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The major processes in carcinogenesis include the inactivation of tumor-suppressor genes (TSGs). Although Knudson’s two-
hit model requires two independent inactivating mutations, perhaps more frequently, a TSG inactivation can occur through
a loss of heterozygosity (LOH) of an inactivating mutation. Deletion and uniparental disomy (UPD) have been well docu-
mented as LOH mechanisms, but the role of gene conversion is poorly understood. Here, we developed a simple algorithm
to detect somatic gene conversion from short-read sequencing data. We applied it to 6285 cancer patient samples, from
which 4978 somatic mutations that underwent gene conversion to achieve LOH were found. This number accounted for
14.8% of the total LOH mutations. We further showed that LOH by gene conversion was enriched in TSGs compared
with non-TSG genes, showing a significant contribution of gene conversion to carcinogenesis.

[Supplemental material is available for this article.]

Knudson’s two-hit theory (Knudson 1971) describes the major
process for carcinogenesis through the inactivation of tumor-sup-
pressor genes (TSGs). For TSG function to be lost, both the paternal
and maternal alleles must be inactivated: The first hit (mutation)
inactivates one allele (Fig. 1A), and then the other allele is inacti-
vated by another independent mutation, or the second hit (Fig.
1B). Perhaps more frequently, the TSG function could be lost
through a loss of heterozygosity (LOH) after the first hit (Michor
et al. 2004, 2005; Nowak et al. 2004). Figure 1, C through E, illus-
trates three mechanisms for LOH. First, deletion: LOH is achieved
if the active allele is lost by a loss of the entire chromosome or a
large deletion of the chromosome (Fig. 1C). In cancer cells, the
copy number of a gene frequently changes through duplication
and deletion of chromosome (or chromosomal region), some of
which are recognized as an abnormal karyotype. Second, unipa-
rental disomy (UPD): UPD could arise through a somatic cell divi-
sion such that a daughter cell receives two copies of one
chromosome from its parental cell, resulting in a homozygote
for the entire chromosome (Andersen et al. 2007; Tuna et al.
2009). Note that UPD does not change the karyotype, which is dif-
ferent from the case of deletion. LOH occurs if the functional allele
is lost and the inactivated allele is doubled (Fig. 1D). Third, gene
conversion: Somatic gene conversion has a similar UPD outcome,
except that gene conversion only affects the chromosome locally;
generally, the gene conversion tract length may be ~200-1000 bp
(Chen etal. 2007). If the inactivated allele is unidirectionally trans-
ferred by a double-strand break (DSB)-induced gene conversion in
a somatic cell division, gene conversion works as a mechanism for
LOH (Fig. 1E).

The roles of deletion and UPD have been well investigated
(Rajagopalan et al. 2003; Sieber et al. 2003; Raghavan et al. 2005;
Stark and Hayward 2007; Tuna et al. 2009; Zack et al. 2013), where-
as there is very little documentation of gene conversion, except for
some cases in which somatic gene conversion of pathogenic germ-
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line variants causes LOH (Zhang et al. 2006; Auclair et al. 2007). To
our best knowledge, there is no genome-wide documentation of
gene conversion to quantify its relative contribution to LOH. We
here show a comprehensive survey of somatic mutations that
achieved LOH (hereafter, referred to as SM; o) in thousands of
cancer genomes and discuss its potential role in carcinogenesis.

Results

Detecting somatic gene conversion

This work aims to identify somatic mutation in cancer genomes
that underwent somatic gene conversion to achieve LOH
(SMLon,conv)- This work defined somatic mutations to include sin-
gle-nucleotide variants (SNVs) and small indels (i.e., SNVs exclu-
sively mean base substitutions). We used the whole-exome
sequences (WXSs) data of 3,349,768 somatic mutations in 32 can-
cer types in 9482 patient samples in The Cancer Genome Atlas
(TCGA; see Methods) (for details, see Supplemental Table S1).
The coverage exceeded 10 reads for >99% of these mutations (av-
erage, 79.5). This fairly high somatic mutation quality allowed us
to perform the following statistical analyses.

We developed a simple algorithm to detect gene conversion,
as described in Figure 2. @; and a, represent the copy numbers of
the paternal and maternal alleles. Figure 2 illustrates hypothetical
short-read data aligned on the reference sequence, where both
germline variants and somatic mutations were observed. In a re-
gion of (a1, az)=(1, 1) (Fig. 2A), most germline variants (black
bars) are heterozygote and so are somatic mutations (black X).
Exceptions include one germline variant and one somatic muta-
tion that are located adjacent to each other around the center of
the illustrated region in Figure 2A. At both sites, all reads have
these mutations, indicating that the two mutations on the
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Figure 1. Possible scenarios for losing gene function. Start with two
functional genes (deep blue and orange boxes) on the paternal and mater-
nal chromosomes. The genic region is enlarged on the right. (A) A first mu-
tation (black X) inactivates one of the active alleles, the paternal allele in
this figure. (B) Double mutation: If a second mutation (black X) inactivates
the maternal allele independently, the gene’s function is completely lost.
Additionally, loss of function can be achieved through LOH, and three ma-
jor mechanisms for LOH are illustrated. (C) Deletion: The active allele is de-
leted by a chromosome loss (left) or a deletion of a chromosomal region
(right). (D) Uniparental disomy (UPD): UPD creates a homozygote of the
inactivated allele when only a chromosome (either the whole chromosome
[left] or chromosome arm [right]) is inherited and doubled. (E) Gene con-
version: Gene conversion transfers the first inactivating mutation to the ac-
tive copy (red X), resulting in a homozygote for the inactivating mutation.

paternal chromosome (black bar and X) were transferred to the ma-
ternal chromosome (red bar and X) by gene conversion (boxed by
the red dotted line). In this work, we focused on regions of (a1, az)
=(1, 1) to detect gene conversion (see Fig. 1E), whereas regions of
(a1, az)=(1, 0) and (2, 0) were used as a comparison, representing
the other two mechanisms for LOH: deletion and UPD (Fig. 2B,C).

For estimating (a4, a3), the ASCAT software (Van Loo et al.
2010) was run to identify copy number changes using
Affymetrix SNP6 genotyping arrays (downloaded from https://
portal.gdc.cancer.gov/legacy-archive/) for each patient. ASCAT
provides copy number estimates in integers for both paternal
and maternal alleles (a; and a3) at each marker SNP on the geno-
typing array. Note that ASCAT does not specify which is maternal
or paternal; rather a; and a, are given such that o; > 0,. We first
screened for patient samples with estimated purity >0.7 to secure
the quality of our analysis, resulting in 6861 patient samples (see
Methods) (Supplemental Table S2). Screening was then conducted
based on the copy numbers of alleles. For all somatic mutations,
(a1, o) were obtained using ASCAT. We first screened out patient
samples for which the estimates of &; and «;, for the entire genome
might be unreliable. We suspected such patients would show sig-
nificant inconsistency between the ASCAT result (¢4, a2) and se-
quence coverage (8, an estimate of the copy number based on
coverage data). Based on this inconsistency, 564 patients were ex-
cluded, and 6296 patient samples remained (see Methods) (for de-
tails, see Supplemental Table S2). In each patient sample, local
regions with extensive copy number changes were further exclud-
ed by focusing on the inconsistency between « and g (Methods).
This screening excluded regions with presumably incorrect copy
number estimates. Furthermore, our careful inspection success-
fully detected fairly short indels that could cause a serious problem
in our analyses. As illustrated in Figure 2D, such a small deletion in
aregion of (1, 1), if ignored, could produce false evidence for gene
conversion; therefore, such regions were excluded. After these
screening processes, 1,875,968 somatic mutations (6285 patient

samples) remained. We then classified them into three categories,
(o, a2)=(1, 0), (2, 0), and (1, 1), and others with a; + @, >2 were
excluded in the following analyses. The average lengths of the
(1, 0), (2,0), and (1, 1) regions per patient were 205, 224, and 1439
Mbp, respectively (Table 1). We obtained approximately 1.33 mil-
lion somatic mutations (1,134,589 SNVs and 191,738 indels) in
regions of (1, 1), and 34,479 and 66,612 somatic mutations in re-
gions of (1, 0) and (2, 0), respectively (Supplemental Table S2).
Using these data, we searched for gene conversions in regions
with no copy number alternations (i.e., SMyon,conv)- In a region of
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Figure 2. lllustrations of short-read sequencing data mapped on the ref-

erence sequence. The original state before somatic mutations occur is pre-
sented at the bottom using the blue and orange lines, representing the
paternal and maternal chromosomes, where only germline variants are
present (black bars). Somatic mutations can be detected in the short-
read data, presented by X. (A) A hypothetical case of (a1, o) = (1, 1), where
a gene conversion event from the paternal to the maternal chromosomes
occurred (boxed by the red dotted line). The mutated sites transferred by
gene conversion are shown in red. (B,C) Cases of (a7, a2)=(1, 0) and (2, 0).
(D) Cases with a small deletion within a region of (1, 1) that potentially
causes false evidence for gene conversion (excluded from the analyses).
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Table 1. Summary of the number of SM, oy
SM0H,conv SM0H,Del SMyoH,uPD
(9063 Gbp) (1290 Gbp) (1412 Gbp)
SNVs 2299 12,835 13,453
Indels 2679 1130 1229
Sum 4978 13,965 14,682

(1, 1), we typically observe germline variants in heterozygote (Fig.
2A); that is, VAF is ~50%, where VAF represents the variant allele
fraction considering purity (see Methods). Somatic mutations usu-
ally arise in heterozygote (Fig. 2A, black X), and only when it un-
dergoes gene conversion, VAF could increase up to around one
(Fig. 2A, red X). To detect SM| on,conv, We searched for somatic mu-
tations with two conditions: (1) VAF was larger than 0.8 because
we were uninterested in somatic mutations in low frequencies;
(2) The possibility of a heterozygote state was statistically ruled
out (P<0.001, one-tailed binomial test). (Because condition 1
about VAF alone increased the number of false positives for low
coverages, condition 2 was used to eliminate the low coverage mu-
tations [for details, see Supplemental Note]). We found that 4978
(0.38%) of the 1.33 million somatic mutations satisfied these two
conditions, showing strong evidence for gene conversion (Table 1;
Supplemental Table S3). This rate (i.e., 0.38%) can be considered
an estimate of the rate at which a site
experiences somatic gene conversion
throughout life, which is hereafter called
the per-site gene conversion rate. This
estimate is conservative because our strat-
egy cannot detect a very recent gene con-
version in a low frequency. One might
think we erroneously identified SM; oy,
Conv iN rearrangement-hot chromosomes

Original state

the somatic mutation links to both alleles at site-G. Conversely,
the presence of two haplotypes, 1-0 and 1-1, can be considered
strong evidence for gene conversion. This line of evidence is
very convincing but can only be obtained when these two condi-
tions are satisfied. First, there must be a closely linked germline
variant in the heterozygote. Second, the break-point of the
gene conversion tract must be located between the two sites; a
gene conversion involving the two sites cannot create a new hap-
lotype (Fig. 3D). Our strategy also misses gene conversion from
zero to one at the site-S (a transfer in the opposite direction to
that in Fig. 3C). A caveat is that haplotype 1-1 that can also arise
by somatic gene conversion at site-G (Fig. 3E), potentially result-
ing in false-positive evidence for gene conversion (if cells with or
without gene conversion coexist in the tumor sample, we could
observe both 1-0 and 1-1 haplotypes). However, the proportion
of such a false positive should be very low if we apply our esti-
mated per-site gene conversion rate (0.38%). The idea of this sim-
ple test for gene conversion is similar to Hudson’s four-gamete
test to detect recombination in polymorphism data (Hudson
and Kaplan 1985).

Figure 3F shows an example case in which we found a somatic
mutation (G > A) that arose in the tumor with VAF =1, but not in
the normal cells (Fig. 3F, site-S). Only 38 bp downstream from site-
S, there is a site at which C and T segregate with a frequency of
~50% both in the tumor and normal cells (site-G), indicating
that this is a germline variant inherited as heterozygote. This

Gene conversion

(e.g., those that underwent chromothrip- 0 0

sis). We confirmed that SMjom,conv Was : .
not enriched in such chromosomes (see Site-S Site-G
Supplemental Note).

More convincing evidence for gene
conversion could be obtained by looking
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in haplotype 1-0. At this moment, the Figure 3. Evidence for gene conversion from a linked germline variant. (A—E) The process of producing

somatic mutation is linked to only one
allele at site-G (Fig. 3B, allele 0). Then, if
this somatic mutation is transferred to
the other chromosome by gene conver-
sion, a new haplotype 1-1 arises (Fig.
3C), resulting in a situation in which

clear evidence for gene conversion under a model with two sites, site-S and site-G. Zero and one repre-
sent the original and derived alleles. See text for details. (F) An example case (Patient ID, TCGA-AX-A2HC)
with strong evidence for gene conversion. Short-reads of normal cells and tumor cells in regions Chr 2:
216,205,235-216,205,285 regions are shown. The figure was made using the Integrative Genomics
Viewer (IGV) (Robinson et al. 2011). (G) The proportion of sites with evidence for gene conversion
was confirmed by a linked germline variant, as a function of the distance to the germline variant site.
The error bars represent the 95% confidence intervals.
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case clearly shows that the focal somatic mutation (A at site-S) links
to both alleles C and T at site-G (i.e., both haplotypes 1-0 and 1-1
are observed).

As mentioned above, the number of SMj o convs With such
convincing evidence may be small. First, the number of somatic mu-
tations with at least five shared reads with an adjacent germline var-
iant was small, only 625 out of the 4978 somatic mutations
(Supplemental Table S3). If our simple test was applied to these
625 somatic mutations, it was discovered that 462 (73.9%) muta-
tions showed evidence for gene conversion (i.e., the case illustrated
in Figure 3D applies; see Methods). A rea-
son for the remaining 163 sites (26.1%)
would be that gene conversion transferred
the linked sites simultaneously (see Fig. A
3D). To confirm this, we attempted to
move away to another germline variant
and found a secondary germline variant
was available for only 30 of the 163
SMi 0H,convs. For these 30, we examined
whether the pattern of Figure 3C holds
between SM;on,conv and the secondary
germline variants, and this was the case
for eight of them (26.7%). Altogether, we 10
found strong evidence for gene conver- 0

‘““uh.unlhhu..........

a e P . 0

No striking heterogeneity in the gene conversion rate was
found across the genome if the spatial distribution was investigated
using a 1-Mbp window (Supplemental Fig. S1; Supplemental Table
S5). We found 49 windows that had significantly high estimates
of the gene conversion rate (FDR<0.05, one-tailed exact test). We
also investigated the effect of gene conversion rate on cancer disease
status (i.e., tumor stage, overall survival, and progression free inter-
val) but found no significant results (Supplemental Fig. S2).

A more important factor that might affect the somatic gene
conversion rate may be the meiotic recombination (crossing-
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of Figure 3D was obtained by testing the
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with positive evidence for gene conver- c:>
sion would increase with increasing dis- %1'5
tance between the two sites. As expected, 2
we found that the proportion of somatic Q1.0
mutations with this evidence for gene %
conversion correlated positively with the T,
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distance (Fig. 3G; Supplemental Table

S4), although insignificant (P=0.112, per-
mutation test).

The rate of somatic gene conversion

The number of SM| oy, convs Substantially I
varied among patients, from zero to
about 226 with average=0.79 (4978/
6285) (Fig. 4A). The majority of the pa-
tients (92%) have no SMomn,conv, and
the distribution has a long tail. We tested
whether this variation is owing to the
heterogeneity in the gene conversion
rate among patients. If the rate is constant
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across different patients, the number of
detected gene conversions should corre-
late highly with the number of detected
somatic mutations. As expected, a strong
linear correlation between them was
found (Fig. 4B), indicating that the large
variation may be well explained by the
difference in the number of detected
somatic mutations between patients and
that the proportion of converted somatic
mutations may not vary much between
individuals.

Figure 4.

in a row.

Deletion

Insertion

Summary of the observed somatic gene conversion events. (A) Distribution of the number
of SMion,convs per patient. (B) Correlation between the total number of somatic mutations and the
number of SM\on,conys. (C) Distributions of the rates of meiotic recombination and somatic gene con-
version along chromosomes. The estimated gene conversion (red line) and the meiotic recombination
rates according to the estimates from the HapMap data (blue line) (The International HapMap
Consortium 2007) are plotted against the relative distance from the centromere when each chromo-
some arm is assigned in the interval (0,1). The error bars represent the 95% confidence intervals. The
two rates were standardized such that the genome average=1. (D) Deletion versus insertion bias in
SMioH,convs. Indels were classified into three categories: indels (>1 bp) in homopolymer regions,
indels with length >5 bp in nonhomopolymer regions, and indels with <5 bp in nonhomopolymer
regions. Homopolymer regions were defined as those consisting of >3 bp of the same nucleotides
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over) rate in germline cells, which highly varies between local ge-
nomic regions in the genome. The rates of meiotic recombination
and meiotic gene conversion are highly correlated with each other
because they occur through the same mechanism, that is, homol-
ogous recombination (Szostak et al. 1983; Ceccaldi et al. 2016).
Suppose this also applies to somatic gene conversion. In that
case, local heterogeneity in the somatic gene conversion rate along
chromosomes is expected because the meiotic recombination rate
generally increases with the distance from the centromere in the
human genome (Kong et al. 2002; Nachman 2002). To explore
this possibility, each chromosome arm (from the centromere to
telomere) was assigned to the interval (0,1), and a sliding window
analysis was performed using a 0.05 window size. In each window,
the local per-site somatic gene conversion rates were computed (as
defined above). The average overall chromosomes were plotted
along the chromosome (Fig. 4C), with the average meiotic recom-
bination rate (according to the estimates from the HapMap data)
(The International HapMap Consortium 2007). The two rates
were standardized such that the genome average=1. We found
that the somatic gene conversion rate distribution is almost flat
over the chromosomal region, which is quite different from that
of the meiotic recombination rate. This difference can be ex-
plained as follows. Homologous recombination causes somatic
gene conversion and meijotic recombination (Chen et al. 2007;
Hunter 2015; Ceccaldi et al. 2016), and DSB initiates homologous
recombination. SPO11 mainly induces DSBs in meiosis (Chen
et al. 2007; Hunter 2015), whereas extrinsic stress or replication er-
ror in mitosis induces somatic DSBs (Tubbs and Nussenzweig
2017). Therefore, the difference in what induces DSB could explain
the observation of unclear correlation between the rates of somatic
gene conversion and meiotic recombination.

The relative contribution of somatic gene conversion to LOH

We ask “what is the relative contribution of gene conversion to ar-
chiving LOH compared with the other two mechanisms, deletion
and UPD?” (see Fig. 1C,D). To do so, we compared the number of
SM\.0H,convs With SM| ous owing to deletion and UPD (denoted as
SMLOH’Dels and SMLOH,UPDSr respectively). SMLOH,Dels were
searched in regions of (1, 0), where LOH is achieved at most
somatic mutations except for those present only in local sub-
clones, as illustrated in Figure 2B. We defined SM oy pels as those
with VAF >0.8. We searched for SM;on,upps in regions of (2, 0)
(Fig. 2C). To exclude SNVs that arose after UPD and appear as het-
erozygotes, we screened for LOH SNVs as those with VAF >0.8,
and the possibility of the heterozygous state was statistically ruled
out (P<0.001, one-tailed binomial test). We found 13,965 SM; o,
pers (12,835 SNVs, 1130 indels) and 14,682 SM;on,uprps (13,453
SNVs, 1229 indels), indicating that 14.8% of the detected
SM;ons is owing to gene conversion (Table 1). Our results show
a significant contribution of gene conversion to cause LOH of
somatic mutations. It was confirmed that this proportion is robust
to the cutoff values of purity and VAF in our screening process (for
details, see Supplemental Note).

Table 1 shows that indels’ proportions in SMiom,conv (2679/
4978, 53.8%) are markedly high compared with SNVs (P<2.2 x
10716, one-tailed exact test), indicating that indels are more likely
involved in gene conversion. This association may be explained by
considering the DSB repair system as follows. DSB repair mecha-
nisms, as classical nonhomologous end-joining, single-strand
annealing, and alternative end-joining, could be “error prone”
and likely induce indels (Ceccaldi et al. 2016; Tubbs and

Nussenzweig 2017), although homologous recombination, in-
cluding gene conversion, is an accurate (“error-free”) repair mech-
anism (Ceccaldi et al. 2016). If this is true, a hotspot of DSBs can
also be considered a hotspot of both indels and gene conversion.
The observed association would be predicted if there are several
DSB hotspots in the human genome (Durkin and Glover 2007;
Tubbs and Nussenzweig 2017).

It was further discovered that the rate of the deletion type of
SM\.0H,conv Was particularly high when it occurred in homopoly-
mer regions (Fig. 4D). This should not be an artifact owing to mu-
tation call errors that likely occur in homopolymer regions because
the insertion type proportion of SM; on,conv Was not enriched (Fig.
4D). The molecular mechanism behind this observation is
unknown.

Contribution of somatic gene conversion to TSG inactivation

We thus showed that many SM; o convs Were detected in regions
of (1,1), thereby contributing to carcinogenesis, and then how the
detected gene conversion potentially contributed to TSG inactiva-
tion. We focused on 242 TSGs according to the COSMIC definition
(see Methods) (Futreal et al. 2004; Sondka et al. 2018) compared
with all remaining genes defined as non-TSGs. If gene conver-
sion-driven LOH contributed much to carcinogenesis, it was pre-
dicted that the detected gene conversion involving truncating
mutations (STMiou,conv) should be enriched in TSGs compared
with other non-TSG genes. As expected, we found that the propor-
tion of STM|on,convs Was significantly larger in TSGs compared
with non-TSG genes (P<2.2x 1071%, one-tailed exact test) (Fig.
SA; Supplemental Table S6), whereas there were no significant dif-
ferences in missense and silent mutations. The enrichment of
STM;on Was specific to gene conversion in TSGs (Supplemental
Fig. S3A). The result indicates that somatic gene conversion of
truncating mutation plays a significant role in TSG inactivation,
potentially contributing to carcinogenesis.

By looking at individual genes, it was found that four cancer-
driver genes (listed in COSMIC) (Futreal et al. 2004, Sondka et al.
2018) had significantly high gene conversion rates (FDR<0.0S5,
one-tailed exact test) (Table 2; for a list of all significant genes, see
Supplemental Table S7). We also tested whether gene conversion
more likely transfers damaging mutations (truncating and mis-
sense mutations). We found that three of the four genes in Table
2 (RNF43, ACVR2A, JAK1I) constitute the top three highest propor-
tions of SM on,convs in damaging mutations (Table 2; Supplemen-
tal Table S7). RNF43 had the highest gene conversion rate, which
plays a major role in colorectal cancer development (Sondka et al.
2018; Tsukiyama et al. 2020). It would be interesting to point out
that, compared with cancer types, colon adenocarcinoma
(COAD) is a cancer type with a very high gene conversion rate (Sup-
plemental Fig. S3B; Supplemental Table S8), suggesting that gene
conversion plays a particularly important role in this cancer type.

From this result, it was proposed that gene conversion should
be a prominent mechanism for LOH for patients with no drastic
karyotype changes. To test this hypothesis, 6285 patient samples
were first categorized according to the degree of genome instability
measured by k1), the proportion of the (1,1) region in the ge-
nome (Supplemental Fig. S4). A high k,;) means that most of
the genome consists of the (1,1) region; that is, the chromosomal
instability is low. Then, we computed the proportion of patient
samples with at least one STM;on conv in TSGs, and the data are
binned in Figure 5B. It is found that the proportion is highest in
the category of patient samples with ku,1)>90% and that it
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Figure 5. Rate of gene conversion in TSG. (A) Proportions of SM| on,convs

in TSGs and non-TSGs. The somatic mutations in regions of (aq, a2)=(1,
1) were classified into the TSG (red) and non-TSG (blue) categories, and
the proportion of SMion,conv in €ach category was calculated. (**) P<
0.01, (NS) nonsignificant. (B) The proportion of patient samples with at
least one STMon,cony in TSG is plotted for each category of k¢ 1y, repre-
senting the degree of genome instability. The error bars represent the
95% confidence intervals. The pattern in A holds when the data were sep-
arated into kg 1y-high and kg 1)-low regions (k(1,1y>90% and the rest) (see
Supplemental Fig. S5).

decreases as k(1,1y decreases. Note that this decline could be partly
because patient samples with a higher k(1) have more chances to
have STM o convs in TSGs. To exclude this effect, we compared
the observation with the expectation. The expectation was ob-
tained by assuming that the number of STM; on,convS iS propor-
tional to kg ,1). It was found that the observed decline is much
stronger than the expectation (P=0.0009, one-tailed 27 test) (Fig.
5B), supporting our hypothesis that STM; o1, convs in TSGs play a
significant role in tumorigenesis, particularly in genomes with
low chromosomal instability.

Table 2. Cancer-driver genes with significantly high SM on,cony

Discussion

Inactivation of TSGs is crucial to carcinogenesis, which is com-
monly achieved through LOH (Michor et al. 2004). Deletion and
UPD have been well documented as the mechanisms of LOH, part-
ly because they are relatively easy to detect; a large deletion may be
detected as an abnormal karyotype, and UPD could be recognized
as a chromosome-wide absence of heterozygous sites (Rajagopalan
et al. 2003; Sieber et al. 2003; Tuna et al. 2009). In contrast, al-
though having a similar effect to UPD, gene conversion is difficult
to detect because it affects only a short region. In this work, as a
mechanism of LOH, we hypothesized that somatic gene conver-
sion could be as important as deletion and UPD. To test this hy-
pothesis, a simple algorithm to detect somatic gene conversion
from short-read data was developed. By applying it to 6285 patient
samples, 4978 somatic mutations were found in which LOH is
most likely achieved through gene conversion (i.e., SMiom,conv)-
This number is large enough to account for 14.8% of the total
SM; ons, which could be a conservative number because our meth-
od can detect gene conversion that occurred only after somatic
mutation arose, and gene conversions that erased somatic muta-
tions are also undetectable. Our results further show an important
role of somatic gene conversion in cancer cell development by
showing the enrichment of LOH somatic mutations through
gene conversion in TSGs compared with non-TSG genes. It is sug-
gested that gene conversion could play a significant role in carci-
nogenesis and that it is important to pay more attention to the
variant allele frequencies of somatic mutations in (1,1) regions to
fully understand the genome evolution leading to cancer.

It is considered that chromosomal instability plays a crucial
role in carcinogenesis (Pino and Chung 2010). Chromosomal in-
stability causes an imbalance in chromosome number (aneuploi-
dy) and an increased LOH rate, thereby accelerating the TSG
inactivation rate. Indeed, many patients have drastic karyotype
changes in their genomes. Alternatively, there are some cancer pa-
tients without drastic karyotype changes (Li et al. 2020). One
might think that, in such a patient, a TSG must acquire two inde-
pendent mutations to lose its function as Knudson'’s two-hit theo-
ry (Knudson 1971) describes (Fig. 1B). However, we showed that
somatic gene conversion could provide a major route for LOH of
somatic mutation in TSGs in normal diploid regions (i.e., regions
of (1, 1)), potentially accounting for a significant proportion of
chromosomal instability-negative tumors. We emphasize the
role of somatic gene conversion in carcinogenesis, especially for
chromosomal instability-negative patients, and propose that
somatic gene conversion may be a major mechanism of LOH.

It should be noted that our method is designed to be quite
conservative so as not to catch too many false positives. One of
the major reasons is that our method requires a large number of
reads to detect statistically reliable gene conversion. As a conse-
quence, our estimate can detect gene conversion that occurred
in the early stages of cancer development, and it is difficult to

Gene Proportion of Proportion of Proportion of other P value (damaging vs.
symbol Role SMLOH,Conv FDR SMLOH,Conv SMLOH,Conv others)

RNF43 TSG 0.154 1.56x1072* 0.22 0 1.26x107°
ACVR2A TSG 0.083 5.65x107'4 0.17 0 1.95x10°¢

JAKT Oncogene, TSG 0.055 1.74x1077 0.12 2.94x107* 1

PTEN TSG 0.029 8.35x107* 0.025 0.031 0.74
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identify young gene conversions that are present in low frequen-
cies. Therefore, our estimate of the somatic gene conversion rate
should be underestimated.

LOH of somatic mutations in copy number-neutral (1,1) re-
gions, which we defined as SM; on,conv, is also caused by biallelic
parallel mutations, that is, multiple mutations that occur to the
same position. Demeulemeester et al. (2022) pointed out that bial-
lelic mutation (i.e., “two alleles independently mutate to the same
alternate bases” according to the investigators’ definition) should
play a role to create LOH, so that the square of the mutation rate
would predict the number of SM;oys caused by biallelic muta-
tions. To take this into account, we computed the expected num-
ber of biallelic SNVs based on the mutation rate considering
mutation rate variation owing to the trinucleotide-based muta-
tional spectrum. Figure 6 shows the expected number of biallelic
mutations and the number of SM; oys observed in most mutated
300 patient samples (see also Supplemental Table S9). The number
of SM1on,convs We detected per patient sample is much larger than
the expectation owing to biallelic mutations, which is overall
<10% of SM| on,conv (Supplemental Table S9). This result suggests
a significant role of somatic gene conversion, although a part of
the SM| on,convs may be explained by biallelic mutations.

According to Demeulemeester et al. (2022), the observed
SM; 0o was well explained by the square of the mutation rate, at
least in some patients. But this result does not rule out the contri-
bution of gene conversion completely, especially when LOH of
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Figure 6. Potential contribution of biallelic parallel mutation to SM ons

for patients in the top 300 most SM\ops. The inner panel is a close-up for
the top 50 patients.

germline variants owing to gene conversion was repeatedly
reported (Zhang et al. 2006; Auclair et al. 2007), which was also de-
tected by our method (see Supplemental Fig. S6). A potential rea-
son for the inconsistency between our result and that of
Demeulemeester et al. (2022) could be in the statistical power ow-
ing to the read coverage, which is roughly twice higher in the
WXS we analyzed than that of the whole-genome sequence data
(The ICGC/TCGA Pan-Cancer Analysis of Whole Genomes
Consortium 2020) used by Demeulemeester et al. (2022). The
quantitative evaluation of the relative contribution of gene con-
version and parallel mutation would be subject to further
investigation.

It is interesting to point out that homologous recombination
is a DSB repair mechanism and that homologous recombination
deficiency promotes carcinogenesis (Moynahan and Jasin 2010;
Ceccaldi et al. 2016; Polak et al. 2017; Nguyen et al. 2020). In con-
trast, as homologous recombination causes gene conversion, the
presence of homologous recombination could also contribute to
carcinogenesis through gene conversion. Thus, we suggest that ho-
mologous recombination should have two roles that counteract in
terms of cancer development.

Our documentation of somatic gene conversion might con-
tribute to our understanding of DSBs. It has been very difficult to
detect DSBs: It is feasible only when DSBs cause structural changes
(Hu et al. 2016; Wei et al. 2016, Li et al. 2020). In this study, we
comprehensively identified somatic gene conversions in short-
read data. As gene conversion results from DSB repairs in somatic
cell division, our results could be considered footprint of DSBs. If
so, we identified, on average, 306,000 footprints of DSBs per pa-
tient, which is several times larger than the number of DSBs detect-
able from structural changes. We suggest that detecting gene
conversion should be an efficient method to understand how of-
ten and where DSBs occur in the genome.

Methods

Screening for somatic mutations

Thirty-two cancer types in the 33 types (excluding LAML) defined
in TCGA (https://www.cancer.gov/about-nci/organization/ccg/
research/structural-genomics/tcga) were investigated. LAML was
excluded because purity could not be estimated for this type of
blood cancer. Mutation annotation format (MAF) files for the 32
cancer types were downloaded, consisting of already extracted
and annotated somatic mutations from WXSs per patient (down-
loaded from https://portal.gdc.cancer.gov/). The MAF files include
somatic mutations identified using four different software pro-
grams, MuTect2 (Cibulskis et al. 2013), VarScan 2 (Koboldt et al.
2012), MuSE (Fan et al. 2016), and SomaticSniper (Larson et al.
2012), and we used somatic mutations whose quality was guaran-
teed (“PASS” in the “filter” column) by all four software programs.
If a patient has more than one sample, we used the one with the
largest number of mutations resulting in 3,349,768 somatic muta-
tions in 9482 patient samples. These data were subjected to the fol-
lowing screening processes (all patient samples are listed in
Supplemental Table S1).

First, samples with low purity were removed to secure the
quality of analysis (detail in Supplemental Note). To estimate the
purity of each patient sample, we used the consensus measure-
ment of purity estimations (CPE) from Aran et al. (2015) if avail-
able; otherwise, the value of “percentage_tumor_nuclei” from
TCGA was used (see https://docs.gdc.cancer.gov/API/Users_
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Guide/Search_and_Retrieval/). Then, samples with estimated puri-
ty <0.7 were excluded, resulting in 6861 patient samples.

We obtained (o, &) for all somatic mutations using ASCAT
(Van Loo et al. 2010). We first screened out patient samples for
which the estimates of ¢; and e, for the entire genome might be
unreliable. To do so, we obtained another estimate of copy num-
ber, B, from the sequencing depth of the WXS data (see below
for details). Then, /o were computed at each site and the density
distributions of /o were observed, where the average should be
around one if the two estimates (a¢ and B) are consistent with
each other. It was found that, in most patient samples, g/a showed
a normal-like distribution with mean=1 (Supplemental Fig. S7A,
B), whereas the distributions for several patient samples were
much wider with multiple peaks (Supplemental Fig. S7C,D), sug-
gesting that there were extensive local copy number changes and
estimates of ASCAT (i.e.,, a; and o) may not be very reliable.
Therefore, we excluded such patient samples with large variances
of p/a (standard deviation of B/a>0.5) (see Supplemental Fig.
S7E), and 6296 patient samples remained (Supplemental Table S2).

This screening based on f/a can also be applied to individual
somatic mutations to remove local regions where « and S are in-
consistent with each other because the estimates by ASCAT based
on a genotyping array is insensitive to relatively short duplica-
tions/deletions (e.g., on the order of 1 kb). We again looked at
the density distribution of g/« for each of the 6296 patient samples
and excluded somatic variants in regions with f/o in the top and
bottom 10 percentiles. After these screening processes, 1,875,968
somatic mutations remained. They were then classified into three
categories, (o1, az)=(1, 0), (2, 0), and (1, 1), and the others with
ag +a>2 were excluded in the following analyses. We obtained
1.33 million somatic mutations (1,134,589 SNVs and 191,738
indels) in the regions of (1, 1) and 34,479 and 66,612 somatic mu-
tations for (1, 0) and (2, 0), respectively (Supplemental Table S2).

Computing 3, a local estimate of copy number

Our analysis relies on f, allowing us to evaluate local copy number
variation. f is an estimate of the copy number for a local genomic
region, which should be two in a normal diploid region. g can be
estimated for every single site by counting the number of reads
in tumor (Stumor) and normal (Sporma)) WXS data using MAF files
for Mutect2 (Cibulskis et al. 2013). Let g be the value that ASCAT
produces as “ploidy,” which is considered the genome-wide aver-
age of copy number, and k denotes the ratio of the genome-wide
coverage of the tumor WXS to that of the normal WXS. Then,
2k/q explains the genome-wide effect on the Siymor/Snormar ratio,
except for a local copy number variation at the focal site.
Therefore, B can be estimated as

q Stumor

B - ﬂsnormal ’

@

Estimating VAF/, VAF considering purity
VAF was adjusted by considering purity (VAF'). VAF can be calcu-
lated as

abp % pler + a2) +2(1 - p)

VAF' =
DpP plar + az)

, @)

where p is purity, aDP is read count of alternative allele at the site,
and DP is count of all reads at the site.

Linkage analysis for evidence of gene conversion

We explored further evidence for gene conversion by examining
the linkage between the focal somatic mutation and an adjacent

germline-heterozygote variant, as illustrated in Figure 3C. For
each site with SM| on,conv, germline variants in the surrounding re-
gion of the focal site were searched using VarScan 2 (Koboldt et al.
2012) with the default parameters, and 625 such germline variants
were extracted, confirmed with more than five reads. Of these, at
462 sites, SM1on,convs Were confirmed to link to both alleles at
the germline-heterozygote site, as illustrated in Figure 3C.

Note that the remaining 163 mutations do not necessarily
show evidence for gene conversion because there is a possibility
that the same gene conversion tract converted the examined
germline variant as SM; on,conv (se€ Fig. 3D). In such a case, we at-
tempted to move away to another germline variant, and a
secondary germline variant was available for only 30 of the 163
SMion,convs. For these 30, we examined whether the pattern of
Figure 3C holds between SM o, conv and the secondary germline
variants. It turned out that eight of them showed evidence of
gene conversion. Altogether, we conclude that a total of 462 +8 =
470 (75.2%) SMiomn,convs Showed evidence for gene conversion
with a linked germline variant.

Definition of TSG

TSGs were defined according to the COSMIC (Futreal et al. 2004;
Sondka et al. 2018) definition. Our list of TSGs includes genes
whose “role of Cancer” includes “TSG” and “mutation type” is
not only “T” (translocation), which resulted in 242 TSGs.

Data sets

We used GRCh38 for the reference genome in this research. The
WXS from the TCGA project was available through NCI
Genomic Data Commons (GDC; https://portal.gdc.cancer.gov/).
Corresponding SNP array data were downloaded from the GDC
legacy archive (https://portal.gdc.cancer.gov/legacy-archive/).
The definition of TSGs was according to the COSMIC (https://
cancer.sanger.ac.uk/census). The meiotic recombination (cross-
ing-over) rate in germline cells was according to HapMap
project data (https://www.sanger.ac.uk/resources/downloads/
human/hapmap3.html).

Software availability

Codes used in this study are available at GitHub (https://github
.com/Kazuki526/somatic_gene_conversion) and as Supplemental
Code.
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