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Abstract

Oxidative damage can introduce G>T mutations upon DNA replication. When this damage occurs ex vivo, sequenced DNA exhibits strand
asymmetry, whereby sequence alignment yields G>T mismatches without corresponding C>A mismatches on the complementary strand
at a given locus. Strand asymmetry is used to identify potential sequencing artefacts in somatic variant calls in cancer sequencing projects.
Consistent with previous studies, we found that the strandedness of this asymmetry is frequently shared across targeted capture regions.
However, while some exome sequencing datasets displayed consistent asymmetry relative to the forward reference strand, some surprisingly
showed asymmetry relative to the transcription strand. Though oxidation is the principle cause of artefactual G>T mutations, we propose that the
asymmetry stems from the use of single-stranded exome capture probes, as we did not find consistent asymmetry in matched whole genome
sequencing. We further propose that high levels of asymmetry can be indicative of oxidation artefacts in the reported somatic variant calls of
some samples. While most analysed cohorts showed low to moderate asymmetry, in one cohort (testicular germ cell tumour), approximately
half of the reported G>T somatic mutations were likely to be oxidative damage artefacts, as indicated by the extent of asymmetry in mismatches

and variants.

Introduction

In paired-end next-generation sequencing (NGS), orientation
bias is a phenomenon in which the evidence for an alternative
allele at a given locus is asymmetrically present on forward-
versus reverse-aligning DNA fragments. It is strongly asso-
ciated with artefactual oxidative G>T mutations [1]. Such
mutations arise through the oxidation of guanine to 8-oxo-
guanine (8-0xo-G), followed first by replication of 8-oxo-G
via non-canonical Hoogsteen base pairing between syn-8-oxo-
G and adenine, rather than canonical pairing with cytosine,
and subsequent replication of adenine to thymine [2, 3]. Due
to this two-step mutation mechanism, 8-oxo-G mutations can
show strong orientation bias when they occur ex vivo during
sequencing library replication steps such as polymerase chain
reaction (PCR): mutations are present only on the DNA frag-
ments replicated from the original 8-oxo-G strand, but not on
those of the complement strand. A similar mechanism is also
seen in cytosine deamination artefacts, which commonly arise
from formalin-fixed paraffin-embedded (FFPE) samples and
display similar orientation bias [4-6].

For a given sequencing read on Illumina platforms, palin-
dromic sequencing adapters make it possible to identify
the parent and complement strands of the original double-
stranded DNA (dsDNA) fragment after sequencing; coupled
with the alignment direction of the reads, it is further possi-
ble to determine whether the parental strand belonged to the
reference genome strand or the complement [7]. In the case
of 8-0x0-G, true oxidative G>T mutations can occur i vivo

as a result of oxidative stress, as seen in mutational signa-
ture SBS18 [8-10]. These in vivo mutations result in a mu-
tated base pair, evidence for which propagates through both
strands after adapter ligation and further library preparation,
and thus no significant orientation bias is present [7]. When 8-
0x0-G mutations instead display an asymmetric proportion of
mismatches originating from the parent strand over the com-
plement (or vice versa), this orientation bias is characteristic
evidence of an 8-0x0-G ex vivo technical artefact. As a result,
these mutations should not be considered to be true biological
variants or somatic mutations [1, 7].

Somatic variant callers such as GATK Mutect2 and filter-
ing tools such as SOBDetector use orientation bias to identify
and remove G>T artefacts. This is primarily done by calcu-
lating the fraction of alternative-allele-supporting reads that
are forward strand reads (reads with F1 and R2 orientation
in paired-end sequencing) at a given putatively mutated site
[1, 6, 11, 12]. Costello et al. and Chen et al. further demon-
strated through their respective ArtQ and Global Imbalance
Value (GIV) metrics that there is measurable orientation asym-
metry across loci, suggesting that the direction of orienta-
tion bias can be conserved across loci in a sequencing sample
1, 7).

In this work, we further investigate G>T bias across
loci. Using both tumour whole exome sequencing (WES)
and whole genome sequencing (WGS) data from The Can-
cer Genome Atlas (TCGA), as well as germline WES data
from the UK Biobank (UKB), we demonstrate that the
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characteristic asymmetric evidence for G>T artefacts can be
consistently enriched on one DNA strand across loci in a sam-
ple. However, we further propose that the direction of this bias
results from the use of single-stranded WES capture kits, such
that the otherwise consistent direction of asymmetric enrich-
ment can also reverse in accordance with the DNA strand that
is targeted by the capture kit probes at that locus.

We suggest that the target strand be considered when fil-
tering for G>T artefacts so as to increase the probability of
removing true negative G>T variants that are consistent with
the pattern of asymmetry by target strand, and reduce the
probability of incorrectly removing true positives when the
direction of asymmetry is inconsistent with this pattern.

As previously highlighted by Chen et al. in the TCGA lung
adenocarcinoma cohort, we also point out that similar consis-
tent asymmetry is found in the number of G>T versus C>A
variant calls reported in other TCGA cohorts; in particular,
the TCGA testicular germ cell tumour cohort displays a very
high proportion of reported somatic mutations that are likely
oxidative damage artefacts even after existing filtering meth-
ods have been applied.

Materials and methods

Whole exome and whole genome sequencing data

From all TCGA WES samples, we identified the most com-
monly used whole exome capture kit, NimbleGen SeqCap EZ
HGSC VCRome v2.1 (catalogue ID: 06465668001), which
was used in 1101 WES samples. Analysis was limited to
TCGA cases that have both WES and WGS data for com-
parison, as well as Mutect2 variant calls, leaving 693 cases
from 9 TCGA cohorts with WES, WGS, and variant call data.
WGS samples were subset to chromosome 21 to reduce com-
putation, and subset to the same capture kit regions as the
exome samples.

From the UK Biobank, we analysed alignment files and
plink2 [13] formatted genotypes from the October 2020 UKB
release. From the 200 643 samples in the UKB release, we re-
stricted analysis to individuals who self-identified as “White
British” and who clustered as such in principal component
analysis (PCA) to avoid population structure effects in variant
analysis, leaving 165 519 individuals. For all analyses, data
files were subset using the relevant sequencing capture kit, In-
tegrated DNA Technologies (IDT) xGen Exome Hyb Panel
v1. Genotype files were converted to multi-sample BCF for-
mat prior to analysis. Analysis of UKB samples was restricted
only to G>T mismatches and variants due to cohort size and
computation time required.

Alignment mismatch analysis

To examine the presence of asymmetry in single-nucleotide
alignment mismatches, we created a custom pipeline to count
high-confidence mismatches to the reference genome. BAM
files were primarily manipulated using Samtools [14], then
post-processed and analysed with AWK and Python 3.

We first filtered alignments to remove lower quality reads,
which included reads that were secondary, supplementary,
or duplicate alignments; that were unmapped or had an un-
mapped mate; that had failed vendor quality control; or that
had a mapping quality <60. We then subset these filtered
BAM files using the NimbleGen VCRome capture kit, and
split each file by coding strand direction, as annotated in the

capture kit BED file. For each coding strand-specific BAM file,
we used Samtools to produce pileup files, restricting pileup to
bases with a base quality score of at least 37. Sites without
mismatches were removed with AWK prior to parsing with
Python. We then restricted analysis only to sites with a sin-
gle mismatch to remove true biological variation and leave
only mismatches most likely to be technical artefacts. Finally,
we tallied each single-base mismatch type (C>T, G>A etc.)
by coding direction per sample, then normalized each count
by the nucleotide composition of the captured exome. These
counts were used to test for two forms of mismatch incidence
bias: asymmetry relative to the forward strand of the refer-
ence genome (which we refer to asymmetry by the reference
strand), in which mismatches occur asymmetrically between
the forward and reverse strands of the reference genome; and
asymmetry by transcription strand, in which mismatches oc-
cur asymmetrically between the coding and template strands.

Asymmetry by reference strand of a given mismatch type
(e.g. G>T) was calculated as the ratio of the number of mis-
matches of that type relative to the forward strand of the ref-
erence genome versus the number of mismatches against the
reverse strand, or equivalently, versus the number of comple-
mentary mismatches (e.g. C>A) against the forward strand.
Asymmetry by transcription strand of a given mismatch type
was calculated similarly, but using the template strand of the
gene at any given locus in place of the forward strand. By do-
ing so, the asymmetry ratio was calculated as the number of
mismatches against the template strand versus the number of
mismatches against the coding strand, or equivalently, versus
the number of complementary mismatches against the tem-
plate strand.

Variant call analysis

Variant calls were first filtered to separate tumour calls from
matched normal calls (TCGA only) and to restrict to bial-
lelic single-nucleotide variants (SN'Vs). We then tallied each
call type by the coding direction annotated by the capture
kit, while also including information on variant call filter sta-
tus. For UKB samples, the same analysis was performed on
germline variant calls after removing common SNPs as de-
fined by gnomad [15], though no information on filter status
was available in the data.

As in the alignment mismatch analysis, we calculated asym-
metric incidence of variant versus complement, both by refer-
ence strand and by transcription strand. In addition, TCGA
SNV counts were also compared by filter status, calculat-
ing asymmetry values both for all calls and for “PASS” calls
only. Non-“PASS” variants in samples were filtered with
GATK by their respective TCGA studies using 11 crite-
ria, rejecting variant sites if they were found in normal tis-
sue (alt_allele_in_normal, panel_of_normals, germline_risk),
displayed strand bias (bPCR, bSeq, oxog), had multi-
ple events (clustered_events, homologous_mapping_event,
multi_event_alt_allele_in_normal, triallelic_site), or if evi-
dence was not sufficient above background noise (t_lod_fstar).
Variant call asymmetries were then also compared with the
mismatch asymmetries per sample.

In addition to comparisons across samples, we also aggre-
gated all unique SNV sites per TCGA cohort to eliminate, for
example, the repeated measurement of shared driver muta-
tions across samples of the same cancer type. We then eval-
uated departure from the expected binomial distribution of
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each SNV/complement pair, in which the expected binomial
probability of each nucleotide was taken from the nucleotide
composition of the captured regions of the reference genome.

Somatic mutation rate estimation

We estimated the expected number of somatic mutations given
the number of alignment mismatches in UKB samples (equa-
tion 1). The number of somatic mutations was estimated using
an empirically derived equation based on age of the individ-
ual [16], from which we used the median somatic mutation
load matching the age distribution of the UK biobank, yield-
ing an estimated 2101 substitutions per cell. For genome size,
we used the diploid size of the reference genome used in the
UKB study, including only assembled chromosomes and un-
placed contigs, totalling 6 185 543 820 bases. The number
of sequenced bases was calculated as the mean number of se-
quenced reads per sample after filtering (44 487 029) multi-
plied by the read length used in the study (50 bp). For mis-
matches, we used the mean number of mismatches per sample
after removing germline and low quality sites, leaving 173 327
mismatches per sample on average. Based on these variables,
we estimated that on average 0.4% of mismatches are true
somatic mutations.

Somatic mutations
Mismatch

Somatic mutations

bp

* Sequenced bases

Mismatches

Results

Asymmetry by reference strand in TCGA cancer
cohorts

For each of the TCGA samples included in this study, we
identified all loci for each sample at which there was a high-
confidence base call differing from the reference genome.
Within transversion mismatches, G>T not only predomi-
nated, comprising over half of all transversions but were
also the third most common of any mismatch type overall,
outnumbering both C>T and G>A transitions. Despite the
high frequency of G>T mismatches, less than half as many
C>A mismatches occurred overall. As such, G:C>T:A mis-
matches exhibited the greatest asymmetry between the for-
ward and reverse strands of the reference genome with an
overall median G>T/C>A ratio of 2.21 and no single sample
having fewer G>T than C>A mismatches (Fig. 1). All other
mismatch-versus-complement pairs exhibited median ratios
between 1.01 and 1.03 overall, except for C>T/G>A at 1.26.

Across the TCGA cohorts, the per-cohort median ratio of
G>T/C>A (relative to the forward strand of the reference
genome) ranged from 1.11 and 1.14 [in rectal adenocarci-
noma (READ) and colon adenocarcinoma (COAD), respec-
tively] to 3.81 and 3.93 [in kidney renal clear cell carcinoma
(KIRC) and testicular germ cell tumour (TGCT), respectively;
Supplementary Fig. S1]. While COAD and READ exhibited
low levels of G>T/C>A reference strand asymmetry com-
pared to other cohorts, 27 out of the 197 COAD samples
did have reference strand asymmetries >1.5, with eight sam-
ples >3.5. While colon and rectal adenocarcinomas share dis-
ease aetiologies which may suggest a biological origin for this
pattern, similarities in reference strand asymmetry also ap-
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Figure 1. Mismatch versus complement asymmetry by reference strand
in TCGA WES. The number of mismatches against the reference strand,
versus the number of complement mismatches against the reference
strand, per sample for each of the six possible mismatch/complement
pairs, coloured by TCGA cohort. Departure from the dashed y = x line
indicates asymmetric frequency of mismatch versus complement.

peared between samples from dissimilar cohorts sequenced to-
gether in the same time period. As all samples analysed were
sequenced at the same facility, this indicates that these pat-
terns are more likely related to tissue processing, sample han-
dling, and sequencing protocols rather than disease biology
(Supplementary Fig. S2). For cohorts containing samples that
were sequenced months apart, samples generally form clusters
of similar asymmetry values that can differ from clusters from
the same cohort at different times. For example, although very
few of the 197 COAD samples exhibited asymmetry, the only
COAD samples sequenced in 2014 were the eight COAD sam-
ples with extreme asymmetry. These 8 samples were sequenced
in the same 10-day period as 11 KIRC samples, some together
on the same flowcells, with all 19 samples showing G>T/C>A
reference asymmetry between 3.58 and 4.56.

Compared to the WES samples, the WGS samples showed
far less evidence of asymmetry by reference strand and were
more homogeneous across cohorts. G>T and C>A were also
common in TCGA WGS samples, making up 29.17% of mis-
matches, and were second only to T>G / A>C mismatches
(31.89%), which are known to be induced by the common
chemotherapy drug S-fluorouracil [17]. Excluding T>G /
A>C, G>T and C>A were the most abundant mismatch
pair in 96.63% of WGS samples. Transition mismatches were
comparatively very low, accounting for only 8.88% of mis-
matches. For all mismatch/complement pairs, the distribu-
tion of all asymmetry by forward reference strand ratios
for all WGS cohorts had medians between 0.91 and 1.03
(Supplementary Figs S4 and S6). While asymmetry by tran-
scription strand was also minimal with cohort medians of
0.95-1.10, some T>any enrichment was also present, as in
WES samples (Supplementary Figs S5 and S6). Despite this
low asymmetry, we did note differences in forward- versus
reverse-aligned mismatches. Across all mismatch types for all
cohorts, the median ratio of forward- versus reverse-aligned
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Figure 2. Variant calls versus complement asymmetry by reference
strand in TCGA WES. Distribution of ratios of variants versus variant
complements, relative to the reference strand, per TCGA cohort for each
of the six possible variant/complement pairs, coloured by cohort. All
unfiltered variant calls are included.

mismatches typically ranged from ~0.5 to 2.0. However, G>T
and C> A showed particularly large differences between align-
ment directions, and were the most unbalanced mismatch type
in 6 of 9 cohorts. G>T were consistently enriched on forward
alignments, while C>A were consistently enriched on reverse
alignments, reaching 4x—6x enrichment in some cohorts. This
relationship was not observed in TCGA WES data, in which
mismatch alignment directions were generally well-balanced.

In the unfiltered set of putative somatic variants identified in
the TCGA samples (prior to filtering), patterns of G>T/C>A
variant call asymmetry by reference strand were similar to
the patterns of G>T/C>A mismatch asymmetry by refer-
ence strand in the same samples (Fig. 2). Median call-versus-
complement ratios of each mutation type were found to vary
between 0.899 and 1.10, except for G>T/C>A at 1.78. Per
cohort, ratios varied similarly, with all non-G>T/C>A calls
found with median asymmetry ratios between 0.810 and 1.56.
G>T/C> A ratios varied considerably by cohort. Similarly for
mismatch asymmetry, COAD and READ displayed the lowest
median asymmetry by reference strand for total called vari-
ants (1.14 and 1.19, respectively), while TGCT displayed the
highest (5.87). After filtering (see “Materials and methods”
section, Variant call analysis), remaining “PASS” variants gen-
erally had greatly reduced asymmetry, though some cohorts,
including TGCT, still retained elevated levels of asymmetry
post-filtering (Fig. 3).

Of particular note, 9 times as many G>T versus C>A vari-
ants (relative to the forward strand of the reference genome)
were called in the TGCT cohort in aggregate prior to filtering.
Even after filtering, over twice as many G>T mutations were
called compared to the complementary C>A mutations (403
versus 195). No other cohort showed total or filter-passing call
asymmetry by reference strand as extreme (Fig. 4). Of the 403
unique G>T variant sites that passed filtering in the TGCT co-
hort, the most common flanking nucleotide context was GGC
(39, 9.68%), which has previously been shown to be one of
the most frequently oxidised G nucleotide contexts [18]. The
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The distribution of G>T versus C>A variant call ratios, relative to the
reference strand, for nine TCGA cohorts. Unfiltered (solid fill) and
post-filtering (striped fill) variants are shown. The dashed red line
indicates the ratio = 1 line, corresponding to equal presence of G>T and
C>A variants.
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Figure 4. Unique variant call sites versus complements in TCGA WES.
Median variant call versus complement ratios for each
variant/complement pair for each TCGA cohort. Unfiltered variant ratios
are shown at top, and post-filtering variants are shown at bottom. Ratios
relative to the reference strand are show at left, and ratios relative to the
transcribed strand are shown at right.

GGC context was less common in variants that pass filtration
from other cohorts (1.65%-5.03%), with the exception of the
LIHC cohort (151/1658, 9.11%). Notably, LIHC and TGCT
alone each show marginally significant correlation between
the G>T/C>A mismatch ratio and pass variant call ratio by
reference strand (Pearson correlation = 0.295 and 0.212, P =
9.75e-4 and 4.46e-2, respectively).

Asymmetry by transcription strand was far less present
in TCGA WES samples. No mismatch/complement pair
displayed asymmetry by transcription strand as high as
G>T/C> A reference asymmetry. However, T>N mismatches
were consistently found more often than A>N mismatches
regardless of mutation type by ~10%, with a consistent pat-
tern of relative differences between cohorts conserved across
T>N mutation types (Supplementary Fig. S3). Total WES vari-
ant calls likewise did not demonstrate extreme asymmetry by
transcription strand, with median overall ratios per mutation
type ranging from 0.83 to 1.35 and with little variation be-
tween cohorts (Supplementary Fig. S7). Additionally, among
total unique sites at which variants were called, no mutation
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Figure 5. G>T/C>A mismatch versus complement asymmetry in UKB
WES. Top: Number of G>T versus C>A mismatches in the UKB, relative
to the (A) reference strand and (B) transcribed strand. Bottom:
Distribution of G>T versus C>A mismatch ratios, log, transformed, per
sequencing flowcell, relative to the (C) reference strand and (D)
transcribed strand. Outliers per flowcell are shown in grey. Median per
flowcell is shown in cyan. Flowcells with the highest 10% median ratios
are highlighted in red below, with samples from those flowcells
highlighted in red at top.

type exhibited extreme asymmetry in any cohort, with all ra-
tios lying between 0.74 and 1.16.

Asymmetry by transcription strand in UKB
germline samples

In contrast to the TCGA, samples in the UK Biobank demon-
strated very little evidence of asymmetry between the for-
ward and reverses strand of the reference genome (median
ratio = 0.990, SD = 1.16e-2) (Fig. SA and C). We obtained
similar results for G>T reference strand asymmetry in UKB
heterozygous SNVs (median ratio = 0.912, SD = 5.34e-2;
Supplementary Fig. S8A) and homozygous SNVs (median ra-
tio = 0.898, SD = 5.77¢-2).

Surprisingly, we found that asymmetry in the UKB sam-
ples was much more pronounced and variable when calcu-
lated with respect to the transcription strand, with a median
G>T versus C>A mismatch asymmetry ratio across all sam-
ples of 3.42 (SD = 2.09; Fig. 5B and D). Over a third of all
samples (60 421) showed G>T versus C>A ratios >4.0, 265
of which were found to have extreme ratios between 20.0
and a maximum of 44.02. No single sample was found to
have fewer C>A than G>T mismatches. Like TCGA sam-
ples, the extent of asymmetry appears to be batch-dependent,
such that samples sequenced together on the same flowcell
showed similar asymmetries (Fig. 5D). Variant calls, how-
ever, showed far less evidence of asymmetry by transcription
strand, with asymmetry ratios ranging from 0.730 to 1.23 for
heterozygous SNVs (median ratio = 0.953, SD = 5.59-2)
(Supplementary Fig. S8B) and from 0.650 to 1.21 for homozy-
gous SNVs (median ratio = 0.869, SD = 5.64e-2). Among the
called variants there were, in fact, ~6% (4.25M) fewer G>T
than C>A calls made in aggregate.
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Discussion

Both tumour data from TCGA and germline data from the
UKB show evidence of asymmetry that is consistent with re-
spect to DNA strand, particularly in the numbers of G>T
single-nucleotide mismatches found per sample, though in dif-
ferent ways. Limited evidence of C>T asymmetry was also
noted, and likely arose from cytosine deamination artefacts,
which are similar in nature to 8-oxo-G artefacts [4, 6]. How-
ever, cytosine deamination is generally associated with FFPE
tissue, and as none of the TCGA WES samples we analysed
were formalin-fixed, low incidence of cytosine deamination
artefacts compared to 8-oxo-G artefacts is to be expected
[4, 5].

All UKB samples consistently show an unexpected bias to-
wards G>T mismatches on the template strand of the targeted
exonic regions. While consistent strand asymmetry relative to
the forward strand of the reference genome in TCGA cohorts
has been described previously by various metrics [1, 7], asym-
metry by transcription strand has not been reported to the
best of our knowledge. Furthermore, because these technical
artefacts reflect the biological pattern of transcription, they
may also confound efforts to investigate mechanisms such as
transcription-associated DNA damage [19, 20]. While tran-
scription damage may contribute to the patterns of asymme-
try we observed, this would require the observed G:C>T:A
mismatches to be largely due to somatic mutations. However,
based on the number of somatic mutations expected in a 56-
year-old individual (the mean age of UKB samples) and the
mean number of mismatches per UKB sample, we estimate
that only 0.4% of mismatches are likely to be somatic mu-
tations (see “Materials and methods”: Somatic mutation rate
estimation) [16]. This indicates that true somatic mutations,
such as from transcription-associated DNA damage, cannot
explain the high asymmetry by transcription strand. Further-
more, the level of asymmetry by transcription strand in UKB
samples varies substantially across sample batches, indicating
that these mismatches are technical artefacts and not somatic
mutations.

We propose that the asymmetry in both UKB and TCGA
samples are not distinct phenomena, but that both arise from
the same technical source, namely the use of single-stranded
DNA (ssDNA) capture probes. ssDNA probes target either the
forward or reverse strand, but not both strands at the same
locus [21]. As a result, the selection of targets in an ssDNA
capture kit can introduce a technical bias that appears bio-
logical if, for example, all probes are designed to target the
known coding sequences of all genes. Of the 19 398 genes tar-
geted by the UKB capture kit (IDT xGen Exome Hyb Panel
v1), 18 985 are known Ensembl-annotated genes. According
to Ensembl release 113 and information obtained via corre-
spondence with IDT, of these genes, all but 7 (>99.9%) were
consistently targeted with probes complementary to the tem-
plate strand of the gene. This results in the capture of 8-oxo-
G DNA damage on the template strand, but not the coding
strand, resulting in an enrichment of coding strand C>A mu-
tations. Per correspondence with Roche (the owners of the
capture kit used in the TCGA samples, NimbleGen SeqCap
EZ HGSC VCRome v2.1), the TCGA capture kit probes were
designed against the forward strand of the reference genome
only. By the same mechanism, this produces an excess of G>T
versus C>A mismatches relative to the forward strand. With
both capture kits, 8-0xo-G present on the captured strand
leads to an apparent enrichment of G>T mutations on the
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captured strand, while any 8-oxo0-G nucleotides present in the
non-captured strand are lost and do not produce G>T mu-
tations. This same phenomenon presumably occurs with any
ssDNA capture kit, though remarkably, information on the
precise nature of the probes used in these capture kits is not
clearly provided in their technical specifications, despite the
fact that this could be useful for identifying samples with high
levels of DNA damage and for reducing the number of incor-
rectly called somatic variants. Of the two designs, we posit
that capture kits designed to consistently target coding se-
quences can produce 8-0x0-G artefacts that problematically
resemble biological processes, while capture kits designed to
consistently target a reference genome strand do not.

The absence of strand-specific asymmetry in TCGA WGS
samples, which by nature do not use a capture kit, lends fur-
ther evidence to the role of WES capture kits in producing
asymmetry. As noted by Costello et al., differences in library
preparation between WGS and WES could have limited the
production of 8-0x0-G in the WGS samples [1], precluding
the detection of any 8-0x0-G asymmetry that would provide
evidence for a mechanism other than ssDNA capture Kkits.
However, WGS samples did display enrichment of forward-
aligning G>T and reverse-aligning C>T mismatches, suggest-
ing that 8-oxo-G damage is present, yet without capture-
induced strand asymmetry. Some TCGA cohorts showed sim-
ilarly low asymmetry with high rates of G>T and C>A mis-
matches (e.g. TCGA-COAD). This could potentially be at-
tributed to the time point at which 8-oxo-G damage is repli-
cated to produce C>A mutations, which informs whether
asymmetry will be detected: 8-oxo-G mutations produced
prior to ssDNA capture (e.g. during whole genome library
PCR) could produce G>T and C>A mutations on either
strand symmetrically; 8-oxo-G mutations that occur post-
capture (e.g. during whole exome amplification) would pro-
duce G>T mutations asymmetrically from captured oxidised
fragments only. If, for example, the majority of TCGA-COAD
samples underwent heavy oxidation predominantly before ex-
ome capture, many G>T/C>A mutations could be produced
without introducing asymmetry. Across TCGA cohorts, the
extent of mismatch asymmetry is similar between samples se-
quenced together in the same time period, possibly suggesting
shared in vitro sources of 8-0x0-G production, such as reagent
contamination [1].

The variant call asymmetry present in some samples sug-
gests the need to factor the targeted strand into somatic vari-
ant calling tools. Current filtering methods do reduce asym-
metry present in somatic variant calls, as seen across TCGA
cohorts (Fig. 3); however, the TCGA-TGCT cohort also shows
that asymmetry is not completely removed, as more than twice
as many G>T versus C>A variants were identified, even af-
ter filtering in that cohort. Coupled with the relatively high
proportion of GGC nucleotide contexts, this indicates that ap-
proximately half of the reported G>T calls in the TGCT co-
hort are likely to be the result of 8-0xo-G DNA damage. These
findings are similar to those reported by Chen et al. in TCGA
lung adenocarcinoma WES samples [7], though Stewart et al.
state that the influence of 8-oxo-G DNA damage on somatic
variant calls in this cohort is unlikely to result in such large
numbers of artefact variant calls given the proportion of 8-
ox0-G-associated nucleotide contexts versus the background
non-8-oxo-G>T mutation rate [1,22]. However, while certain
nucleotide contexts have been shown to be readily oxidized to
8-0x0-G [18], and more 8-0x0-G artefacts are expected to be

found at such sites, whether or not 8-oxo-G is more readily
paired with adenine at particular contexts is less clear [23]. As
such, we do expect 8-0x0-G artefacts to be over-represented
by certain nucleotide contexts, but do not expect these arte-
facts to be restricted solely to these sites.

Previous studies have shown CGG to be the nucleotide con-
text most associated with 8-oxo-G artefacts, and suggest that
this is supported by Margolin et al., who demonstrate that
CGG is the G nucleotide context most amenable to oxidation
[1,22]. However, Margolin et al. also clearly demonstrate that
the reactivity of G nucleotide contexts differs by the oxidant
used. While CGG was shown to be the nucleotide context
most reactive to riboflavin-mediated photo-oxidation (~2.5
times as reactive as the GGC nucleotide context highlighted
in our results), GGC was shown to be ~7 times more reac-
tive than CGG to oxidation by nitrosoperoxycarbonate [18].
Nitrosoperoxycarbonate is a known reactive product of in-
flammation [24, 25], and as such may be more representative
of oxidation that occurs to a sample iz vivo; photo-oxidation
is perhaps more likely to occur ex vivo in DNA samples. The
mechanism of oxidation in Costello et al. was reported to arise
during acoustic shearing, potentially as a result of metal con-
tamination [1]. With the variety of potential sources of oxida-
tion and the differences in their capacity to oxidize different
nucleotide contexts, we again suggest that nucleotide context
is not a strict discriminator for 8-oxo-G artefacts, and that
the levels of asymmetry seen in the TCGA-TGCT G>T ver-
sus C>A mismatches are large enough to affect variant calls.

In updated studies of TCGA, variant call asymmetry was
also noted in samples originating from one specific sequenc-
ing center. This was addressed by implementing a “Strand-
Bias” filter that removed excess G>T calls, beginning with
those of lowest quality and continuing until call asymmetry
was eliminated in samples from this center [26]. As demon-
strated by this updated study, variant call asymmetry is a rec-
ognized problem. Though TCGA variant calls generally do
include many low quality candidate variants that may be eas-
ily ignored in clinical analysis, or may be summarily removed
as in Ellrott et al. [26], we caution that 8-0x0-G artefacts are
likely to survive some filtration methods. We further note that
the TCGA-TGCT cohort was not sequenced at the center tar-
geted by the StrandBias filter in Ellrott et al. [27].

When we apply a similar filtering method, we find that the
remaining higher quality G>T variants in the TGCT each
demonstrate a much more balanced ratio of forward- versus
reverse-aligning DNA fragments. This further suggests that 8-
ox0-G artefacts are present in the lower quality G>T variants,
and that they are affected by the high levels of G>T versus
C>A mismatch asymmetry noted in the cohort. In addition,
we also warn that very few passing G:C>T:A variants were
reported per sample in the TGCT cohort, such that variant
call asymmetry is not always evident per sample, but only be-
comes apparent in aggregate.

While the effect of target strand asymmetry is evident and
has some impact on somatic variant calling, variant call asym-
metry appears less frequently in UKB variant calling compared
to TCGA. This is likely due to the differences in the goals and
evidence used in cancer somatic variant calling versus popula-
tion germline variant calling: somatic variant calling generally
aims to find de novo variants, including clinically relevant low-
frequency mutations in subclonal cancer cells, and so artefacts
are more easily encountered and included among very low al-
lele frequency mutations in the deeper sequencing that is typi-
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cally employed; germline variant calling instead aims to estab-
lish genotypes based on comparatively high variant allele fre-
quencies in lower depth of coverage sequencing, and thus can
ignore such artefacts based on variant allele frequency alone.

To counter the effects of target strand asymmetry, we sug-
gest that capture kit design and strandedness be factored into
variant calling pipelines. Filtering methods such as strand odds
ratios evaluate asymmetry per site [11, 12]. By additionally
including prior knowledge of consistent target strand bias,
G:C>T:A sites with strand asymmetry consistent with the cap-
ture strand bias direction should then require less evidence to
be considered artefactual. Other metrics, such as ArtQ [1], do
evaluate exome-wide asymmetry to assess the extent of 8-oxo-
G artefact presence in a sample, but also fail to include the
prior probabilities informed by the systematic variation in the
direction of the asymmetry. As demonstrated by the UKB sam-
ples, asymmetry between the forward and reverse strands of
the reference genome is effectively hidden exome-wide by the
alternating direction of asymmetry according to coding ori-
entation: while the whole exome does in effect demonstrate
asymmetry by reference strand, half of the exome shows en-
riched G>T, while the other half shows enriched C>A, sum-
ming to neutrality exome-wide. Similarly, if the UKB capture
kit had been used in the TCGA studies, measures such as ArtQ
would fail to detect systematic strand bias. While Mutect2’s
LearnOrientationBiasModel uses machine learning to assign
prior probabilities of strand artefacts across all sites [12], we
suggest that it too could benefit from the additional knowl-
edge provided by capture kit design and the expected direc-
tion of bias at a given site. In summary, we propose the need
to include the orientation of ssDNA capture probes in vari-
ant calling filtering algorithms to more accurately reduce the
influence of 8-ox0-G artefacts in exome sequencing data, par-
ticularly due to the effect these artefacts can have on somatic
variant calling and reporting.
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