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ABSTRACT

Since the discovery of the role of the APOBEC en-
zymes in human cancers, the mechanisms of this
type of mutagenesis remain little understood. The-
oretically, targeting of single-stranded DNA by the
APOBEC enzymes could occur during cellular pro-
cesses leading to the unwinding of DNA double-
stranded structure. Some evidence points to the
importance of replication in the APOBEC mutage-
nesis, while the role of transcription is still under-
explored. Here, we analyzed gene expression and
whole genome sequencing data from five types of
human cancers with substantial APOBEC activity
to estimate the involvement of transcription in the
APOBEC mutagenesis and compare its impact with
that of replication. Using the TCN motif as the mu-
tation signature of the APOBEC enzymes, we ob-
served a correlation of active APOBEC mutagene-
sis with gene expression, confirmed the increase of
APOBEC-induced mutations in early-replicating re-
gions and estimated the relative impact of transcrip-
tion and replication on the APOBEC mutagenesis.
We also found that the known effect of higher den-
sity of APOBEC-induced mutations on the lagging
strand was highest in middle-replicating regions and
observed higher APOBEC mutation density on the

sense strand, the latter bias positively correlated with
the gene expression level.

INTRODUCTION

Apolipoprotein BmRNA editing catalytic polypeptide-like
(APOBEC) is a family of enzymes of the human innate
immune system, whose known role is the defense against
viruses and transposable elements (1). The APOBEC en-
zymes bind to single-stranded viral DNA and deaminate
cytosine, leading to C > T and C > G substitutions in the
TpC context (2). Recently, APOBEC enzymes have been
implicated in cancer mutagenesis (3-5) with APOBEC-
associated mutations detected in many types of human can-
cer, including breast, lung, bladder, head/neck and cervi-
cal cancers (6-8). In a majority of these cancer genomes,
the APOBEC-signature mutations were found clustered in
DNA and located on the same DNA strand (3,4). In addi-
tion, cancer genomes enriched in APOBEC-induced muta-
tions also contain mutations with the APOBEC signature
that are not positionally clustered along the genome. As the
APOBEC enzymes have a strong specificity toward single-
stranded DNA (ssDNA), it has been suggested that the en-
zymes generate mutation during one or several cellular pro-
cesses associated with the unwinding of double-stranded
human DNA, such as DNA repair, replication or tran-
scription (9). However, the exact mechanisms of APOBEC-
associated mutagenesis remain unknown (10).

During DNA replication, ssDNA regions are transiently
formed behind the replication fork and theoretically can
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serve as a substrate for the APOBEC enzymes. Further-
more, nucleotide polymerization on the lagging strand runs
in the opposite direction and requires formation of ss-
DNA loops (11,12). Indeed, recent papers indicate that the
APOBEC mutagenesis is associated with replication, as the
density of APOBEC-induced mutations has a strong bias
toward the lagging replication strand (13) and is relatively
higher in early-replicated regions (14).

During transcription, RNA polymerase binds to the anti-
sense strand of DNA, leaving the other, sense strand single-
stranded and hence potentially exposed to the APOBEC
mutagenesis. Additionally, formation of R-loops, triple-
stranded nucleic acid structures comprised synthetized
RNA hybridized with the DNA antisense, and single-
stranded sense DNA (15), may facilitate the APOBEC ac-
cess to the transient sSDNA in the non-transcribed strand.
The first evidence for the link between the APOBEC mu-
tagenesis and transcription was obtained in whole-genome,
exome and transcriptome study of bladder cancer (16) that
demonstrated the correlation of APOBEC-signature muta-
tion rate with the mean expression level, and the bias toward
the sense strand. Recent study in yeasts demonstrated sus-
ceptibility of the sense strand of tRNA genes to APOBEC
mutagenesis, which were mutated 1000-fold times more fre-
quently than the non-tRNA genomic regions (17). On the
other hand, a study analyzing the distribution of APOBEC-
induced mutations across genomes of 119 breast and 24
lung cancer samples (14) did not find statistically significant
difference of the density of APOBEC-induced mutations
between transcribed and non-transcribed genomic regions,
leaving the relevance of transcription to the APOBEC mu-
tagenesis in question.

Here, we analyzed the whole genome and transcriptome
sequencing data on 505 tumors across 14 cancer types
(18), in an attempt to study the connection between the
APOBEC mutagenesis and transcription. Our results point
on the important role of transcription in APOBEC muta-
genesis. That includes higher mutation load in actively ex-
pressed genes and on sense strand, presumably driven by
the facilitated access of APOBEC enzymes to the single-
stranded sense strand during the process of transcription.

MATERIALS AND METHODS
Dataset

Somatic alternations in 12 types of human cancer were
taken from (18). Indels were filtered out. Five cancer types,
BLCA, BRCA, HNSC, LUAD and LUSC, which contained
samples enriched with the APOBEC-mutagenesis signature
(APOBEC-mutagenesis enrichment > 2.0, calculated as in
(8)), were selected for further analysis. Human genome as-
sembly GRCh37/hgl9 was used. Calculations were per-
formed in InterSystems IRIS and MATLAB environments.
Processing of computation-intensive subtasks was written
in C++ and performed on computational cluster.

Replication timing analysis

Replication timing data for MCF-7, IMR90 and NHEK
cell lines were taken from the ENCODE database (19).
Replication timing values were divided into seven intervals

to create bins containing approximately equal number of
the TCN motifs in each bin (Supplementary Tables S1-
S3). The mutation density Dapogec of the APOBEC mu-
tagenesis in the genome regions corresponding to a partic-
ular replication timing bin was calculated as the number of
single-base substitutions C—T or C—G in the TCN mo-
tif divided by the total number of the TCN triplets in these
regions: Dapogec = Naposec / Nten. The relative muta-
tion density of the APOBEC mutagenesis was calculated as
RDapoec = Daposec—DnenN, Where Dyen 1s the density
of other single-base substitutions in cytosines. The repli-
cation data for the IMR90 cell line were used for analysis
of the LUAD and LUSC mutational data; the NHEK cell
line data, for HNSC and BLCA, and the MCF-7 data, for
BRCA. The leading or lagging strand was assigned to the
TCN motifs as in (13).

To estimate the statistical significance of the observation
that the lagging/leading strand ratio of the APOBEC muta-
tional density is maximal at middle-replicating regions, we
repeatedly shuffled mutations between lagging and leading
strand for each replication timing bin. For each shuffle, we
applied quadratic regression to fit a parabolic curve and to
obtain the coefficient of the quadratic term reflecting the
curve curvature.

Gene expression analysis

Gene annotations including gene direction (to infer the
sense/antisense strand) were taken from RefSeq (20). Gene-
level transcript abundances quantified by RSEM (21) were
downloaded from the Broad TCGA GDC (22-26); esti-
mated gene expression levels in the ‘scaled_estimate’ col-
umn, representing TPM values according to the description
in TCGA wiki, were used. The values of gene expression
were divided into seven intervals (Supplementary Table S4).
Samples with <600 mutations in genes were excluded. Mu-
tational densities in the expression bins were calculated sim-
ilarly to the densities in replication timing bins, as described
above.

Mutation clusters and model of mutagenesis

Mutation clusters were defined as described previously
(Roberts et al., 2013). Briefly, all groups of at least two
mutations in which neighboring changes were separated
by 10 kb or less were identified and the P-value for each
group was calculated under the assumption that all mu-
tations were distributed randomly across the genome as
described previously (3). Groups of mutations were iden-
tified as clusters if the calculated P-value was than 10~*
or less. We also introduced additional strict rules for the
analysis of mutational clusters—a particular cluster was
considered as an APOBEC-induced cluster if all con-
stituent SBS conformed to the APOBEC signature. Simi-
larly, a mutation cluster was considered as non-APOBEC-
induced if all cluster’ SBS did not conform to the APOBEC
signature. The regression model of the ABOBEC muta-
genesis was defined as NRD 4popec(r,t) = po + Bir +
Bat + &, where NRD 4pogec is the normalized relative den-
sity of APOBEC-induced mutations NRD 4ppppc(r,t) =
RD 4popEc (r, 1)/ Y. RD(r, t). This value is normalized on
r,t



the sample mutation load to compensate for different time
of exposure to mutagens in different samples; r is the repli-
cation timing, ¢ is the gene expression level, 8; are the model
coefficients, ¢ is the random error.

RESULTS

Selection of the APOBEC mutational signature for the anal-
ysis of human cancer genomes

To analyze the distribution of APOBEC-induced mutations
along the genome and its connection with the replication
and transcription one need to distinguish single-base substi-
tutions (SBS) presumably generated by the APOBEC muta-
genesis from all other SBS. Such classification of mutational
data can be done using the mutational signature attributed
to the APOBEC enzymes. Previous studies suggested to use
TCW (W stands for A and T) (8) or TCN (7) motifs as
the APOBEC mutational signature. Previously, using the
TCW mutational signature, we observed the increased den-
sity of APOBEC-induced mutations in early-replicating re-
gions (14) supplemented by a small shift in the same direc-
tion for the distribution of mutations not conforming to the
TCW motif. This observation allowed us to speculate that
APOBEC enzymes substantially target DNA outside of the
TCW motif in human cancers and to use the TCN motif as
more appropriate in this case.

To validate this approach to the considered dataset, we
calculated the distributions of the SBS density along the
replication timing, while grouping single-base substitutions
by their three-nucleotide contexts, i.e. considering all pos-
sible 5’ and 3’ bases of the mutated nucleotide (Supple-
mentary File S1). We considered five cancer types having
substantial numbers of samples enriched with APOBEC
mutagenesis (see Materials and Methods section; Figure
1A), namely, breast carcinoma (BRCA, 96 samples), blad-
der carcinoma (BLCA, 21 samples), head and neck carci-
noma (HNSC, 27 samples), lung adenocarcinoma (LUAD,
46 samples) and lung squamous cell carcinoma (LUSC, 45
samples) (18). As expected, the slope of the density distri-
bution of APOBEC-induced SBS along the replication tim-
ing was negative for the TCA and TCT triplets (mutation
density decreased toward the late-replicated regions, Figure
1B) and, noticeably, also for the TCC and TCG triplets, as
demonstrated for representative samples of five cancer types
in Figure 1C. The slopes of the density distribution for all
other triplets were mainly positive (Figure 1D). In some
cases (Figure 1C, LUSC), slopes of the density distribu-
tion for TCN triplets were also positive but still sufficiently
smaller than the slopes for other triplets. This apparently re-
flects the mixed origin of mutagenesis in particular triplets,
as each TCN motif contains mixture of mutations gener-
ated by different types of mutagenesis, i.e. not only SBSs in-
duced by APOBEC-mutagenesis, but also SBSs generated
from other sources. This can offset the effect of higher den-
sity of APOBEC-induced mutations in early replication re-
gions, as the mutation density of most cancer signatures is
relatively higher in late replication regions (27-33). We ar-
gue that similar effects of higher mutation density in early-
replicated regions both in TCW and TCS motifs, as well as
known TCN specificity of the APOBEC enzymes toward
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viral DNA, demonstrate that TCC and TCG triplets are
also targeted by APOBEC mutagenesis in human cancers,
hence supporting our use of a less stringent TCN motif as
the APOBEC mutational signature.

The effect of the high density of APOBEC-induced mutations
in early-replicated regions is more prominent in the case of
TCN mutational signature

Using the newly defined APOBEC mutational signature
(TCN motif) we attempt to confirm the earlier observed
effect of the increased density of APOBEC-induced SBSs
in early-replicated regions in human cancers (14). We cal-
culated the slopes of distributions of the relative APOBEC
mutation density over replication timing (see Materials and
Methods section). The results for five cancer types are
shown in Figure 2. In plots for all cancer types, the slopes
of the relative mutation density decrease with the increase
of the APOBEC-enrichment of a sample (the APOBEC en-
richment is a proxy for the activity of APOBEC enzymes
in a particular sample, see Materials and Methods sec-
tion). This means that the APOBEC mutagenesis rate cor-
relates with the increased density of APOBEC-induced mu-
tations in early-replicating regions. The most profound ef-
fects can be seen for BLCA (slope of the regression line,
k =-8.02 x 1073, P-value = 9.92 x 107%), LUAD (k = —
1.15x 102, P=3.44 x 10”") and LUSC (k =-1.07 x 1072,
P =221 x 10°?) cancers, moderate effect for HNSC (k =
—-6.61 x 103, P = 6.04 x 107?), and less prominent effect
for BRCA (k =-2.08 x 1073, P = 1.36 x 1072). This effect
was not so prominent when only the TCW motif without
TCS triplets is used as the APOBEC mutational signature
(Supplementary Figure S1) as all slopes of trend lines were
higher or equal than those for the TCN motif: BLCA k =
423 x10°, P=136 x 10"; BRCA k=-1.17 x 104, P
=136 x 10°"; HNSC k = —4.49 x 1073, P =4.28 x 102;
LUAD k =-1.19 x 102, P = 1.64 x 10% LUSC k = —
1.03x 102, P=1.19 x 107,

APOBEC-mutagenesis is associated with higher mutation
density in actively expressed genes

To elucidate possible relationship between transcription
and APOBEC mutagenesis, we analyzed gene expression
data associated with the studied cancer samples. We esti-
mated the distribution of APOBEC-induced mutations in
groups of genes stratified by expression levels. For each
cancer sample we divided all genes into seven expression
groups (bins) (see Supplementary Table S4) and calculated
the mutational density for each bin. Similar to the replica-
tion timing analysis, for each bin we calculated the relative
APOBEC mutation density as the difference between the
density of APOBEC-induced SBSs and other SBSs in cy-
tosines in genome regions associated with the given expres-
sion bin. The results for five cancer types are presented in
Figure 3. To check that the distribution of mutational den-
sity of non-APOBEC-induced SBSs in cytosines is not sub-
stantially different from the distributions of SBSs in other
nucleotides, we calculated the distributions of mutational
density over gene expression levels for all triplets (Supple-
mentary File S2).



4 NAR Cancer, 2021, Vol. 3, No. 3

Cancer type: BLCA, sample: TCGA-BT-A3PH-01A

0.03

02

Tl
0.00 . . .. .

0.01 .

Cancer type: BRCA, sample: TCGA-E2-A1LG-01A

Cancer type: LUAD, sample: TCGA-05-4422-01A

oIIIIIIIIIIIIIIIIIIIIII-I_-- IIII

Cancer type: HNSC, sample: TCGA-CV-6961-01A

Cancer type: LUSC, sample: TCGA-60-2698-01A

04

wn
2 4 )
= © 8 & d 0.04
£
o
£ o B bt !
£ 4 e &
o}
g o ® @
2 ° ]
@ €]
g1 % s
3
o w |
i
a o
< = ° 0.03
0.02
BLCA BRCA HNSC LUAD LUSC o
c
Cancer type £ oo
=4
o
& 0.00
B 8
————— &
-0.01
R% 0.32 5
Slope: -8.9x10°® 3
0.20 . -1
p: 1.1x10 2
»
S 0.03
>, 0.15 °
2
@ S 002
] g
= & 2 oot
8 £
g s 0.0
§ 0.05 .S
2 001l
2 -001
=
0.00 3
2
Earl I Late k]
Y DNA replication time g 0.0
3
D cn
————y
Rz052
Slope: 1.3x102
p: 4.2x10
0.20
2
% 0.15
f=4
[}
el
§ o
=
s
§ 0.05
0.00
0.00
Earl T Late [
Y DNA replication time 2388
________

ACA
ACC
ACG

AGT

ACT

TAT

ATA

] 0 0 0 0 Q9 o Q < < < 3 <g
< < I I < 3353 <
5332888823383 ¢2¢88¢8R3888338¢2338¢%
COE<dar oo <55:<50'—<85i—<ow'—
EE R Q9 5 ERRES QK E E 5 O o o
((‘((_)8SQOQoogggo(ﬁouﬂb—Sgb—tb—b—t

Figure 1. (A) Activity of APOBEC mutagenesis in samples from five cancer types. Samples enriched with APOBEC mutagenesis (empirical threshold on
enrichment = 2.0) are highlighted in red. (B and C) Examples of the mutational density distribution over replication timing with positive and negative
slopes for the ACA/TGT motif of TCGA-CV-6961-01A sample of the HNSC cancer and the TCT/AGA motif of TCGA-05-4422-01A sample of the
LUAD cancer, respectively. (D) Representative cancer samples with the calculated slopes of the mutation density distribution over replication timing for
all trinucleotide motifs with the substitution in the central nucleotide. Trinucleotides TCN are highlighted in red.

Figure 3 shows that stronger APOBEC signature enrich-
ment of the sample corresponds to a steeper slope of the
relative mutation density over gene expression levels, i.e. the
activity of APOBEC mutagenesis is associated with the in-
creased density of APOBEC-induced mutations specifically
in actively expressed genes. This effect is strong for LUAD
(slope of the regression line, k = 9.22 x 107, P-value =
3.73 x 10%) and LUSC (k = 6.4 x 103, P =4.92 x 10°9),
weak for BLCA (k=3.0 x 103, P=1.3 x 10"") and HNSC
(k=8.63x10* P=5.24 x 10"), and not visible for BRCA
(k=-5.96 x 107, P=9.4 x 10"). This effect is also promi-
nent when the TCW motif is used as the APOBEC muta-
tional signature (Supplementary Figure S2).

Lagging/leading strand ratio of APOBEC-induced muta-
tional density is maximal at the middle of replicating timing

Further, we investigated how the known effect of high
density of APOBEC-induced SBSs on the lagging strand
(13,34) relates to the replication timing. Firstly, we con-
firmed the general effect of increased APOBEC-induced
mutational density on the lagging strand by calculating
the lagging/leading mutational density ratio for APOBEC-
enriched samples (APOBEC enrichment > 2.0) from the
considered dataset. We compared the results with ra-
tios calculated for samples with low APOBEC activity
(APOBEC enrichment < 2.0). As a control, we considered
mutations in cytosines not conforming to the TCN mo-
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tif in low APOBEC-enriched samples, so as to decrease
as much as possible the influence of the APOBEC mu-
tagenesis. Indeed, both low APOBEC-enrichment value
of a sample and the mutation triplet not conforming to
the APOBEC signature should decrease the probability
that mutations taken as a control are APOBEC-induced.
The mean lagging/leading mutational density ratio of
APOBEC-induced SBSs in APOBEC-enriched samples was
1.35 against 1.0 for SBSs in cytosines excluding the TCN
motif of low APOBEC activity samples (Mann—Whitney—
Wilcoxon P-value = 3.4 x 10%) for BLCA, 1.41 versus
1.05 for BRCA (P = 3.3 x 1073), 1.29 versus 1.03 for
HNSC (P = 1.2 x 1077), 1.24 versus 1.0 for LUAD (P =
2.2 x 10®) and 1.3 versus 0.99 for LUSC (P = 6.3 x 10717),
respectively.

Then, we measured the lagging/leading strand ratio
of APOBEC-induced mutational density along the repli-
cation timing (Figure 4). A combination of two known
effects, increased density of APOBEC-induced mutations
in early-replicating regions and on the lagging strand
should yield the highest value of the lagging/leading strand
ratio of the APOBEC-induced mutation density in the
earliest replication timing bin. However, while in general
the lagging/leading strand density ratio decreased from the

early to late replication time, surprisingly, the highest values
of this ratio were observed in the middle of the replication
timing. Thus, the mean value of the lagging/leading strand
ratio of APOBEC-induced SBS density over the samples
was maximum at the third bin (numbered from early to late
replication time) for all types of cancer: BLCA 1.5, BRCA
1.55, HNSC 1.43, LUAD 1.35 and LUSC 1.41. To estimate
the statistical significance of this observation, we repeat-
edly randomly shuffled mutations between the lagging and
leading strands (see Materials and Methods section). The
calculated P-values (BLCA: P = 4.8 x 10712, BRCA: P =
6.0 x 102, HNSC: P=1.2 x 108, LUAD: P=1.8 x 1073,
LUSC: P = 5.6 x 10°) indicate that the observed effect
is statistically significant (Supplementary Figure S10). As
a control, we observed that the lagging/leading strand
ratio of mutational density over replication timing for
other SBSs in cytosines was relatively flat (Supplemen-
tary Figure S3). To make sure that the distribution in
cytosines not conforming to the APOBEC signature is
an appropriate representation of the background muta-
genesis, we calculated the distributions of lagging/leading
strand mutational density ratio in all triplets (Sup-
plemental File S3) and confirmed it by a manual
inspection.
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The prevalence of APOBEC-induced mutations on the sense
strand versus the antisense strand positively correlates with
the gene expression level

Then, we compared APOBEC mutagenesis between the
sense and antisense strands during transcription. We found
a statistically significant increase of the APOBEC-induced
SBS density on the sense strand, whereas for other SBS
in cytosines we observed increased mutational density on
the antisense strand. The mean sense/antisense strand den-
sity ratio of APOBEC-induced SBSs in APOBEC-enriched
samples was 1.13 as compared with 0.74 for SBS in cy-
tosines of low APOBEC activity samples (the Mann—
Whitney—Wilcoxon test P-value = 6 x 10%) for BLCA, 1.04
versus 0.98 for BRCA (P = 8.2 x 1072), 1.03 versus 0.87
for HNSC (P = 1.8 x 1072), 1.1 versus 0.65 for LUAD
(P =13 x 10%), and 1.08 versus 0.69 for LUSC (P =
6.3 x 10719, respectively.

We also calculated the sense/antisense strand ratio of the
APOBEC-induced mutational density over groups of genes
stratified by expression levels. Figure 5 and Supplementary
Figure S8a show that the sense/antisense strand ratio of
APOBEC-induced SBS density increases with the gene ex-
pression level. This effect is observed for all considered can-
cer types: BLCA (slope of the regression line, k = 7.7 x 102,

P-value = 1.8 x 101%), BRCA (k=4.7 x 102, P =127 x
10°%), HNSC (k = 3.65 x 102, P = 2.02 x 10?%), LUAD
(k=421 x 102, P =482 x 10%) and LUSC (k = 6.74
x 1072, P = 6.63 x 10°%). We suggest that this effect is as-
sociated both with the availability of the sense strand ex-
posed in the single-stranded conformation for targeting by
APOBEC enzymes (35) and with the repairing of the tar-
geted cytosines on the antisense strand by the transcription-
coupling repair (TCR) (36-38). Contrary to this tendency,
the sense/antisense strand ratio for other SBS in cytosines
(Supplementary Figures S4 and S8b, all triplets, Supple-
mentary File S4) decreased with the increasing of gene ex-
pression level: BLCA (k =—1.5 x 107", P = 7.83 x 107,
BRCA (k = —2.47 x 103, P = 8.09 x 107%), HNSC (k
= -8.66 x 102, P = 5.57 x 103), LUAD (k = -1.37 x
10!, P =148 x 10'?) and LUSC (k = -9.83 x 102, P
= 2.74 x 107%%). The latter effect might be associated with
the smoking-based mutagenesis targeting guanines. Indeed,
it is known that in smoking-related tumor genomes, gua-
nine substitutions occur more frequently on the sense strand
due to the transcription-coupled repair of the targeted gua-
nines on the antisense strand (39), hence, reducing the den-
sity of the SBS in (complementary) cytosines on the sense
strand.
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Figure 4. Dependence of the lagging/leading strand ratio of APOBEC-induced SBS density on the replication timing for samples from five cancer types.

The horizontal lines show the average lagging/leading strand ratio values.

We also analyzed whether the density of APOBEC-
induced mutations in gene regions depends on the mutual
direction of replication and transcription. The comparison
of genes with co-direction of replication and transmission
and genes with anti-direction of these processes did not
yield a statistically significant difference between the depen-
dences of APOBEC-induced mutational density on the gene
expression level in these two cases (Supplementary Figure
S9).

Both replication timing and transcription contribute to the
mutagenesis by APOBEC enzymes

Then, we analyzed whether both replication timing and
gene expression influence APOBEC mutagenesis or only
one feature is causative and other one is just correlated
with the former. Firstly, we calculated the ratios of the
transcribed to intergenic number and density of APOBEC-
induced SBSs (Figure 6A and Supplementary Figure S5).
This showed that when the level of APOBEC mutagene-
sis increased, the total number and density of APOBEC-
induced SBSs in gene regions also increased, in compari-
son with the total number and density of APOBEC-induced
SBSs in intergenic regions. For samples with the strongest
APOBEC-enrichment, the total number and density of mu-
tations in transcribed regions increased almost to the level
of the corresponding values for intergenic regions. How-

ever, as gene-dense regions of the genome is associated with
early-replication domains (40), the increase of APOBEC-
induced mutations in genes can be associated both with
transcription and replication.

To clarify the interdependence of transcription and repli-
cation in APOBEC mutagenesis, we calculated the num-
ber of SBS clusters over both replication timing and gene
expression. Figure 6B shows that, for a particular repli-
cation timing bin, the number of APOBEC-induced SBS
clusters grows with increasing expression level. The num-
ber of APOBEC-induced SBS clusters reaches maximum
in regions corresponding to the highest gene expression
level of the earliest replication timing bin. Thus, we can
conclude that both replication and transcription contribute
to the APOBEC mutagenesis. At the opposite, the max-
imum number of non-APOBEC-induced SBS clusters is
concentrated in genome regions corresponding to the low-
est expression level of the latest replication bin (Sup-
plementary Figure S6). We also present figures featur-
ing the cluster density instead of the number of clus-
ters by normalizing the numbers of clusters by the sizes
of the respective genome regions (Supplementary Figure
S7). The observed trends remain the same after cluster
normalization.

Then, we estimated the relative impact of the replica-
tion timing and gene expression on the APOBEC mu-
tagenesis. For each sample we fit a linear model (sece
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Figure 5. Dependence of the sense/antisense strand ratio of APOBEC-induced SBS density on the gene expression level for samples from five cancer types.

The horizontal lines show the average sense/antisense strand values.

Materials and Methods section) with two independent
variables—replication timing and gene expression—and es-
timated their regression coefficients, reflecting the impact of
each genomic feature. The coefficient of the model at the
level of gene expression was significant (P < 0.05) in 40
out of 53 samples (75%) with very high APOBEC activity
(APOBEC enrichment > 2.5) versus 30 out of 76 samples
(39%) with very low APOBEC activity (APOBEC enrich-
ment < 1.5). The Pearson correlation coefficient between
significance values of the level of gene expression and the
replication timing for high and low APOBEC-activity sam-
ples was 0.42 versus 0.13, respectively. The coefficients’ ab-
solute values for samples from five cancer types are shown
in Figure 6C. As can be seen, the coefficient values of these
two features are very close, so it cannot be concluded that
one has stronger impact than the other in transcribed re-
gions. We also repeated the same analysis after excluding
all clustered mutations. The exclusion of kataegis-like mu-
tations had no substantial impact on the results: the model
coefficient at the level of gene expression was significant in
39 out of 53 samples (73%) with very high APOBEC activity
versus 30 out of 76 samples (39%) with very low APOBEC
activity. The Pearson correlation coefficient between signif-
icance values of the replication timing and the level of gene
expression for high and low APOBEC-activity samples was
0.4 versus 0.01, respectively.

To validate the obtained results, we also analyzed these
data using two additional methods, LMG (41) and analysis
of variance (ANOVA). Both methods have confirmed our
initial conclusion that the contributions of the replication
timing and gene expression both are significant, and their
relative impacts are approximately equal (Supplementary
Figures S17, S18 and S19), although the results of ANOVA
have shown that the relative impact of replication timing
was higher in a larger number of samples. Despite the sug-
gested approximately equal impact of replication and tran-
scription, the total number of APOBEC-induced SBSs due
to replication, taking into account mutations in intergenic
regions, should be considerably larger than the number of
SBSs due to transcription.

Validation on PCAWG dataset

To validate our findings, we repeated the same analysis on
a dataset available from the Pan-Cancer Analysis of Whole
Genomes (PCAWG) project (42). The PCAWG study is a
project for identification of somatic and germline variations
in both coding and non-coding regions of >2600 cancer
whole genomes across 38 cancer types. Similar to our initial
analysis, we have selected cancer types with a substantial
number of samples enriched with the APOBEC signature.
Six cancer types were selected; five types as in the previous
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dataset, and the cervical cancer (CESC). It should be noted
that most cancer samples of the (18) dataset are also parts
of the PCAWG dataset but processed with a different mu-
tation calling procedure. Thus, using the PCAWG dataset,
we validated the results on both new cancer samples and
types, and on the same samples with an alternative calling
procedure. As shown in Supplementary Figures S11-S16,
all findings—the increase of APOBEC-induced mutational
density in highly expressed genes (Supplementary Figure
S12), the peak of elevated density of APOBEC-induced mu-
tations on the lagging strand at the middle of the repli-
cation timing (Supplementary Figure S13), the increased
APOBEC-induced mutational density on the sense strand
(Supplementary Figure S14), and the approximately equal
impact of replication and transcription on the APOBEC
mutagenesis (Supplementary Figures S15 and S16)—have
been confirmed on PCAWG dataset.

DISCUSSION

While the implication of APOBEC enzymes in human can-
cer has been discovered 8 years ago (3-5), the mechanisms
of APOBEC mutagenesis still are not understood well. The
natural suspects are cellular processes associated with tem-
porary unwinding of the DNA into the single-strand state,
in particular, replication (13,14) and, possibly, transcription
(43,44). Here, we have attempted to disentangle their con-
tribution using whole-genome sequencing and gene expres-
sion data for cancers with substantial activity of APOBEC
enzymes.

Accounting for the elevated density of APOBEC-induced
mutations in early-replicating regions (14), we found indi-
rect but strong evidence that the conventional mutational
signature of APOBEC enzymes in human cancers, TCW,
can be extended to TCN, as the TCC and TCG triplets also
seem to be targeted by APOBEC. Using this mutational
signature, we confirmed the higher density of APOBEC-
induced mutations in early-replicating regions and found a
strong correlation between the density of these mutations in
genes and the level of gene expression.

To estimate the relative impact of replication and tran-
scription, we calculated the number of mutation clusters as
a function of the replication timing and gene expression,
and applied regression analysis to model the number of
single-base substitutions. We conclude that both processes
influence the activity of APOBEC mutagenesis with approx-
imately equal impact in transcribed regions. The density of
APOBEC-induced SBSs is almost equal in intergenic and
transcribed regions for samples with the highest activity of
APOBEC enzymes, meaning that the fraction of transcrip-
tionally induced APOBEC mutations may be the same as
the fraction of transcribed regions in the human genome,
that is, about one fourth according to the GENCODE an-
notation (45).

The results for APOBEC-induced mutational clusters
demonstrate stronger effect for bladder, head/neck and
breast cancer in comparison with lung cancers. The rea-
son for the stronger effect for lung cancers in isolated (not
clustered) mutations may be a better estimate of the back-
ground mutagenesis for lung cancers due to the higher num-
ber of mutations. As described in the Materials and Meth-

ods section, we considered a mixture of APOBEC-induced
and background mutagenesis in the TCN motif. It is pos-
sible that lung samples with a higher number of mutations
allows us to better estimate the level of background muta-
genesis and thus to estimate the proportion of APOBEC-
induced mutations in more correct way than for samples
with lesser number of mutations.

We have also analyzed possible strand asymmetry of
APOBEC-induced single-base substitutions both for repli-
cation and transcription, and how their density changes
over the replication timing and gene expression, respec-
tively. We confirmed higher density of APOBEC-induced
mutations on the lagging strand and found an unexpected
distribution of the lagging/leading strand ratio of the muta-
tional density over the replication timing, which reaches its
maximum at the middle-replicating genome regions. This is
not the case for other single-base substitution in cytosines,
whose distribution between the replication strands is rela-
tively uniform and independent from the replication timing.
We speculate that this effect may be directly linked to the
chromatin organization. Indeed, the middle of the replica-
tion timing is known for a dramatic switch from replication
of euchromatin regions to replication of heterochromatin
regions (46).

As for the transcriptional asymmetry, we have observed
that the density of APOBEC-induced SBS on the sense
strand increases with the gene expression level, while the op-
posite is observed for other SBS in cytosines. A mechanis-
tic explanation for the former asymmetry might be that the
sense strand is exposed during transcription in the single-
stranded state via the R-loop formation and hence can be
targeted by the APOBEC enzymes, whereas the antisense
strand is occupied by the RNA polymerase complex and the
RNA-DNA hybrid (Jinks-Robertson and Bhagwat 2014).
High rates of transcription are known to promote the R-
loop accumulation (47-51). Thus, we speculate that the in-
creased density of APOBEC-induced mutations in highly
transcribed genes and on the sense strand can be associated
with the increased frequency of the R-loop formation.

The asymmetry observed for other SBS in cytosines
could be due to the known smoking-associated damage
of guanines and their repair on the antisense strand by
transcription-coupled repair. This would lead to the preva-
lence of guanine substitutions on the sense strand, which
is equivalent to the accumulation of cytosines substitutions
on the antisense strand. We speculate that in APOBEC-
enriched samples this asymmetry is compensated for and
switched to the sense-strand cytosine-rich SBS asymmetry
due to stronger action of APOBEC enzymes on heavily
transcribed genes. Thus, this mutational process, in addi-
tion to the transcription-coupled repair of cytosines on the
antisense strand, could make the sense-strand cytosine-rich
SBS asymmetry associated with the APOBEC mutagene-
sis stronger than smoking-associated sense-strand guanine-
rich SBS asymmetry.

Overall, we have demonstrated an important role of tran-
scription in mutagenesis by APOBEC enzymes in human
cancer. Some of our observations, such as the increased
density of APOBEC-induced SBS in the sense strand, have
simple mechanistic explanations, while others, such as the
fact that the lagging strand-associated bias in the den-



sity of APOBEC-induced mutations peaks in the middle-
replicating regions, remain without underlying molecular
mechanisms.
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