.

Although solid tissue biopsy is the current gold standard for molecular tumor typing, it has several shortcomings, including inva-
siveness, risk of complications, and difficulties obtaining sufficient material [1]. Additionally, spatial and temporal tumor heterogeneity
prevents single site biopsies from fully capturing the tumorigenic landscape and thus from identifying clinically relevant mutations [2,3].
These challenges are particularly apparent in advanced prostate cancer, which commonly metastasizes to bone and retroperitoneal
lymph nodes. Both locations are challenging sites to biopsy, frequently yielding minimal if any tumor content for analysis [4,5]. Therefore
minimally invasive approaches to profile the tumor genome are much more attractive in advanced prostate cancer.

The use of ctDNA – fragmented DNA shed into the circulation from tumor cells – is increasingly recognized as a minimally invasive
approach for interrogating the tumor landscape. However, ctDNA can be highly diluted with normal cell-free DNA (cfDNA, released into
the blood primarily by hematopoietic cells) [6], and thus robust liquid biopsy assays with high analytical sensitivity are required for ctDNA
to reach its full clinical potential.

Low-throughput candidate gene analysis approaches such as Droplet Digital PCR have shown high clinical utility in tumors that share
common genomic drivers, such as non-small-cell lung cancer [7,8]. However, single gene analyses are not optimal in tumors with high
intrapatient heterogeneity, or in the setting of biomarker discovery. In contrast, massively parallel NGS methodologies simplify multigene
testing, despite historically having lower sensitivities due to sequencing ‘noise’ and high error rates [1]. Recently, the use of hybrid capture-
based targeted molecular barcoding assays to generate error-corrected reads (Figure 1) has led to the ability to confidently detect variants
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Figure 1. Structure of the Illumina-compatible molecularly tagged cfDNA libraries generated using the ThruPLEX Tag-Seq protocol incorporated into
this assay. (A) The cfDNA insert is flanked by a stem sequence of 8–11 nucleotides in order to increase library complexity, followed by a unique
barcode sequence. (B) The process of error correction and variant identification used in molecularly tagged libraries. Sequencing reads are grouped
into ‘families’ – cfDNA fragment PCR duplicates that share the same unique barcode. Minority variants are attributable to PCR and/or sequencing
errors and are removed, increasing the validity of identified ‘majority’ variants.
cfDNA: Cell-free DNA; nt: Nucleotide.

at variant allelic fractions (VAFs) below 2% [1]. Unfortunately, high numbers of unusable off-target reads (up to 65%) that do not map to
regions of interest significantly reduces the economic viability of such assays in a clinical setting [9].

To address these limitations, we developed a protocol for the generation of molecularly barcoded libraries with targeted hybrid cap-
ture, using off-the-shelf reagents and bioinformatics tools to generate an end-to-end streamlined assay. We adapted three key strategies
to improve assay efficiency: first, adding a cocktail of four complementary, nonextendable custom oligonucleotides to mask degenerate
library sequences and mitigate an off-target effect known as ‘daisy-chaining’ that occurs when independent complementary sequences
bind to each other [10]; second, replacing primers used for post-capture enrichment in order to harmonize off-the-shelf kits; and third, per-
forming two rounds of targeted gene capture (double-captured sequencing, dCAP-Seq) with extra washes to further improve on-target
rate. Here we describe the characteristics and performance of our in-house assay, including a comparison with a commercial assay
using plasma samples from a cohort of advanced prostate cancer patients.

Patients, materials & methods
Study participants
Peripheral blood samples from a total of 44 men with metastatic castrate-resistant prostate cancer (mCRPC) commencing systemic
therapy were collected between September 2016 and August 2018 at Monash Health (Melbourne, Australia). Healthy donor samples
were collected from volunteers who self-reported as healthy, without a history of cancer, at Monash Health. Participants provided written
informed consent, with ethics approval obtained from the Monash Health Human Research Ethics Committee.

Sample collection, processing & DNA extraction
Peripheral blood (up to 30 ml for mCRPC cases, up to 300 ml for healthy controls) was collected in EDTA-containing or dedicated
cfDNA-stabilizing tubes (Streck, NE, USA) depending on estimated time to processing [1]. Tubes were centrifuged at 1900×g at 4◦C for
10 min. The resulting separated plasma and buffy coat (containing peripheral blood mononuclear cells; PBMCs) layers were isolated,
with plasma being further purified via a two-step centrifugation method (at 16,000×g for 10 min at 4◦C, with any resulting pellets being
discarded between each spin). Plasma and PBMCs were stored at -80◦C until batch processing.

cfDNA was extracted using the QIAamp circulating nucleic acid kit (Qiagen, Hilden, Germany) and eluted in 50 μl buffer AVE. Because
cfDNA fragments are between 150 and 500 bp in length [1], contaminating large molecular weight fragments (>500 bp) were removed
using a 0.5:1 ratio of AMPure XP paramagnetic beads (Beckman Coulter, CA, USA) [11]. The size distribution, quality and quantity of the re-
sulting cfDNA were assessed using automated gel electrophoresis (Agilent TapeStation 2200 with High Sensitivity D1000 ScreenTapes,
and Expert software; Agilent, CA, USA) and the Qubit double-stranded DNA high-sensitivity assay (Thermo Fisher Scientific, MA, USA).

Germline DNA was extracted from PBMCs using the QIAamp DNA blood mini kit (Qiagen) and eluted in 200μl buffer AE. DNA was then
sheared to 150–200 bp in length using ultrasonication (Covaris, NC, USA) in order to match cfDNA fragment length, and quantification
and quality control procedures were performed as for the extracted cfDNA.
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Panel design
Genes were selected based on publicly available mutational data across 1047 advanced prostate cancer samples available at cBioPor-
tal [12]. Forty-two commonly mutated genes of clinical relevance for prostate cancer (Supplementary Table 1) were selected to increase
the likelihood of detecting an aberration while also limiting the genomic size of the panel.

The 42-gene panel was designed using the SureDesign software (Agilent). A pool of 5760 120-mer biotinylated RNA oligonucleotide
‘baits’ was designed to target the coding regions of the 42 genes, along with 1042 single nucleotide polymorphism (SNP) loci. The
SNP targets were evenly distributed across the genome to improve whole-chromosomal coverage for large duplication/deletion event
identification, as well as serving as a patient-specific DNA ‘fingerprint’ to allow confirmation of individuals across longitudinal sampling.
Exonic regions had 2× bait tiling, while SNP regions had 1×, resulting in a total library size of 447.031 kbp.

Library construction
A total of 25–50 ng of DNA was used to generate indexed and barcoded (Figure 1) cfDNA and paired genomic DNA libraries using
the ThruPLEX Tag-Seq kit (Takaro Bio, CA, USA). Library fragment sizes were confirmed and double-stranded DNA quantified using the
Tapestation 2200 and Qubit, as previously described. Samples yielding ≥400 ng proceeded to hybridization capture.

Hybridization capture, sequencing & data processing
The SureSelectXT target enrichment system (Agilent) was used on DNA libraries between 400 and 750 ng. Protocol modifications were
introduced to improve assay efficiency and on-target rate (see ’Assay optimization’ in Results section). Final capture libraries were
assessed via quantitative PCR (KAPA SYBR FAST qPCR kit; Roche, Basel, Switzerland), and pooled in equimolar amounts. Up to four
cfDNA libraries were loaded onto an Illumina HiSeq 2500 2×150-bp flow cell and sequenced using the Rapid Run mode by a service
provider.

Raw read pairs were demultiplexed using per-sample indices and mapped to the human reference genome hg19 using BWA-MEM
(v0.7.12) and converted to bam files for further analysis (Samtools v1.6). Mapped reads were then demultiplexed based on the sequence
of molecular barcodes on both ends of the read using Connor (v0.5; https://github.com/umich-brcf-bioinf/Connor). This software identi-
fies PCR duplicates by grouping reads that share the same molecular barcode into ‘families’ (Figure 1). Only reads with perfectly matching
barcodes and at least three replicates were clustered together as a family to increase the validity of each base call. Error correction was
performed on a per-family basis to generate a single collapsed read, with each base called if a consensus frequency of >0.6 was reached.

Variant identification
Somatic variant identification was performed using VarDict (v1.5.8) in paired sample mode using standard filter settings, with the ex-
ception of minimum variant frequency (reduced to 0.001%) [13]. Somatic and germline variants (small indels and single nucleotide vari-
ants) were filtered and identified from paired VCF (variant call format) files annotated using VarSeq (v2, Golden Helix, Inc., MT, USA;
www.goldenhelix.com) [14]. Only rare intragenic loss-of-function or missense variants with a CADD PHRED [15] score ≥20 variants termed
‘strong somatic’ by VarDict (i.e., only found in the cfDNA sample) with a minimum read depth of 500× and at least three supporting con-
sensus reads were considered for downstream manual curation. cfDNA variants that were also present in the matched PBMC sample
at VAF >5% were assumed to be derived from clonal hematopoiesis and removed. Germline variants were required to have at least 8×
consensus read coverage. Manual curation was performed by visualizing VCF files using Integrative Genomics Viewer (Broad Institute,
MA, USA) in order to remove any remaining sequencing artifacts (suspected polymorphic variants present across multiple independent
patient samples, variants in homopolymeric regions or in ‘messy’ regions with multiple low-quality calls).

Copy number analysis
Copy number variants (CNVs) were identified using VarSeq CNV caller (Golden Helix). Coverage log ratios were calculated against a
median reference generated using germline DNA samples that underwent the same library preparation and sequencing process. Only
references with an overall divergence from the cfDNA sample of <30% were used for CNV calling. Copy number gains were required to
have a p-value of <0.0001, a z-score of >0.25, and a minimum target depth of 50×. Deletions were required to have either a coverage
ratio of <0.87 and a p-value of <0.00001, or have a coverage ratio of <0.7, a p-value of <0.05, and a z-score of <-0.85. Further details
are presented at http://protocols.io/view/an-error-corrected-panel-based-next-generation-seq-bb3siqne.

Spike-in experiment
Plasma samples were obtained from two healthy donors (A and B). Individual B’s cfDNA was spiked into individual A’s cfDNA in known
ratios (1, 0.5, 0.25 and 0.1%). Targeted sequencing data were generated and processed as described above. VarSeq was then utilized
to identify loci where the two samples were of opposite genotypes, that is, sample A was homozygous to the reference and sample B
was homozygous alternate. The result was 133 variants across 21 chromosomes that were expected to be heterozygous in the spiked-in
samples (true positive variant calls). In addition, true negative calls were defined as loci in which both donors were homozygous alternate
and where spiked-in samples were thus expected to be homozygous alternate (142 loci across 22 chromosomes).
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Figure 2. Total cfDNA yields in nanograms per milliliter of plasma obtained from 41 men with metastatic castrate-resistant prostate cancer. DNA was
extracted from 5 ml plasma. Median and interquartile range indicated (nonparametric data). Samples above the dashed line yielded a minimum of
50 ng cfDNA for library preparation.
cfDNA: Cell-free DNA.

Sequencing by an independent commercial assay
Whole blood from 41 patients was processed and sequenced in our facility as above, with a minimum of 5 ml of frozen plasma and
matched buffy coat additionally being shipped for testing using an independent panel-based NGS assay that also uses molecular bar-
coding and hybridization capture to assess 90 cancer-related genes. Eighteen of the 42 genes included on our panel were also present
in the commercial assay gene panel. A variant report was returned, with raw sequencing data not available for analysis.

Results & discussion
Determination of DNA input
Optimal DNA input for library preparation was determined based on the feasibility of obtaining such an amount from the majority of
patients. Total cfDNA was extracted and quantified from the plasma of 41 men with mCRPC. A median of 29 ng were extracted per
milliliter of plasma, with >92% (38/41) samples yielding at least 50 ng (the library input maximum) from 5 ml of plasma (Figure 2).
Because cfDNA input into NGS assays is inversely correlated with the limit of detection for variant alleles [16], the ThruPLEX Tag-Seq
and SureSelectXT protocols (including amplification cycles) were optimized for 50 ng input.

Assay optimization
To determine initial assay performance and on-target rate, three patient cfDNA libraries were prepared using the ThruPLEX Tag-Seq kit.
Our custom probe set was then used in tandem with the Agilent SureSelectXT target enrichment system, which performs targeted hy-
bridization capture, with two key modifications. First, SureSelect Block 3 was replaced with a cocktail of four complementary, nonextend-
able custom oligonucleotides (Integrated DNA Technologies, IA, USA) to mitigate the ‘daisy-chaining’ of degenerate library sequences
that enables off-target capture [10]. Secondly, during post-capture PCR enrichment (16 cycles), the SureSelect ILM forward primer was
replaced with 0.5 μM Illumina P5 and P7 primers (Integrated DNA Technologies) in order to allow tandem use of the two kits. Primer
and oligonucleotide sequences are available as Supplementary materials.

Following sequencing, an average of 38 million reads were obtained from the three patient libraries, with 35–42% of reads mapping
to target regions (Supplementary Table 2). This low on-target rate was not unexpected and has been observed with small hybrid capture
sequencing panels with low input DNA, impacting both assay cost-efficacy and sensitivity [17,18]. We hypothesized that the on-target
rate could be improved by two further modifications to the protocol: first, increasing the post-capture washes (four washes with 400 μl
WB2 for 20 min each) to remove mismatched and thus weakly binding library fragments; and second, performing dCAP-Seq (a second
capture for 5 h followed by a further five cycles of amplification) to further enrich for targeted libraries [9]. Adopting these strategies, a
further 41 patient samples were sequenced, with a significant improvement in on-target rate to a median of 88% (p < 0.001, two-tailed
Mann–Whitney U test; Supplementary Table 3). Crucially, only 0.16–0.23% of the target region lacked sequencing read coverage, which
is advantageous compared with the large gaps of coverage that can be observed with amplicon sequencing panels [19].
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Figure 3. Expected variant allelic fraction versus observed variant allelic fraction. Results are shown for the 133 variants identified in the cfDNA mixing
experiment. Mean and 95% CI indicated.
cfDNA: Cell-free DNA.

Table 1. Sensitivity and specificity calculations at various variant allele fractions generated during the cfDNA spike-in experi-
ment.
Variant allelic fraction Sensitivity Specificity

1% 93% 99.5%

0.5% 93% 99.5%

0.25% 78.5% 99.5%

0.1% 25% 99.5%

To further improve assay performance and cost efficiency, molecular barcoding and associated family sizes were also assessed to
ensure we were not over-sequencing or over-amplifying the patient libraries. A minimum of three reads are required to form a family,
with a consensus call only made if at least two of the three (>66%) share the same base at the same position; smaller family sizes
(<10 reads) are therefore optimal for error correction, with larger families providing no further information and only serving to increase
sequencing costs. We assessed family sizes across the 41 patient samples and found that with a median of 59.2 million reads obtained
per sample, over 78% of families were between three and ten reads (Supplementary Figure 1). This confirms the optimal use of molecular
barcoding.

Assay limit of detection, sensitivity & specificity
A median of 70 million reads were generated per spike-in sample. After deduplication and error correction, a median depth of 2632×
was obtained (Supplementary Table 4). The expected versus observed allelic frequencies for each titration are shown in Figure 3. Assay
sensitivity was determined for each simulated allelic frequency by dividing the number of identified true positive SNPs by the total number
of true positives, while specificity was determined by dividing the number of identified true negatives by the identified true negatives plus
the number of false positives (loci at which alleles other than those already expected were called) (Table 1).

From our spike-in experiment, we determined that our assay had a sensitivity of 93% and specificity greater than 99% for VAFs of
0.5% or above. The assay retained high specificity for lower VAFs while still having the capability to identify variants down to 0.25% allelic
frequency.
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Figure 4. Allelic frequencies (%) of somatic variants identified in both the in-house and commercial targeted panel assays (n = 35). Spearman rank
correlation used (two-tailed, nonparametric data).
VAF: Variant allelic fraction.

Assay concordance with commercial assay
cfDNA and DNA extracted from matched buffy coat samples from 41 men with mCRPC were concurrently sequenced by an independent
commercial laboratory using an error-corrected hybrid capture panel paired with Illumina deep sequencing. The full coding regions of
18 genes were shared between the two panels. The median error-corrected depth for the commercial assay was 7812×.

Using our in-house assay, a total of 63 CNVs were identified across 12 genes, representing 41 losses and 22 gains (Supplementary
Table 5). The most common alterations were AR gain (8/41; 20%), and PTEN and RB1 loss (both 14/41; 34%). 51 of these CNVs were
concurrently identified using the commercial assay, leading to an assay concordance of 81%. The 12 nonconcordant CNVs comprised 8
copy number losses and 4 gains.

We also compared detection of somatic variants between the platforms. The identification of ultra-rare somatic variants (VAFs <1%)
can vary significantly between platforms [20–22]; for example, a recent study comparing four different NGS liquid biopsy assays found
an average paired concordance rate of only 55% [21]. The variable performance between individual assays is likely attributable to a lack
of standardization across the liquid biopsy workflow, including plasma processing, cfDNA input, on-target rate, sequencing read depth,
uniformity of coverage, and bioinformatics processing pipelines [23–25]. Stochastic sampling errors further reduce the likelihood of
identifying these ultra-rare variants. Such discrepancies highlight the requirement for standardized methodologies in future [26].

For these reasons, we only assessed concordance between our in-house and commercial assay for variants at a VAF of >1% (Sup-
plementary Table 6). Of the 38 somatic variants (including single nucleotide variants and small insertions/deletions) identified across
7 genes using our assay, 35 (92%) were validated using the commercial assay. The three unconfirmed alterations were AR T878A (1.2%
VAF), AR V716M (44% VAF), and CTNNB1 I588V (6% VAF). All three variants were subsequently confirmed in a serial plasma sample se-
quenced and analyzed as above (Supplementary Table 6). For concordant variants, VAF was highly correlated between the two assays
(Figure 4), with a correlation coefficient of 0.96 (p < 0.001, Spearman rank correlation).

Limitations of this report include the lack of orthogonal validation data for ultra-low-frequency variants in the cohort of mCRPC
patients and the limited information available on the commercial assay methodology, including access to raw sequencing data.

We demonstrate the high sensitivity and specificity of a customized, end-to-end targeted sequencing assay using optimized off-
the-shelf reagents with molecular barcoding technology, along with readily available bioinformatics tools. Our assay can reliably detect
ultra-rare variants (under 1% VAF) with a low false-positive rate, and exhibited high concordance with an existing commercial assay.

Future perspective
High-throughput ctDNA analysis has the potential to offer minimally invasive, cost-effective and comprehensive profiling of tumor land-
scapes in both the research and clinical settings, and is likely to continue to rise in popularity. Further technological advancements and
increases in assay sensitivity will allow increased use of liquid biopsies in early stage diagnosis, minimal residual disease monitoring and
the identification of small subpopulations of treatment-resistant clones. As such, there exists a growing need to identify standardized
protocols for ctDNA analysis for the future clinical implementation of liquid biopsies such as the one described here.
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