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Abstract

The major DNA sequencing technologies in use today produce either highly-accurate
short reads or noisy long reads. We developed a protocol based on single-molecule,
circular consensus sequencing (CCS) to generate highly-accurate (99.8%) long reads
averaging 13.5 kb and applied it to sequence the well-characterized human
HGO02/NA24385. We optimized existing tools to comprehensively detect variants,
achieving precision and recall above 99.91% for SNVs, 95.98% for indels, and 95.99%
for structural variants. We estimate that 2,434 discordances are correctable mistakes in
the high-quality Genome in a Bottle benchmark. Nearly all (99.64%) variants are
phased into haplotypes, which further improves variant detection. De novo assembly
produces a highly contiguous and accurate genome with contig N50 above 15 Mb and
concordance of 99.998%. CCS reads match short reads for small variant detection,
while enabling structural variant detection and de novo assembly at similar contiguity

and markedly higher concordance than noisy long reads.
https://www.biorxiv.org/content/10.1101/519025v2 --posted January 23, 2019
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Figure 1. Sequencing HG002 with highly-accurate, long reads. (a) Circular
consensus sequencing (CCS) derives a consensus read from multiple passes of a
single template molecule, producing accurate reads from noisy individual subreads
(passes). (b) Predicted accuracy of CCS reads with different numbers of passes, for
sequencing of the human male HG002. At 10 passes, the median read achieves Q30
predicted accuracy. (c) Length and predicted accuracy of CCS reads.

a Input 3-6 pg DNA
(GIAB HG002)
(FU] 50 bp - 17 kb ladder
100 SMRThell library I
15kb to 20kb shear % [ i
with Megaruptor &0 ‘ ‘ } 1\'| /1
40 | | | | |I | '.;l l II-
‘ 22 _.—llul | | ! '..l-L.r-./l‘-‘ilT-.. 5 '-,I"_ . g s
SMRTbell library ? & g§
construction -
[FU] ELF & kb fraction
i | 120 ELF 11 kb fraction |
100 ELF 15 kb fraction
gn ELF 18 kb fraction
Size fractionation B0 ﬂa
on SageELF 40| | ||:i a e
20| | | 'I I
] T— e
& o [br]
§ 83
Sequencing on
Sequel System d [FU] ELF 15 kb fraction
120 [k
; 100,
=i
60 IRWAIR\
Base calling :2_ A A

.

i] s :
17,000 bp

Supplementary Figure 1. CCS protocol. {a) Sample preparation and sequencing
workflow. (b) BioAnalyzer trace for the SMRTbell library, sheared to target 15-20 kb
fragments. “FU" is fluorescence units. (c) BioAnalyzer trace for ELF fractions of the

SMRTbell library. (d) The fraction centered around 15 kb was used for sequencing.

Pippin HT

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

CANCER

Enhanced detection of circulating tumor DNA by
fragment size analysis
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Existing methods to improve detection of circulating tumor DNA (ctDNA) have focused on genomic alterations
but have rarely considered the biological properties of plasma cell-free DNA (cfDNA). We hypothesized that differ-
ences in fragment lengths of circulating DNA could be exploited to enhance sensitivity for detecting the presence
of ctDNA and for noninvasive genomic analysis of cancer. We surveyed ctDNA fragment sizes in 344 plasma samples
from 200 patients with cancer using low-pass whole-genome sequencing (0.4x). To establish the size distribution
of mutant ctDNA, tumor-guided personalized deep sequencing was performed in 19 patients. We detected
enrichment of ctDNA in fragment sizes between 90 and 150 bp and developed methods for in vitro and in silico
size selection of these fragments. Selecting fragments between 90 and 150 bp improved detection of tumor DNA,
with more than twofold median enrichment in >95% of cases and more than fourfold enrichmentin >10% of cases.
Analysis of size-selected cfDNA identified clinically actionable mutations and copy number alterations that were
otherwise not detected. Identification of plasma samples from patients with advanced cancer was improved by
predictive models integrating fragment length and copy number analysis of cfDNA, with area under the curve
(AUC) >0.99 compared to AUC <0.80 without fragmentation features. Increased identification of cfDNA from pa-
tients with glioma, renal, and pancreatic cancer was achieved with AUC > 0.91 compared to AUC < 0.5 without
fragmentation features. Fragment size analysis and selective sequencing of specific fragment sizes can boost ctDNA
detection and could complement or provide an alternative to deeper sequencing of cfDNA.

Mouliere et al., Sci. Transl. Med. 10, eaatd4921 (2018) 7 November 2018
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Fig. 3. Enhancing the tumor fraction from plasma sequencing with size selection. (A) Plasma samples collected from patients with ovarian cancer were analyzed in
parallel without size selection or using either in silico or in vitro size selection. (B) Accuracy of the in vitro and in silico size selection determined on a cohort of 20 healthy
controls. The size distribution before size selection is shown in green, after in silico size selection (with sharp cutoff at 90 and 150 bp) in blue and after in vitro size selection
in orange. Vertical lines indicate 90 and 150 bp. (C) SCNA analysis with sWGS from plasma DNA of a patient with ovarian cancer collected before initiation of treatment,
when ctDNA MAF was 0.271 for a TP53 mutation as determined by tagged-amplicon deep sequencing (TAm-5eq). Inferred amplifications are shown in blue and deletions
in orange. Copy number neutral regions are shown in gray. (D) SCNA analysis of a plasma sample from the same patient as in (C), collected 3 weeks after treatment start.
The MAF for the TP53 mutation at this time point was 0.068, and sWGS revealed only limited evidence of copy number alterations (before size selection). (E) Analysis of
the same plasma sample as in (D) after in vitro size selection of fragments between 90 and 150 bp in length. The MAF for the TP53 mutation increased to 0.402 after in
vitro size selection, and 5CNAs were apparent by sWG5. More SCNAs were detected in comparison to (C) and (D) (for example, in chr2, chr9, and chr10). 5SCNAs were also
detected in this sample after in silico size selection (fig. 57).

Materials and Methods

In vitro size selection. Between 8-20 ng of DNA were loaded Into a 3% agarose
cassette (HTC3010, Sage Bioscience), and size selection was performed on a
PippinHT (Sage Bioscience) according to the manufacturer's protocol.
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