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            Abstract
Clinical applications of precision oncology require accurate tests that can distinguish true cancer-specific mutations from errors introduced at each step of next-generation sequencing (NGS). To date, no bulk sequencing study has addressed the effects of cross-site reproducibility, nor the biological, technical and computational factors that influence variant identification. Here we report a systematic interrogation of somatic mutations in paired tumor–normal cell lines to identify factors affecting detection reproducibility and accuracy at six different centers. Using whole-genome sequencing (WGS) and whole-exome sequencing (WES), we evaluated the reproducibility of different sample types with varying input amount and tumor purity, and multiple library construction protocols, followed by processing with nine bioinformatics pipelines. We found that read coverage and callers affected both WGS and WES reproducibility, but WES performance was influenced by insert fragment size, genomic copy content and the global imbalance score (GIV; G > T/C > A). Finally, taking into account library preparation protocol, tumor content, read coverage and bioinformatics processes concomitantly, we recommend actionable practices to improve the reproducibility and accuracy of NGS experiments for cancer mutation detection.
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                    Fig. 1: Study design and read quality.[image: ]


Fig. 2: Mutation calling reproducibility.[image: ]


Fig. 3: Nonanalytical factors affecting mutation calling.[image: ]


Fig. 4: Bioinformatics for enhanced calling.[image: ]


Fig. 5: Biological repeats versus analytical repeats.[image: ]
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                Data availability

              
              All raw data (FASTQ files) are available on NCBI’s SRA database (SRP162370). The call set for somatic mutations in HCC1395, VCF files derived from individual WES and WGS runs, bam files for BWA-MEM alignments and source codes are available on NCBI’s ftp site (http://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/seqc/Somatic_Mutation_WG/).

            

Code availability

              
              The code used to create figures and tables is deposited on GitHub under a BSD 2-Clause open-source license tagged at https://github.com/bioinform/somaticseq/tree/seqc2/utilities/Code_for_Figures/best_practices_manuscript. A snapshot can also be downloaded at https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/seqc/Somatic_Mutation_WG/tools/.
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Extended data

Extended Data Fig. 1 Study design to capture “wet lab” factors affecting sequencing quality.
DNA was extracted from either fresh cells or FFPE processed cells (formalin fixation time of 1, 2, 6, or 24 hours). Both fresh DNA and FFPE DNA were profiled on WGS and WES platforms. For fresh DNA, six centers (Fudan University (FD), Illumina (IL), Novartis (NV), European Infrastructure for Translational Medicine (EA), National Cancer Institute (NC), and Loma Linda University (LL)) performed WGS and WES in parallel following manufacturer recommended protocols with limited deviation. Three of the six sequencing centers (FD, IL, and NV) generated library preparation in triplicate. For FFPE samples, each fixation time point had six blocks that were sequenced at two different centers (IL and GeneWiz (GZ)). Three library preparation protocols (TruSeq PCR-free, TruSeq-Nano, and Nextera Flex) were used with four different quantities of DNA input (1, 10, 100, and 250 ng) and sequenced by IL and LL. DNAs from HCC1395 and HCC1395BL were pooled at various ratios to create mixtures of 75%, 50%, 20%, 10%, and 5%. All libraries from these experiments were sequenced in triplicate on the HiSeq series by Genentech (GT). In addition, nine libraries using the TruSeq PCR-free preparation were run on a NovaSeq for WGS analysis by IL. Sample naming convention (example: WGS_FD_N_1): First field was used for sequencing study: Whole genome sequencing (WGS), Whole exome sequencing (WES), WGS on FFPE sample (FFG), WES on FFPE sample (FFX), WGS on library preparation protocol (LBP), WGS on tumor purity (SPP); Second field was used for sequencing centers, EA, FD, IL, LL, NC, NV, GT, and GZ or sequencing technologies, HiSeq (HS) and NovaSeq (NS); Third field was used for tumor (T) or normal (N); The last field was used for the number of repeats. *WGS performed only on Mixture (tumor purity) samples. ** WGS and WES performed only on FFPE samples.


Extended Data Fig. 2 Read mapping quality statistics.
(a) Percentage of reads mapped to target regions (SureSelect V6 + UTR) and G/C content for WES runs on fresh or FFPE DNA. (b) Read quality from three WGS library preparation kits (TruSeq PCRfree, TruSeq-Nano, and Nextera Flex) on fresh or FFPE DNA. (c) Distribution of GIV scores in WGS and WES runs. For detailed statistics regarding the boxplot, please refer to Supplementary Table 5.


Extended Data Fig. 3 Overall read quality distribution for all WES and WGS runs.
(a) Median insert fragment size of WES and WGS run on fresh and FFPE DNA. (b) G/C read content for WES and WGS runs. (c) Overall read redundancy for WES and WGS runs. Some outliers were observed in WGS on fresh DNA, which were from runs of TruSeq-Nano with 1 ng of DNA input. (d) Overall percentage of reads mapped to target regions for WES runs for fresh and FFPE DNA. For detailed statistics regarding the boxplot, please refer to Supplementary Table 6.


Extended Data Fig. 4 Mutation calling repeatability and O_Score distribution.
(a) Distribution of O_Score of three callers (MuTect2, Strelka2, and SomaticSniper) for twelve WGS and WES runs on BWA alignments. For detailed statistics regarding the boxplot, please refer to Supplementary Table 7. (b) “Tornado” plot of reproducibility between twelve WGS runs on the HiSeq series (2500, 4000, and X10) and nine WGS runs on the NovaSeq (S6000). SNVs/indels were called by Strelka2 on BWA alignments.


Extended Data Fig. 5 Source of variance in reproducibility measured by O_Score.
Actual by Predicted plot of WGS (a) and WES (b). A total of 8 variables (WGS) or 13 variables (WES), including 2-degree interactions, were included in the fixed effect linear model. 36 samples were used to derive statistics for both WES and WGS. The central blue line is the mean. The shaded region represents the 95% confidence interval.


Extended Data Fig. 6 Effect of post alignment processing on precision and recall of WES and WGS run on FFPE DNA.
(a) Precision and recall of mutation calls by Strelka2 on BWA alignments. A single library of FFPE DNA (FFX) and three libraries of fresh DNA (EA_1, FD_1, and NV_1) were run on a WES platform. Resulting reads were either processed by the BFC tool or by Trimmomatic. Processed FASTQ files were then aligned by BWA and called by Strelka2. Precision and recall were derived by matching calling results with the truth set. (b) Precision and recall of mutation calls by three callers, MuTect2 (blue), Strelka2 (green), and SomaticSniper (red), on BWA alignments without or with GATK post alignment process (indel realignment & BQSR).


Extended Data Fig. 7 Jaccard index scores to measure reproducibility of SNVs called by three callers.
Box plot of Jaccard scores of inter-center, intra-center, and overall pair of SNV call sets from two WGS or WES runs. SNVs were divided into three groups; Repeatable: SNVs defined in the truth set of the reference call set; Gray zone: SNVs not defined as “truth” in the reference call set; Non-Repeatable: SNVs were not in the reference call set. For detailed statistics regarding the boxplot, please refer to Supplementary Table 8.


Extended Data Fig. 8 Sources of variation in Jaccard index.
(a) Summary of factor effects. Twenty-five factors, including five original factors, ten 2-way interactions, and ten 3-way interactions were evaluated in the model. Both P values (derived from F-test) and their LogWorth (-log10 (P value)) are included in the summary plot. The factors are ordered by their LogWorth values. (b) Least square means of caller*pair_group*platform interaction. The height of the markers represents the adjusted least square means, and the bars represent confidence intervals of the means. (c) Least square means SNV_subset*pair_group*platform interaction. The height of the markers represents the adjusted least square means, and the bars represent confidence intervals of the means. 3168 samples were used to derive these statistics. (d) Student’s t-test for platform*pair_group interaction with SNV calls from three callers, MuTect2, Strelka2, and SomaticSniper. The left two panels compare Jaccard indices between intra-center and inter-center for WGS and WES, respectively. The right two panels compare Jaccard indices between WGS and WES for inter-center and intra-center pairs, respectively. Prob > |t| is the two-tailed test P value, and Prob>t is the one-tailed test P value.


Extended Data Fig. 9 WGS vs. WES platform-specific mutations and allele frequency calling accuracy.
Cumulative VAF plot of precision (a), recall (b), and F-Score (c) for three callers (MuTect2, Strelka2, and SomaticSniper) on WES and WGS runs.


Extended Data Fig. 10 Mutation allele frequency and coverage depth in WES and WGS sample.
Scatter plot of allele frequency and coverage depth by three callers, MuTect2, Strelka2, and SomaticSniper in one example WES sample (a) or WGS sample (b). (c) Boxplot of read depth on called mutations in WES or WGS. For detailed statistics regarding the boxplot, please refer to Supplementary Table 9.
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