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APOBEC3A /B cytidine deaminase is responsible for the majority of cancerous mutations in a large fraction of cancer sam-
ples. However, its role in heritable mutagenesis remains very poorly understood. Recent studies have demonstrated that
both in yeast and in human cancerous cells, most APOBEC3A /B-induced mutations occur on the lagging strand during
replication and on the nontemplate strand of transcribed regions. Here, we use data on rare human polymorphisms, inter-
species divergence, and de novo mutations to study germline mutagenesis and to analyze mutations at nucleotide contexts
prone to attack by APOBEC3A/B. We show that such mutations occur preferentially on the lagging strand and on nontem-
plate strands of transcribed regions. Moreover, we demonstrate that APOBEC3A /B-like mutations tend to produce strand-
coordinated clusters, which are also biased toward the lagging strand. Finally, we show that the mutation rate is increased
3’ of C—G mutations to a greater extent than 3’ of C—T mutations, suggesting pervasive trans-lesion bypass of the
APOBEC3A /B-induced damage. Our study demonstrates that 20% of C—T and C—G mutations in the TpCpW con-
text—where W denotes A or T, segregating as polymorphisms in human population—or 1.4% of all heritable mutations

are attributable to APOBEC3A /B activity.
[Supplemental material is available for this article.]

Understanding the processes responsible for heritable mutations is
important for a broad range of evolutionary, population genetics,
and medical questions (Shendure and Akey 2015). Recent studies
have shown that different numbers of de novo mutations are inher-
ited from the father and from the mother, with the contribution of
paternal mutations being two to four times higher (Kongetal. 2012;
Francioli et al. 2015; Wong et al. 2016; Yuen et al. 2016).
Additionally, the number of de novo mutations strongly depends
on the father’s age at conception (Kong et al. 2012; Francioli et al.
2015; Wong et al. 2016; Yuen et al. 2016) and, to a lesser extent,
on the mother’s age at conception (Goldmann et al. 2016; Wong
et al. 2016). At the molecular level, the understanding of mecha-
nisms of heritable mutagenesisis very limited. Only a few of the mu-
tation types can be attributed to specific molecular processes. Most
prominently, the CpG—TpG substitutions are known to result from
spontaneous cytosine deamination of methyl-cytosine in the CpG
context together with poor efficiency of subsequent base excision
repair (Pfeifer 2006; Chen et al. 2014); some mutations in the
CpCpC motif arise due to activity of the APOBEC3G protein, which
is normally involved in protection against viruses and retroele-
ments (Knisbacher and Levanon 2016; Pinto et al. 2016), and small
insertions and deletions result from polymerase slippage on homo-
nucleotide tracts and tandem repeats (Montgomery et al. 2013).

The sources of somatic mutations, in particular those in
cancers, are better understood. The rates of such mutations
were related to age-dependent cytosine deamination, to activity
of APOBEC3A/B/G and AID, to deficiencies in systems responsible
for the fidelity of DNA repair and replication, and to exposure
to external and internal mutagens (Alexandrov et al. 2013;
Lawrence et al. 2013).
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APOBEC3A/B-induced mutations were described for many
cancer types (Alexandrov et al. 2013; Burns et al. 2013b; Roberts
et al. 2013). Mutations produced by APOBEC3A/B have known
properties confirmed both in yeast and in human cancers: (1)
They are C—D mutations in the TpCpN context (the more specific
APOBEC3A/B signature is TpCpW—K, where D denotes A, T, or G;
W denotes A or T; and K denotes G or T) (Burns et al. 2013a; Taylor
etal. 2013; Chan et al. 2015; Seplyarskiy et al. 2016); (2) they often
form strand-coordinated clusters (Nik-Zainal et al. 2012; Roberts
et al. 2013; Taylor et al. 2013); (3) they are strongly biased toward
the lagging strand during replication (Haradhvala et al. 2016;
Hoopes et al. 2016; Morganella et al. 2016; Nik-Zainal et al.
2016; Seplyarskiy et al. 2016); (4) they are biased toward the non-
transcribed strand, at least in breast and bladder cancer
(Nordentoft et al. 2014; Morganella et al. 2016); and (5) cytosines
deaminated to uracils by APOBEC frequently result in C—G substi-
tutions. According to the current models, these mutations arise
due to incomplete repair of U-G mismatches resulting in abasic
sites. In turn, abasic sites are bypassed by REV1, which inserts ex-
actly 1 nucleotide (nt) opposite to the site, and this single-nucleo-
tide primer is then extended by the low-fidelity polymerase ¢ (Nik-
Zainal et al. 2012; Chan et al. 2013; Seplyarskiy et al. 2015).
Additionally, as we show here, (6) strand-coordinated clusters in
cancers are very strongly biased toward the lagging strand.

We previously demonstrated that fork polarity (fp) cal-
culated as the derivative of replication timing allows to discrimi-
nate between the strands replicated as leading versus lagging
(Seplyarskiy et al. 2016) and that accumulation of APOBEC3A/B
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mutations in human cancers is strongly strand specific. Here, we
asked if this specificity, as well as other properties of APOBEC3A/
B-induced mutagenesis, is also manifested in heritable mutations.

Results

Heritable mutations in the APOBEC3A /B context are 20% more
frequent on the lagging strand

Rare polymorphisms tend to be young (Mathieson and McVean
2014). Therefore, their mutational spectra and genomic distribu-
tion much better reflect the spectra of de novo mutations com-
pared with the spectra and distribution of substitutions between
species that are affected by nonmutational processes such as selec-
tion or biased gene conversion operating over the lifetime of a mu-
tation as it spreads to fixation (Rahbari et al. 2016; Terekhanova
etal. 2016). To study heritable mutations, we thus mainly focused
on rare polymorphisms (The 1000 Genomes Project Consortium
2015), i.e., those with the frequency of the derived allele in the hu-
man population <1%; we excluded singletons from the main anal-
yses as they are enriched in cell line artefacts (Mathieson and Reich
2016).

We measured the ratio of the frequencies of C—K mutations
to those of complementary G-M (where M denotes A or C) muta-
tions in different contexts and asked how this ratio depends on
whether the analyzed strand is preferentially replicated as leading
or lagging. The rates of both provisionally APOBEC3A/B-induced
mutation types (to T and to G) in both APOBEC3A/B contexts
(TpCpT and TpCpA) were 10%-20% higher on the lagging strand
(Fig. 1), while a weak bias was observed in only one of the compar-
isons for the corresponding mutations in the non-APOBEC3A/B
VpCpW context (where V denotes A, C, or G) (Fig. 1A). Among
the 24 possible mutations in NpCpW contexts, the TpCpW—-K
mutations are the most asymmetric. These estimates hold for all
seven cell types with measured replication timing (Table 1;
Supplemental Table S1).

The context specificity of the asymmetry, together with the
known lagging strand preferences of APOBEC3A/B-induced muta-
tions, suggests that the observed bias is caused by an excess of
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APOBEC3A/B-induced mutations on the lagging strand. If so, we
can estimate the contribution of APOBEC3A/B to mutagenesis, as-
suming that it is the sole reason for these biases (for details, see
Methods). Under these assumptions, we infer that ~15%-30% of
TpCpW—K substitutions resulted from APOBEC3A/B deamina-
tion, with a lower fraction for the TpCpA—G mutations (~15%).
The differences in strand bias between different APOBEC3A/B con-
texts are in line with lower frequencies of TpCpA—G among
APOBEC3A/B-induced mutations in cancers (Alexandrov et al.
2013) and among APOBEC3B-induced mutations in human cells
lines (Akre et al. 2016). Similar biases were observed for SNPs at
all frequencies (Supplemental Table S2) and for interspecies differ-
ences accumulated in the human lineage since divergence from
the last common ancestor with the chimpanzee, albeit they are
slightly less obvious for divergence (Supplemental Table S2;
Supplemental Fig. S1). Possibly, slightly weaker asymmetry ob-
served in divergence reflect minor changes in RT, as it was shown
that RT varies even within the human population (Koren et al.
2014).

APOBEC3A- and APOBEC3B-induced mutations preferential-
ly occur when, respectively, Y (T or C) or R (A or G) is observed 2 nt
upstream of the mutated C (Taylor et al. 2013; Chan et al. 2015).
Therefore, by analyzing this extended context, we are able to dis-
criminate between these two enzymes. The strand bias is stronger
for YpTpCpW contexts than for RpTpCpW contexts (P<0.0024
for all comparisons) (Supplemental Fig. S2), suggesting that simi-
larly to cancers with a high burden of APOBEC-induced mutations
(Chan et al. 2015), APOBEC3A likely contributes more to the ob-
served mutations than APOBEC3B.

In cancers most affected by APOBEC3A/B-induced mutagen-
esis, the mutation rate in the TpCpW context is increased by up to
40-fold compared with the VpCpW context (Seplyarskiy et al.
2016). From strand asymmetry, we estimate that only 15%-30%
of heritable TpCpW—K mutations are induced by APOBEC3A/B.
We asked whether this APOBEC3A/B-induced mutagenesis is
also manifested in an increased genome-wide mutation rate in
the corresponding nucleotide context. However, the frequencies
of TpCpW—K were not uniformly higher than the frequencies of
VpCpW—K mutations (Supplemental Table S3). This is probably
because mechanisms other than those
associated with APOBEC3A/B, with their
own context specificities (Supplemental
Fig. S3; Aggarwala and Voight 2016),
contribute more to polymorphism data
compared with cancer samples where
APOBEC3A/B virtually monopolizes the
mutation process.
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Heritable mutations in the APOBEC3A/
B context are more frequent on the
nontemplate strands of transcribed
regions

To understand other genomic features
that could be associated with
APOBEC3A/B activity, we analyzed the
density of rare polymorphisms in the
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Figure 1. Mutations in different APOBEC3A/B contexts are more frequent on the lagging strand (A-D).
Horizontal axis indicates the propensity of the region of the DNA strand to be replicated as lagging or
leading; vertical axis, ratio of the frequencies of the two complementary mutation types on the strand
in this category. Vertical bars represent 95% confidence intervals. V corresponds to A, C, or G.
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gions that may be prone to deamination
by APOBEC3A/B: transcribed regions,
recombination hotspots, and expressed
transposons. No APOBEC3A/B-specific
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Table 1. APOBEC3A/B-driven replication asymmetry is concordantly observed in seven cell types with known RT

MCF-7

MCF-7 Hepg2 Imr90 K562 Gm12878 Nhek Sknsh shuffled
Rank log, Rank log, Rank log, Rank log, Rank log, Rank log, Rank log, Rank log;
TpCpT>T 1 0.26 1 0.28 1 0.21 1 0.21 1 0.24 2 0.20 1 0.25 8 -0.02
TpCpT>G 2 0.24 2 0.24 2 0.19 2 0.19 2 0.24 1 0.22 3 0.15 5 —-0.03
TpCpA>T 3 0.23 3 0.24 3 0.17 3 0.19 3 0.21 3 0.20 2 0.18 13 —-0.01
ApCpT>G 4 0.18 4 0.19 6 0.15 4 0.17 4 0.18 4 0.18 5 0.14 7 —-0.02
GpCpT>G 5 0.16 8 0.14 5 0.15 5 0.16 6 0.15 6 0.15 10 0.10 12 —-0.01
CpCpA>T 6 0.15 5 0.17 7 0.13 8 0.12 7 0.14 5 0.18 6 0.11 21 0.00
TpCpT>A 7 =015 13 -0.12 9 -0.11 7 -013 13 -0.10 8 -0.13 7 -0 4 0.03
TpCpA>G 8 0.15 7 0.16 4 0.16 6 0.14 5 0.16 10 0.13 4 0.15 3 0.04
CpCpT>G 9 0.14 10 0.12 8 0.11 11 0.09 9 0.13 7 0.14 9 0.10 9 0.01
GpCpT>T 10 -0.13 6 -0.16 10 -0.11 9 -0.12 8 -0.13 9 -0.13 11 -0.09 22 0.00

We list the top 10 mutation types in the NpCpW context with the highest asymmetry in MCF-7 cells. For each cell type, we show the rank of each mu-
tation based on the absolute value of log, of the ratio of mutation rates on the lagging and leading strands. ToCpW—K mutations are in bold. “MCF-7

shuffled” is the asymmetry calculated for spurious RT values obtained by reshuffling the RT values between windows for MCF-7 data.

differences from the background rate were observed in recombina-
tion hotspots or in transposons (Supplemental Fig. S4).

For transcribed regions, we saw evidence for APOBEC3A/B ac-
tivity at the nontemplate strand. Here, the rate of TpCpW—K mu-
tations was increased compared with intergenic regions (Fig. 2A).
No such increase was observed for the template strand (Fig. 2B).
As a result, TpCpW—K mutations were strongly biased toward
the nontemplate strand. Indeed, at the nontemplate strand, the
TpCpT—G mutations had the strongest mutational asymmetry
among all 24 mutations in the NpCpW contexts, and other
TpCpW—K mutations were also biased toward the nontranscribed
strand (Fig. 2C). These observations are in line with the transcrip-
tional asymmetry of APOBEC3A/B-induced mutations in bladder
cancer and breast cancer (Nordentoft et al. 2014; Morganella
et al. 2016) and likely reflect the accessibility of the nontranscribed
strand to APOBEC3A/B, because the nontemplate strand is prone
to single-strandedness (Skourti-Stathaki and Proudfoot 2014).
The replication asymmetry of TpCpW—K mutations is observed
both in transcribed and nontranscribed regions, implying that it
is independent of the effect of transcription, although the extent

of this asymmetry differs slightly between the template and the
nontemplate strands because of contribution of chain-specific mu-
tations (Fig. 2; Supplemental Table S4).

Heritable mutations in APOBEC3A /B context tend to form
strand-coordinated clusters

As APOBEC family enzymes deaminate single-stranded DNA, they
tend to produce strand-coordinated clusters. To study such clusters,
we focused on pairs of rare single-nucleotide polymorphisms
(SNPs) in strong linkage at distances of up to 5000 nt from each oth-
er (for details, see Methods). Mutations at sites closer than 10 nt to
each other occur due to activity of low fidelity polymerases or other
mechanisms not related to APOBEC3A/B (Terekhanova et al. 2013;
Harris and Nielsen 2014; Zhu et al. 2015); therefore, we excluded
such pairs from our analysis. Over half of the remaining pairs of
TpCpW—K mutations were strand coordinated, and for three out
of the four considered mutation types, the fraction of strand-coor-
dinated pairs was significantly higher than for the same mutations
in the VpCpW context used as a control (Fig. 3A-D). Similar results
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Figure 2. APOBEC3A/B-induced mutations occur preferentially on the nontemplate strand. Color-coded log, of the ratio of densities of rare polymor-
phisms on the nontemplate strand (A) or the template strand (B) and intergenic regions, or of the ratio of densities of rare polymorphisms on the nontem-
plate and template strands (C). Mutations in the TpCpW—K context that may be associated with APOBEC3A/B activity are in green boxes.
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were obtained for interspecies divergence data (Supplemental
Table S5). Conversely, strand-coordinated clusters composed of
many (more than six) C—K mutations were enriched in mutations
in an APOBEC3A/B-prone context. Indeed, in such clusters, the
fraction of TpCpW—K mutations was about three times higher
than in noncoordinated clusters with similar properties (Fig. 3E).
Moreover, many of the strand-coordinated clusters included only
TpCpN—K mutations (Supplemental Table S6) and likely repre-
sented pure traces of APOBEC3A/B activity.
APOBEC3A/B-induced mutations are biased toward the lag-
ging strand in cancer and in yeasts. We asked whether this pattern

is also observed for strand-coordinated clusters. In cancers with a
strong prevalence of APOBEC3A/B-related mutagenesis, strand-
coordinated clusters occur sixfold more frequently on the lagging
strand, demonstrating the highest level of replicative strand asym-
metry reported for mammalian cells (Supplemental Fig. SS5).
Therefore, we would expect an excess of strand-coordinated pairs
of heritable TpCpW—K mutations on the lagging strand if
APOBEC3A/B plays a role in their formation. Indeed, clustered
mutations preferentially occur on the lagging strand (Fig. 3F-I),
and the level of strand asymmetry for them is higher than that
for dispersed mutations (Supplemental Fig. S6), reflecting an en-
richment of APOBEC3A/B-induced clus-
ters among strand-coordinated clusters.
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for the TpCpW—K mutations but also,
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Figure 3. Clustered mutations in the Tp.CpW—K context are enriched in strand-coordinated clusters
and biased toward the lagging strand. (A-D) Pairs of linked SNPs in contexts prone to APOBEC3A/B-in-
duced mutations tend to be strand coordinated. (E) Strand-coordinated clusters that are composed ex-
clusively of C—K mutations and contain at least six mutations are approximately threefold enriched in
mutations in the TpoCpW context, compared with noncoordinated clusters. (F~/) Strand-coordinated
pairs are biased toward the lagging strand. The axes and notation are as in Figure 1. The P-value is cal-
culated for the differences between the asymmetries of TpCpW—K and VpCpW—K mutations in the re-

gions with the highest fork polarity (i.e., the first and the last bin).

Lagging that originate from unfinished repair of
cytosines deaminated by APOBEC3A/B.
These and other DNA damages may be
bypassed by low fidelity polymerase (.
It introduces C>G mutations and is re-
cruited to bypass different DNA damages
(Diaz et al. 2003; Helleday et al. 2014) by

replicating a stretch of DNA downstream
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from the damage (Kochenova et al. 2015). If similar processes af-
fect heritable mutations, we expect to observe a higher mutation
rate at 3’ of the C—G mutations that mark polymerase {-depen-
dent DNA synthesis. We compared the mutation rates at distances
ofupto Skb 5 and 3’ of TpCpW—K mutations. The mutation rates
were increased ~1-2 kb 3’ of C—G mutations in the APOBEC3A/B
contexts both on the leading and the lagging strand (Fig. 5A,C,
E,G). A higher mutation rate 3’ of TpCpW—G SNPs on both
replicative strands at distances of up to 2 kb is in agreement with
the key role of polymerase { in generation of these mutations
and with its known low (~1 kb) processivity (Kochenova et al.
2015). However, an increase in the mutation rate is also observed
3’ of VpCpW—-G mutations (Supplemental Fig. S7) and on both
chains in the case of APOBEC3A/B-prone context, implying
that the role of polymerase ¢ in the accumulation of heritable
C—G mutations is not limited to bypassing of APOBEC3A/B-in-
duced abasic sites.

A weaker effect was observed in one of the four comparisons
for the C—T mutation (Fig. 5B): a mutation rate asymmetry in
the vicinity of TpCpT—T mutations on the lagging strand. This
effect is particularly strong in the 400 nt nearest to the C-T
mutation (Supplemental Fig. S8). The TpCpT—T mutations dem-
onstrate the strongest bias toward the lagging strand compared
with the control mutation types (Fig. 1), suggesting that
APOBEC3A/B causes a high fraction of these mutations on the
lagging strand. Therefore, our observations suggest that the mu-
tation rate is increased 3" of APOBEC3A/B-induced mutations.
The difference between the mutation rates 5" and 3’ of the muta-
tion of interest is observed only for linked SNPs (Supplemental
Fig. §9), implying that this association is due to the co-occur-
rence of mutations in a single mutational event rather than
some underlying properties of the corresponding genomic
regions.

The rate of all mutations is also strongly increased in the vi-
cinity of a SNP in the same haplotype (Fig. 5), in line with previous
results (Schrider et al. 2011; Terekhanova et al. 2013; Harris and
Nielsen 2014; Zhu et al. 2015). This effect is weaker and decays
more gradually with distance between the mutations not linked
with each other compared with linked mutations (cf. Supplemen-
tal Fig. S9 and Fig. 5).

Discussion

Recent studies have linked most somatic mutations, that is, muta-
tions associated with cancers or with dedifferentiation of induced
pluripotent stem cells, with specific processes (Alexandrov et al.
2013; Lawrence et al. 2013; Rouhani et al. 2016). In contrast,

5" context
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only a minority of heritable mutations are attributable to known
mechanisms. Analyses of clustered mutations and L1 transpo-
sons have revealed a major role of low fidelity polymerase { and
APOBEC3G in the generation of heritable mutations (Harris and
Nielsen 2014; Seplyarskiy et al. 2015; Zhu et al. 2015; Knisbacher
and Levanon 2016; Pinto et al. 2016). Direct experiments
have also uncovered the role of recombination in mutagenesis
(Arbeithuber et al. 2015; Yang et al. 2015). Still, the causes of
many described and pervasive patterns observed in heritable mu-
tations such as the cryptic variation of the site-specific mutation
rate and heterogeneity of mutational spectra (Hodgkinson et al.
2009; Johnson and Hellmann 2011; Seplyarskiy et al. 2012) remain
unknown.

Among mutation types, clusters of adjacent or nearby muta-
tions can be attributed to specific mutational mechanisms most re-
liably, as chance occurrence of such clusters by conventional
mechanisms is unlikely. However, the majority of mutations are
dispersed, and few methods to study their origin are available. A
type of mutation can be relatively easily linked to a specific mech-
anism only if its rate is unusually high, as is the case for CpG—-T
mutations.

Here, we show that APOBEC3A/B contributes substanti-
ally to heritable mutagenesis. We show that TpCpW—K mutations
in human polymorphism and divergence exhibit all the proper-
ties of APOBEC3A/B-induced mutations, unlike non-APOBEC-
induced VpCpW—K mutations. We estimate that ~20% of heri-
table TpCpW—K mutations, or 1.4% of all heritable muta-
tions, are linked to APOBEC3A/B activity, corresponding to
970,000 of mutations from the 1000 Genomes Project
Consortium (2015).

Replication asymmetry of TpCpW—K mutations is not due to
asymmetry in coreplicative repair or error rate of replicative
polymerases

Many mutations are associated with replication and preferentially
occur at segments of DNA strands replicated as leading or lagging.
A computational approach has been developed to discriminate, by
determining the prevalent direction of the replication fork at each
genomic region, between the leading and the lagging DNA strands
(Chen et al. 2011; Baker et al. 2012; Haradhvala et al. 2016;
Seplyarskiy et al. 2016), providing a powerful tool to investigate
strand-biased mechanisms that give rise even to dispersed muta-
tions (Chen et al. 2011; Baker et al. 2012; Haradhvala et al. 2016;
Morganella et al. 2016; Nik-Zainal et al. 2016; Seplyarskiy et al.
2016). APOBEC3A/B-induced mutations, as well as mutations in
mismatch repair (MMR)-deficient cells, are strongly biased toward
the lagging strand (Lujan et al. 2012; Andrianova et al. 2016;
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Haradhvala et al. 2016; Hoopes et al. 2016; Seplyarskiy et al. 2016).
Here, we show that such biases in the germline shape the muta-
tional lanscape that gives rise to human variation.

Conceivably, the observed replication asymmetry could re-
flect accumulation of nonrepaired mismatches during DNA dou-
bling. Indeed, mutations accumulated in cells with a deficiency
in MMR or decreased fidelity of major replicative leading or lagging
strand polymerases have a strong replicative asymmetry (Lujan
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5 et al. 2012, 2014; Andrianova et al.
2016; Haradhvala et al. 2016). However,
the direction of the observed replicative
asymmetry is inconsistent with this.
Indeed, in cancer cells prone to muta-
tions caused by wild-type polymerases
or by polymerase & or polymerase &
without exonuclease activity, C—»T mu-
tations are accumulated on the leading
strand (Andrianova et al. 2016). In con-
trast, heritable C—T mutations in the
TpCpW context preferentially occurred
on the lagging strand (Fig. 1). Therefore,
a specific context-dependent corepli-
cative mutational process needs to be
invoked.

APOBEC3A and/or APOBEC3B
proteins are most plausible causes of the
replicative asymmetry

The asymmetry is most pronounced
for cytosines in the TpCpW context,
is associated with DNA replication, and
produces strand-coordinated clusters,
strongly suggesting that a protein from
the APOBEC family plays a key role.
While deamination in the TpCpW con-
text excludes some APOBECs from
consideration, APOBEC1, APOBEC3A,
APOBEC3B, APOBEC3F, and APOBEC3H
(Taylor et al. 2013; Kim et al. 2014;
Saraconi et al. 2014) all are plausible
suspects. Overexpression of APOBECI,
APOBEC3A, and APOBEC3B is associated
with increased mutation rate in verte-
brate cell lines, with mutations dis-
tributed all over the genome (Saraconi
et al. 2014; Akre et al. 2016; Green et al.
2016). Notably, however, APOBEC1 caus-
es C—A mutations in experimental
systems (Saraconi et al. 2014), while the
heritable replication asymmetry is largely
restricted to C—T and C—G mutations
(Table 1). Recently, one of the alleles of
APOBEC3H has been linked with lung
cancer (Starrett et al. 2016), suggesting
this protein as another possible can-
didate. However, this APOBEC3H allele
is barely stable and has only a weak
effect even in specific essays (Starrett
et al. 2016), arguing against the role
of APOBEC3H in the patterns obser-
ved in germline. For APOBEC3A and
APOBEC3B, mutations are known to accumulate on the lagging
strand (Haradhvala et al. 2016; Hoopes et al. 2016; Seplyarskiy
et al. 2016), and mutagenesis is associated with replication (Green
etal. 2016). Finally, APOBEC3A and APOBEC3B are major mutators
in a broad range of cancer types (Alexandrov et al. 2013; Burns et al.
2013b; Roberts et al. 2013). Therefore, although we cannot indis-
putably exclude other APOBECs, indirect evidence concordantly
suggests APOBEC3A and APOBEC3B as the most probable
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candidates. Our analysis of extended contexts make APOBEC3A a
somewhat better explanation than APOBEC3B (Supplemental Fig.
$2), although both proteins may contribute.

Leading vs. lagging strand bias indicates that 20% of heritable
mutations are induced by APOBEC3A /B

For all types of heritable single-nucleotide substitutions, the asym-
metry between the leading and the lagging strand is weak (Chen
etal. 2011; Andrianova et al. 2016). Therefore, even a small admix-
ture of mutations that are two to three times more prevalent on
one of the strands can be detected (Fig. 1), and the amount of
such admixture can be estimated from the level of asymmetry.
De novo TpCpW—K mutations obtained from Francioli et al.
(2015) were inferred to be 1.38 times more frequent on the lagging
strand than on the leading strand (Haradhvala et al. 2016). In our
analyses of the same data set, the corresponding ratio is 1.23 but is
not significantly different from 1.0 (P>0.05). The difference be-
tween the results is likely due to differences in how fp is measured.
The only assumption made by the method we use is that replica-
tion fork velocity is nearly constant throughout the genome
(Guilbaud et al. 2011; Baker et al. 2012), and this assumption
has been confirmed experimentally (Guilbaud et al. 2011; Baker
etal. 2012). Still, the strand asymmetry of TpCpW—K de novo mu-
tations in a larger joined data set (Francioli et al. 2015; Wong et al.
2016) yielded a significant 1.17-fold difference between strands (P-
value =0.0174). This is in line with the approximately 1.15-fold
asymmetry observed for rare SNPs. The observed ~15% asymmetry
corresponds to a ~20% admixture of APOBEC3A/B-induced muta-
tions. Still, the effect of adjacent nucleotides on the mutation rate
appears to mask this contribution of APOBEC3A/B, so that we do
not observe any tendency of C—K mutations to occur in the
TpCpW context among de novo mutations or in polymorphism
data (Supplemental Tables S3, S7), in line with Francioli et al.
(2015).

Our results show that knowledge of replication fork direction
may be used to estimate the contribution of a specific process to
heritable mutagenesis. We suggest that a similar set of approaches
can be also used to quantitatively estimate the fraction of
APOBEC3G-induced mutations, especially among dispersed muta-
tions, because recent experiments on bacteria showed that these
mutations, too, are strand asymmetric (Bhagwat et al. 2016).

TpCpW—K mutations demonstrate transcriptional asymmetry

Some mutation types are known to be transcriptionally asymmet-
ric in human germline or soma (Green et al. 2003; Polak and Arndt
2008; Mugal et al. 2009; Pleasance et al. 2010; Nordentoft et al.
2014; Haradhvala et al. 2016). Here, we describe context-specific
transcriptional asymmetry for C—»T and C—G mutations in the
germline (Fig. 2C). This asymmetry is elevated in TpCpW contexts.
Transcription-coupled repair is the main source of transcriptional
asymmetry in cancers (Pleasance et al. 2010; Haradhvala et al.
2016). However, if transcription-coupled repair was the main cause
of the observed transcriptional asymmetry in the germline, we
would not expect the mutation rate to be elevated at either of
the strands compared with the intergenic regions. In contrast,
we found that TpCpW—K SNPs were more frequent on the non-
template strand compared with intergenic regions (Fig. 2A).
Genes tend to be located in regions of early RT (Farkash-Amar
et al. 2008) and experience high levels of background selection
(Mu et al. 2011); these factors could also reduce the number of
SNPs but should not increase it, especially in a strand-specific man-

ner. Therefore, a specific mutational mechanism needs to be in-
voked to explain the bias of TpCpW—K mutations toward the
nontemplate strand. A similar asymmetry in the same context
has been described for APOBEC3A/B-induced mutations in breast
and bladder cancer (Nordentoft et al. 2014; Morganella et al.
2016), suggesting that the transcriptional asymmetry likely reflects
APOBEC3A/B-induced heritable mutations on the nontemplate
strand. As APOBEC3A/B-induced mutagenesis affects single-
stranded DNA, we suggest that, alongside the lagging strand dur-
ing replication, it may also produce mutations on the nontemplate
strand in transcribed regions, due to single strangeness of this
strand during R loop formation (Skourti-Stathaki and Proudfoot
2014). The asymmetry observed in the CpCpW context may be re-
lated to the APOBEC3G transcription—associated activity that has
been shown recently (Pinto et al. 2016).

Fraction of APOBEC3A /B-induced mutations is high
in strand-coordinated clusters

In cancer, APOBEC3A/B gives rise to mutational clusters spanning
~10 kb (Nik-Zainal et al. 2012; Roberts et al. 2013). Linked SNPs,
especially young ones, may be used to study such events, as muta-
tional clusters observed in them have not yet been disrupted by re-
combination and are still detectible at distances of a few kb (Harris
and Nielsen 2014). Clustered mutations in the TpCpW context are
enriched in strand-coordinated clusters by a factor of up to two.
Moreover, for strand-coordinated clusters, we observed a stronger
bias toward the lagging strand than for dispersed mutations.
Thus, the orthogonal approach based on strand coordination
also detects the prevalence of APOBEC3A/B-induced mutations.

Contribution of APOBEC3A /B-induced mutations
to the mutation load in humans

APOBEC3A/B-induced mutations fuel cancer development, repre-
senting the second most prevalent mutational signature in it.
Therefore, the cancer-related activity of APOBEC3A/B should be
slightly deleterious, although selection against it may be weak
(Martincorena and Campbell 2015). Here, we have shown that
APOBEC3A/B also causes heritable mutations, thus increasing
the mutation load. The fact that it is conserved by negative selec-
tion implies that its positive role in protection against retroele-
ments or viruses outweighs its deleterious mutability. Thus, the
maintenance of APOBEC3A/B represents a tradeoff between its ad-
vantageous function and deleterious mutagenesis.

Methods

Mutational data

The main set of results was obtained using polymorphism data
from the 1000 Genomes Project Consortium (2015). We excluded
exons and 10 nt adjacent to each exon to reduce the contribution
of selection, and we only considered nonsingleton variants with
low (<1%) derived allele frequency, using the ancestral variant de-
termined by the 1000 Genomes Project Consortium (2015).
Clusters were defined as pair or more of SNPs of a particular type
at distances between 10 and 5000 nt from each other, such that
at least half of the genotypes carrying the derived allele for one
of the SNPs also carry the derived allele for any other SNP within
cluster and vice versa. The same criteria were used to subdivide
SNPs as linked (Fig. 5; Supplemental Figs. S8, S9) or unlinked
(Supplemental Fig. S7) in analyses of SNP densities 5" or 3’ of the
considered SNP. For analyses of interspecies divergence, we used
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the human-chimpanzee-orangutan multiple alignment from
the UCSC Genome Browser (https://genome.ucsc.edu/). We in-
ferred substitutions in the human lineage after its divergence
from the chimpanzee by maximum parsimony, using the orangu-
tan as the outgroup. Somatic mutations in cancers for whole-
genome sequences were obtained from Alexandrov et al.
(2013) and the TCGA consortium (Hoadley et al. 2014; https://
tcga-data.nci.nih.gov/tcga/). Mutational clusters in cancers were
determined as described by Seplyarskiy et al. (2016) and mutation-
al clusters of de novo heritable mutations obtained from trio data
as described by Francioli et al. (2015). Cancers with a strong prev-
alence of APOBEC3A/B signature were defined on the basis of an
increased rate of the TpCpW—K mutation; this matches the defini-
tion of APOrich cancers in the work by Seplyarskiy et al. (2016).
Mutation rates in all analyses were calculated as the number of
events divided on the number of corresponding sites.

We have written Perl scripts (Supplemental perl scripts) and R
scripts (Supplemental R scripts) to analyze the data.

Genomic annotations

Information about genomic coordinates and which strand is the
template for transcribed genes and expressed transposons was
downloaded from the UCSC Genome Browser, files knownGene
and ucscRetroAliS5, correspondingly. Hotspots of meiotic double-
strand breaks, also called recombination hotspots, were obtained
from Pratto et al. (2014). We use all hotspots observed in at least
one individual (file 1256442 _DatafileS1.txt, column 17).

Leading vs. lagging strand asymmetry

The derivative of the replication timing at the position of the mu-
tation was used as a proxy for the probability that the reference
strand is replicated as leading or lagging in the current position,
as previously described (Seplyarskiy et al. 2016). The genome was
categorized by these values into six (Fig. 3F-I) or 20 (Fig. 1) equal
bins, with low value of the derivative corresponding to the propen-
sity of the DNA segment to be replicated as lagging; high value, as
leading. For each bin, the numbers of substitutions and target sites
were calculated. Each substitution was counted twice: (1) as a sub-
stitution on the reference strand with the corresponding derivative
of the replication timing and (2) as a complementary substitution
with the inverse derivative. Thus, each plot of substitution asym-
metry (Figs. 1, 3F-I) is symmetric with respect to zero. Confidence
intervals were obtained for the relative risk in a 2 x 2 table. As a
measure of the asymmetry, we used the ratio of the frequencies
of complementary mutations between strands in the most extreme
(first or last) bin, where the determination of the fp was the most
confident. Since tissue-matched replication timing for heritable
mutations is unavailable, MCF-7 replication timing was used for
the main analysis. Results replicated for all seven cell types with
available RT data (Supplemental data fp). To reshuffle MCF-7
RTs, we randomly picked a value of RT for each 1-kb segment
from the distribution of MCF-7 RT values.

Estimation of the admixture of APOBEC3A /B mutations from the
leading vs. lagging strand asymmetry

Previously, using non-tissue-specific replication timing data as in
the current analysis of heritable mutations, we found that about
two-thirds of APOBEC3A/B mutations in cancer occurred on the
lagging strand (Seplyarskiy et al. 2016). By using tissue-matched
data on replication timing for analyses of asymmetry in cancers
(MCEF-7 for breast cancers, and IMR90 for lung cancers), we in-
crease the observed level of asymmetry (Supplemental Fig. S10)
compared with our previous study and studies by other groups

(Haradhvala et al. 2016; Morganella et al. 2016; Seplyarskiy et al.
2016). Therefore, in our non-tissue-matched data, the observed ra-
tio of mutational frequencies on the lagging and on the leading
strands (strand bias) s is

o 067x+0.5(1 - x)
T 0.33x+05(1-x°

where x is the fraction of APOBEC3A/B-induced mutations among
all mutations; 0.67x and 0.33x are the fractions of APOBEC3A/B-
induced mutations on the lagging and on the leading strand, re-
spectively, with the coefficients 0.67 and 0.33 estimated from can-
cer data; and the coefficient 0.5 corresponds to the equal
distribution of non-APOBEC3A/B-induced mutations between
leading and lagging strands. Therefore,

_3s-1
T 1+4s

)

so that s=1.15 estimated for heritable mutations implies an ad-
mixture of APOBEC3A/B-induced mutations of 21%.
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