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Abstract

DNA oxidation is a serious threat to genome integrity and involved in mutations and cancer
initiation. The G base is most frequently damaged, and 8-oxo-7,8-dihydroguanine (G°, 8-
hydroxyguanine) is one of the predominant damaged bases. In human cells, G° causes a
G:C->T:A transversion mutation at the modified site, and also induces untargeted substitution
mutations at the G bases of 5'-GpA-3' dinucleotides (action-at-a-distance mutations). The 5'-GpA-
3' sequences are complementary to the 5-TpC-3' sequences, the preferred substrates for
apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 3 (APOBEC3) cytosine
deaminases, and thus their contribution to mutagenesis has been considered. In this study,
APOBEC3B, the most abundant APOBECS3 protein in human U20S cells, was knocked down
in human U20S cells, and a G°-shuttle plasmid was then transfected into the cells. The action-at-
a-distance mutations were reduced to ~25% by the knockdown, indicating that G°-induced action-

at-a-distance mutations are highly dependent on APOBEC3B in this cell line.

Keywords:
8-0x0-7,8-dihydroguanine;
8-hydroxyguanine;
action-at-a-distance mutation;
APOBEC3;

cytosine deaminase



Introduction

Reactive oxygen species (ROS) constitute a dangerous menace to genome integrity and produce
various types of DNA damage, including base modifications, base loss, and strand breaks. The
DNA damages induce mutations, and in the worst case, cancer [1-3]. They are also related to cell
death, neurodegeneration, and aging. The G base is most vulnerable to attacks by ROS, due to its
lowest oxidation potentials [4,5]. 8-Oxo-7,8-dihydroguanine (G®, also known as 8-
hydroxyguanine) is one of the major damaged G bases [6-8], and causes G:C>T:A and
A:T->C:G transversions when formed by the oxidations of DNA and dGTP, respectively, in
mammalian cells [9-17].

In addition to the G:C—>T:A mutations at the damaged sites, G° causes untargeted base
substitutions in human cells [18-20]. In particular, the substitutions at the G bases of 5'-GpA-3'
dinucleotides (the C bases of 5'-TpC-3") are most frequent and all types of base substitutions are
found at these G:C base pairs. These action-at-a-distance mutations are promoted by the
knockdown of Wermer syndrome protein, although the reasons for this effect remain unknown
[18,19]. Interestingly, OGG1, the major DNA glycosylase involved in the base excision repair
(BER) of G°, seems to be associated with the mutations since they are decreased by the OGG1
knockdown [21]. The damaged base removal by this BER protein may trigger the untargeted
mutations, and this phenomenon was named the ‘OGG1 paradox.’

The C bases of 5-TpC-3' dinucleotides are the preferred sequence for APOBECS3,
apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 3 (APOBEC3) cytosine

deaminases except for APOBEC3G, which targets 5'-CpC-3' [22]. As described above, the G°-



induced untargeted mutations are formed at the G/C bases of 5'-GpA-3"/5"-TpC-3' sequences and
the G/C bases are mutated at multiple positions in identical DNA molecules. These cluster
mutations are features shared with the action-at-a-distance and APOBEC3-mediated mutations. A
recent analysis of cancer cells by next-generation sequencing revealed that various types of cancers
possess APOBEC-associated mutations (single-base substitution (SBS) signatures 2 and 13) [23].
The G:C>T:A transversions, the same type of mutation induced at G© sites, are also important
mutations found in cancer cells and attributed to ROS (SBS18) [23]. The action-at-a-distance
mutations may be linked to ROS/G® and APOBEC, which are important factors for mutation
induction in cancer cells.

Thus, the involvement of APOBEC3 enzymes in the induction of the action-at-a-distance
mutations must be elucidated to understand the mutagenesis mechanisms. We focused on
APOBEC3B, since this molecule is localized in the nucleus [22,24] and expressed in human
U20S cells [25]. Additionally, our reverse transcription-quantitative PCR (RT-qPCR) analysis
confirmed that APOBEC3B is the major APOBEC molecule in this cell line (see ‘Results’
section). We knocked down APOBEC3B in U20S cells and examined the mutations produced
when a G°-containing replicative plasmid DNA was introduced into the knockdown cells. The
base substitutions at the G bases of 5'-GpA-3' dinucleotides were reduced by ~75% in the
knockdown cells, indicating that APOBECS3 is primarily responsible for the action-at-a-distance

mutations.



Materials and Methods

Materials

5'-Phosphorylated oligodeoxyribonucleotides (ODNs) containing G or G° for plasmid
construction were synthesized and purified by HPLC, as described previously (Supplementary
Table S1)[26-28]. ODNs used for RT-qPCR were purchased from Integrated DNA Technologies
(Coralville, IA, USA) and Hokkaido System Science (Sapporo, Japan). The DsiRNA against
APOBEC3B (si-APOBEC3B-A) and the nontargeting DsiRNA (DS NCI1, control RNA) were
purchased from Integrated DNA Technologies. The Stealth RNAi siRNA against APOBEC3B
(si-APOBEC3B-B) and the Stealth RNAi Negative Control Medium GC duplex (%GC 48) were
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Phusion DNA polymerase, Tag
DNA ligase, Dam DNA methyltransferase, TS exonuclease, Fpg, Nb.BHhvC I, Nt.BbvC 1, and Dpn

I'were from New England Biolabs (Ipswich, MA, USA). Xba I was from Takara (Kusatsu, Japan).

Cell line and cell culture

The human osteosarcoma U20S cells were obtained from American Type Culture Collection
(Manassas, VA, USA, ATCC HTB-96). U20S cells were cultured in Dulbecco's modified Eagle's
medium (Nissui Pharmaceutical, Tokyo, Japan) containing 10% (v/v) fetal bovine serum and 1x
Antibiotic-Antimycotic Mixed Stock Solution (Nacalai Tesque, Kyoto, Japan) at 37°C in a

humidified atmosphere with 5% COs.



Plasmid DNA construction

The double-stranded pSB189KL-BC12(D12) plasmid DNAs containing G or G° were
constructed from the single-stranded (ss) form of pSB189K1L-BC(D12) and the 5'-phosphorylated
G or G° ODN (Supplementary Fig. S1, Supplementary Table S1), as described previously [20,29].
Namely, the ODN hybridized to ss DNA was extended by Phusion DNA polymerase and the
extended 3'-end and the phosphorylated 5'-end were joined by 7ag DNA ligase. These polymerase
and ligase reactions were simultaneously conducted at 65°C. The double-stranded plasmid DNA
was then treated with Dam DNA methyltransferase and TS5 exonuclease at 37°C to give the
bacterial methylation pattern and to digest nicked/linear DNAs, respectively. The DNA was

purified with a PureLink PCR Purification Kit (Thermo Fisher Scientific) and ethanol precipitation.

Fpg treatment

The G- and G°-plasmid DNAs (200 ng) were treated with Fpg (0.4 units), Xba 1 (7.5 units), and
Nb.BHvC I or Nt.BHvC I (5 units) at 37°C for 1 h. After enzyme inactivation at 80°C for 20 min
and ethanol precipitation, the DNA was dissolved in 5 uLL of H2O, mixed with 15 plL of formamide,
heated at 70°C for 5 min, and run on a 1% agarose gel. The gel was stained with GelRed (Biotium,

Fremont, CA, USA).

siRNA and plasmid DNA introductions and sup [’ mutation analyses
Introductions of siRNA and plasmid DNA mto U20S cells were performed as described

previously, with slight modifications [21]. Briefly, U20S cells (1.0x10° cells/well in 12-well



plates) were reverse transfected with 0.25 pL Lipofectamine RNAIMAX (Thermo Fisher
Scientific) and 2.5 nM siRNA. The DS NC1 RNA or the Stealth RN A1 Negative Control Medium
GC duplex was used as the negative control RNA. At 24 h after siRNA introduction, 200 ng of
the plasmid DNA (59 fmol) was introduced with Lipofectamine 2000 (Thermo Fisher Scientific).
After 48 h, the plasmid DNA was extracted from the cells and unreplicated plasmid was digested
with Dpn 1, as described previously [19]. The replicated plasmid was introduced into the indicator
Escherichia coli RF01 strain to calculate the supF mutant frequency [30]. The mutation spectra of
the supF' gene were analyzed by sequencing the plasmids obtained from the colonies on the

selection plates.

RT-qPCR

Total RNA was extracted with ISOGEN II (Nippon Gene, Tokyo, Japan) at 24, 48, and 72 h after
siRNA introduction, and then reverse-transcribed to cDNA with a High-Capacity RNA-to-cDNA
kit (Thermo Fisher Scientific) according to the manufacturer’s protocol. gPCR was performed
using TB Green Premix Ex Taqg 11 (Tli RNase H Plus) (Takara) and Thermal Cycler Dice Real
Time System Single (Takara) with a standard protocol. The respective mRNA levels of
APOBEC3s were calculated relative to the GAPDH mRNA level as 1.0. Primers for RT-qPCR

are listed in Supplementary Table S1.

Western blotting



At 24, 48, and 72 h after siRNA introduction, cells were lysed by radioimmunoprecipitation
(RIPA) buffer to obtain whole cell extracts. The extracts were fractionated by 12% SDS-
polyacrylamide gel electrophoresis, and proteins were transferred to PVDF membranes. The
membranes were then blocked with 5% skimmed milk in phosphate-buffered saline containing
0.05% Tween 20 (PBS-T) for 1 h at room temperature. Rabbit anti-APOBEC3B (Abcam plc,
Cambridge, UK, catalogue No. ab184990) and mouse anti-B-tubulin (Wako, Osaka, Japan,
catalogue No. 014-25041) antibodies, and anti-rabbit and anti-mouse IgGs conjugated with
horseradish peroxidase (GE Healthcare, Piscataway, NJ, USA) were used as primary and
secondary antibodies, respectively. The proteins were detected using ImmunoStar LD (Wako) for
APOBEC3B and EzWestLumi Plus (ATTO, Tokyo, Japan) for B-tubulin, scanned with an
ImageQuant LAS 4000 mini image analyzer (GE Healthcare), and quantified with the ImageJ

software [31].

Statistics

Statistical comparisons were performed between the control and APOBEC3B-knockdown cells

using the Student’s #test. A P value less than 0.05 was considered statistically significant.

Results

APOBEC3B knockdown



Seven human APOBEC3 proteins have been identified (APOBEC3A, APOBEC3B,
APOBEC3C, APOBEC3DE (APOBEC3D), APOBEC3F, APOBEC3G, and APOBEC3H)
[22]. First, we examined the APOBEC3 expression patterns in human U20S cells under our
experimental conditions. The RT-qPCR analysis revealed that the amounts of mRNAs were in the
order of APOBEC3B > APOBEC3C > APOBEC3F > the others (Supplementary Fig. S2, open
columns). Thus, APOBEC3B is the major APOBEC deaminase at the RNA level in U20S cells,
and we focused on this molecule as the knockdown target. APOBEC3B has the nuclear localizing
signal (NLS) at its N-terminus and is constitutively localized in the nucleus [24]. This subcellular
localization property also rationalized the choice of APOBEC3B as the objective. APOBEC3A,
the other important molecule for tumorigenesis [22], was scarcely expressed in U20S cells.

We designed an effective and specific siRNA against APOBEC3B (si-APOBEC3B-A,
Supplementary Table S1 and Supplementary Fig. S3). The introduction of the designed siRNA
reduced both the APOBEC3B mRNA and protein (Fig. 1), with efficiencies of 92% and 74% at
the mRNA and protein levels respectively, after 24 h. Moreover, we examined APOBEC3
mRNAs by RT-gPCR analyses and confirmed that the RNA interference was specific for
APOBEC3B: the siRNA treatment virtually had no impact on the amounts of other APOBEC3
mRNAs (Supplementary Fig. S2, closed columns). Note that the APOBEC3A mRNA was

undetected in two of the three experiments.

Reduced mutant frequency by APOBEC3B knockdown



We placed the G° base in the region outside the supF gene, as described previously [19,20]. The
G° was located 14-bases downstream of the 3'-terminus of the gene, at “position 176”. Basically,
the G>T mutation at the G° site does not produce supF mutants, and this enables preferential
detection of the action-at-a-distance mutations. In addition, a 12-bp random sequence (barcode)
was placed downstream of the gene to distinguish whether multiple supF mutant plasmid DNAs
with the same mutation(s) are derived from different original DNA or amplified in U20S and/or
E. coli cells from a single DNA molecule, and to reduce the bias in the mutation spectrum by
excluding the amplified DNA (Supplementary Fig. S1) [33,34]. The G- and G°-plasmid DNAs
were prepared by ODN hybridization to ss DNA, DNA polymerase plus ligase reactions, and
adenine methylation (Supplementary Fig. S4). The presence of G° was confirmed by Fpg
treatment of the GO-plasmid (Supplementary Fig. S5). The two plasmid DNAs were transfected
into U20S cells treated with the siRNA against APOBEC3B. We used plasmid DNAs obtained
in three independent plasmid construction experiments for the three transfection experiments.
After isolation, the replicated plasmid was introduced into E. coli RF01 cells to select supF mutants
[30].

The presence of the oxidized G base increased the total supF mutant frequency in the
control cells (Fig. 2). The siRNA treatment had little impact, if any, on the supF mutant frequency
for the control plasmid DNA (176G). In contrast, the APOBEC3B knockdown significantly
reduced the mutant frequency induced by G° as expected (Fig. 2), suggesting the involvement of
this deaminase in the action-at-a-distance mutations. The mutant frequency in the knockdown cells

was ~half of that in the control cells.
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The presence of G° and the APOBEC3B knockdown did not affect the total numbers of
bacterial colonies on titer plates, indicating little, if any, impact on replication efficiency in U20S

cells (data not shown).

Reduced action-at-a-distance mutations by APOBEC3B knockdown

We then analyzed the mutations in the supF gene in detail (Supplementary Tables S2 and S3,
Tables 1-3). The knockdown apparently reduced base substitution mutations, especially at G:C
pairs (Table 1). Note that the percentages in this table were calculated based on the numbers of
total colonies analyzed since multiple mutations were frequently found in identical DNA
molecules. As described above, APOBEC3B deaminates the C bases of 5'-TpC-3' dinucleotides.
The knockdown decreased the proportion of base substitutions at the G bases of 5'-GpA-3'
sequences in the strand corresponding to the sense strand of the supF gene (Table 3). No colonies
that have both the substitutions at the G bases of 5-GpA-3' and the targeted mutation at the G© site
were found (Supplementary Tables S2 and S3).

We finally calculated the Fpa value, the G2>X (X = A, C, and T) mutation frequencies at
5'-GpA-3', based on the total supF mutant frequencies, the base substitution ratios, and the numbers
of substitutions at 5'-GpA-3' per plasmid DNA molecule containing substitution(s) (Fig. 3) [19].
The decrease in the Fpa value by the APOBEC3B knockdown was more evident than that in the
mutant frequency. The Fepa value for the GO-plasmid DNA in the knockdown cells was 1.2x1073,
a quarter of that in the control cells (4.8x1073). Interestingly, the APOBEC3B knockdown also

reduced the value for the control plasmid DNA. Thus, the knockdown lowered the base



substitutions at 5-GpA-3' for the modified and unmodified plasmid DNAs. However, the Fopa
values were decreased by 0.4x107 and 3.6x10° for the G- and G®-plasmid groups, respectively,
indicating that the effect of knockdown was much larger for the G°-plasmid than the G-plasmid
(Fig. 3). These results indicated that APOBEC3B is the major deaminase responsible for the
action-at-a-distance mutations induced by the G° base in U20S cells.

This conclusion was supported by the knockdown experiment using another siRNA
against APOBEC3B (si-APOBEC3B-B, Supplementary Table S1, Supplementary Figs. S3 and
S6-S8). The knockdown efficiencies were 91% and 57% at the mRNA and protein levels,
respectively, at 24 h after siRNA introduction. The knockdown using this siRNA reduced the supF
mutant frequency and the FGpa value, in line with the results shown in Figs. 2 and 3. Thus, the

results obtained with the different siRNAs support the same conclusion.

Discussion

The major objective of this study was to examine whether APOBEC3 induces the action-at-a-
distance mutations. The involvement of APOBEC3 was expected since (1) the mutations were
observed at the G bases of 5'-GpA-3' sequences that are complementary to the C bases of 5-TpC-
3'sequences, the preferential substrate for most APOBEC3 enzymes, (i1) the mutations were found
as clusters, and (ii1) the untargeted mutations induced by U:G/T:G mismatches were reportedly
decreased by the APOBEC3 knockdown [35]. We surmised that APOBEC3B would contribute

to the mutations, due to its abundance in U20S cells and its nuclear localization. Indeed, the Fpa
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value, the substitution mutation frequencies at the G bases of 5'-GpA-3', was reduced by ~75%
upon the knockdown of APOBEC3B (Fig. 3). Thus, among the various cytosine deaminases,
APOBEC3B has the largest contribution to the action-at-a-distance mutations induced by the G°
base in U20S cells.

We counted the numbers of colonies carrying a single 5-GpA-3' substitution and those
carrying multiple 5'-GpA-3' substitutions for the control and knockdown cells, based on the data
shown in Supplementary Tables S2 and S3. Among the 68 analyzed colonies, 30 and 17 had single
and multiple substitutions, respectively, for the control cells. In contrast, for the knockdown cells,
26 and 6 among the 68 analyzed colonies carried single and multiple substitutions, respectively.
Thus, the ratio of colonies carrying a single 5'-GpA-3' substitution to those carrying multiple 5'-
GpA-3' substitutions were increased by the APOBEC3B knockdown, in addition to the decreased
mutant frequency (Supplementary Fig. S9). These numbers were calculated without considering
the barcode overlap, but quite similar results were also obtained when the barcode-overlapped data
were excluded. Thus, the APOBEC3B knockdown decreased clustered 5'-GpA-3' substitutions.
The deaminase reportedly moves 3-dimensionally and thus efficiently deaminates multiple targets
[36]. The disappearance of multiple 5'-GpA-3' substitutions by the APOBEC3B knockdown
agreed with the enzyme’s ability to induce cluster mutations.

The untargeted mutations at the 5-GpA-3' sites were not distributed equally in the supF
gene, and positions 5, 91, and 126 were hotspots (Supplementary Table S3). The flanking
sequences of positions 5, 91, and 126 are 5-TTGAT-3' (5-ATCAA-3"), 5-CAGAC-3' (5-

GTCTG-3"),and 5-TCGAA-3' (5'-TTCGA-3"), respectively. Meanwhile, the sequence preference
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of APOBEC3B is reportedly 5'-TCA-3' and the protein favors 5'-RTCA-3' over 5'-YTCA-3' (R =
A/GandY =C/T)[37,38]. The sequence around position 5 matches RTCA, whereas those around
positions 91 and 126 are 5-RTCT-3' and 5'-YTCG-3', respectively. In addition, the supF gene
encodes a (pre-)tRNA molecule and thus might form a stem-loop structure. The possible
secondary structures of the gene (from positions —30 to 192, lower (antisense) strand) were
examined by “DNA  Foldng Form” in the mFold web  server

(http://www.unafold.org/mfold/applications/dna-folding-form.php) [39]. Position 5 is located on

a loop in the predicted secondary structure with the lowest AG value, but positions 91 and 126 are
within a stem (Supplementary Fig. S10). The APOBEC3B knockdown seemed to reduce
mutations at these positions, suggesting that the mutations at positions 91 and 126 also originated
from the cytosine deamination by this enzyme. However, we should consider the presence of silent
mutations in the supF gene that do not confer antibiotic resistance to the indicator bacterial strain.
The next generation sequencing method could resolve this issue and other mutational hotspots
might be found [40]. Further studies would provide pivotal information on hotspot sequences.
The APOBEC3B knockdown reduced the Fopa values for both the unmodified plasmid
and the G®-modified plasmid (Fig. 3). Thus, the C deamination contributed to the background
supF mutation, at least under our experimental conditions. APOBEC3B preferentially catalyzes
the deamination reaction of C bases in ss DNA [22]. During replication, the template strands before
nucleotide incorporation are in the ss state, and “naked” C bases in this situation could be substrates
for the enzyme. The pSB189KL-BC12(D12) plasmid used in this study contains the SV40 origin

of replication in the upstream region near the supF’ gene (Supplementary Fig. 1) [20]. Thus, the
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lower (antisense) strand of the supF gene would be the leading strand template. In general, a
lagging strand template (the upper strand of the gene) is considered to be a preferential substrate
for APOBEC3B as compared to a leading strand template. Thus, C bases of 5-TpC-3'
dinucleotides on the upper strand of the supF’ gene were possibly deaminated by APOBEC3B.
However, the effects of the APOBEC3B knockdown on the base substitution mutation frequency
at C bases of 5'-TpC-3' sequences were unclear, in contrast to the Fepa value, since this type of
mutations occurred with low and quite-variable frequencies (Supplementary Table S4). Therefore,
the deamination reactions during DNA replication do not clearly explain the biased background
mutations and APOBEC3B knockdown effects. As we described previously, the strand
corresponding to the supF upper strand was synthesized in vitro [20]. This might be associated
with the background mutations, although further experiments are needed for clarification.

Chen et al. used HeL a cells that express APOBEC3B, APOBEC3C, and APOBEC3F in
their U:G/T:G mismatch-induced untargeted mutation experiments [35]. Although single
knockdowns of these APOBEC3s did not result in drastic reductions of the mutation frequencies,
the APOBEC3B knockdown altered the mutation sites most effectively. The authors concluded
that APOBEC3B was the most important contributor to mutations, in line with our findings. The
results obtained in the two laboratories should be carefully compared, since different cell lines,
plasmid DNAs, and transfection methods were employed. However, the common conclusion that
APOBEC3B (APOBEC3, in general) was the protein responsible for the untargeted mutations is
important, since it indicates the involvement of the deaminase in the mutagenic pathways

originating from mismatches and an oxidatively damaged base.
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Recent analysis suggested that APOBEC3A rather than APOBEC3B are associated with
genome mutations in many cancer cells [41-43]. Thus, we do not intend to conclude that only
APOBEC3B induces the action-at-a-distance mutations. APOBEC3A is a myeloid lineage-
specific cytosine deaminase and APOBEC3A expression was undetectable in many cultured cell
lines [35,44]. Moreover, the expression of exogenous APOBEC3A decreases cell viability [45].
Thus, further studies are pivotal to examine untargeted mutations using cells with detectable but
nontoxic amounts of APOBEC3A. However, the most important point is that this study clearly
indicated that at least one of the APOBECS3 proteins is involved in the untargeted mutations that
originate from G°. Taken together with the results of Chen et al. [35], a single or multiple
APOBEC3 enzymes would be associated with the untargeted mutations although the majorly
responsible APOBEC member(s) are dependent on cell type.

Targeted mutations at the G site were absent in all colonies containing the substitutions at
the G bases of 5'-GpA-3' in this study (Supplementary Tables S2 and S3) and previous studies [ 18-
21]. This supports the hypothesis that the G° removal by OGG1 triggers the untargeted mutations.
As discussed in previous papers, according to the report by Chen ef al. [35], DNA containing an
abasic site is possibly nicked by AP endonuclease, incorrectly occupied by mismatch repair
proteins, and deaminated by APOBECS3 protein(s). This proposed mechanism is tested in our
laboratory.

The supF gene is placed between the SV40 and pBR327 origins essential for replication in
human and bacterial cells, respectively (Supplementary Fig. 1), and the positions —88 and 242 are

their closest ends. Thus, untargeted mutations are basically detectable from position—87 to position
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241 when we assume that any substitution mutations within the origin regions do not allow the
plasmid replication. These positions are 262- and 66-bp, respectively, distant from the G° position.
Plasmid DNA with longer ‘linker’ regions may be used to know mutations at more distant
positions. However, we use the plasmid DNA with short linkers to reduce large deletion mutants
that lead to increasing complexity of mutant analysis. Position —280, albeit in the SV40 origin
region, was the farthest site where untargeted mutation at 5-GpA-3' was observed [20].

One may think that the introduction of G°-plasmid promoted APOBEC3B expression
resulting in the observed untargeted mutations. However, neither the G- nor the G-plasmid
affected the amount of APOBEC3B at §, 24, and 48 h after transfection (Supplementary Fig. S11).
Thus, G° induced the action-at-a-distance mutations independently of APOBEC3B upregulation,
but dependently on OGGl [21], at least under our experimental conditions.

The supF mutant frequencies of the G- and G®-plasmid DNAs were 2.5 (£ 0.1) x 10* and
2.4 (£ 0.3) x 10*, respectively (the means + standard errors, n=3), when they were directly
mtroduced into the indicator bacterial cells. Thus, most of the mutations, at least observed in the
G° experimental groups, were generated in the transfected U20S cells.

In conclusion, the APOBEC3B knockdown strongly suppressed the action-at-a-distance
mutations, the base substitutions at the 5-GpA-3' sites, in U20S cells. Therefore, we found clear
evidence that the cytosine deaminases APOBEC3’s are pivotal players that participate in the
untargeted mutagenic process originated from by the G° base. ROS/G® and APOBEC3 are
presumed to cause some mutagenic events found in cancer cells, and the results obtained in this

study provide a possible link between these two important factors [23].
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Figure legends

Fig.1 Knockdown of APOBEC3B by siRNA. (A) Amounts of APOBEC3B mRNA in U20S
cells upon si-APOBEC3B-A introduction. The amounts of mRNA were examined by RT-qPCR
at 24, 48, and 72 h after sIRNA treatment, and normalized relative to the amount of human
GAPDH mRNA present in each sample. Values relative to those in U20S cells treated with the
control RNA (DS NCI1 RNA) are shown. Experiments were performed in triplicate. The data
obtained in a single experiment and the mean values are represented by circles and bars,
respectively. (B) The levels of APOBEC3B expression in U20S cells at 24, 48, and 72 h after
siRNA introduction, detected by western blot analysis. Note that the 43K and 46K APOBEC3B

isoforms are visualized [32]. C, cells treated with control DS NC1 RNA; KD, knockdown cells.

Fig. 2 Effects of the APOBEC3B knockdown on the supF mutant frequency induced by G°.
APOBEC3B was knocked down using si-APOBEC3B-A, and then the control G-plasmid and
the modified G°-plasmid were introduced into the knockdown cells. Transfection experiments

were performed three times. Data are expressed as the means + standard errors. **P < 0.01. control,

cells treated with control DS NC1 RNA; si-A3B, cells treated with si-APOBEC3B-A.

Fig. 3 Effects of the APOBEC3B knockdown on the frequency of substitution mutations at 5'-

GpA-3' dinucleotides (Fgpa value). APOBEC3B was knocked down using si-APOBEC3B-A.
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Data are expressed as the means + standard errors. *P < 0.05. control, cells treated with control DS

NC1 RNA,; si-A3B, cells treated with si-APOBEC3B-A.
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Table 1 Overall mutation spectra®

G
control si-APOBEC3B-A control si-APOBEC3B-A

untargeted substitution

at A:T pair 9 (13) 13 (19) 18 (26) 18 (26)

at G:C pair 66 (97) 72 (106) 110 (162) 78 (115)
targeted G:C — T:C N.A° N.A.° 0 (0) 0 (0)
small insertion (1-2 bp) 0 (0) 0 (0) 0 (0) 0 (0)
large insertion (> 2 bp) 0 (0) 0 (0) 0 (0) 2 (3)
small deletion (1-2 bp) 3 (4) 0 (0) 0 (0) 0 (0)
large deletion (> 2 bp) 15 (22) 18 (26) 13 (19) 6 (9)
rearrangement or complex 11 (16) 9 (13) 10 (15) 10 (15)
unknown 4 (6) 2 (3) 1(1) 1(1)
total mutations 108 114 152 115
total colonies analyzed 68 (100) 68 (100) 68 (100) 68 (100)

®All data are represented as cases found (%).

®Not applicable.



Table 2 Untargeted base substitution mutations®

control si-APOBEC3B-A control si-APOBEC3B-A

transition

AT — G:.C 4 (7) 4 (7) 2 (2) 2 (3)

G:C—- AT 19 (33) 17 (29) 32 (34) 16 (26)
transversion

AT —->TA 3 (5) 8 (14) 4 (4) 8 (13)

AT - C.G 0 (0) 0 (0) 0 (0) 0 (0)

GC—>TA 10 (17) 15 (26) 11 (12) 14 (23)

G.C—-CG 22 (38) 14 (24) 46 (48) 22 (35)
total base substitutions 58 (100) 58 (100) 95 (100) 62 (100)

Al data are represented as cases found (%). Barcode-identical colonies are excluded.



Table 3 Dinucleotide signatures of mutations at G and C?

G G°
control si-APOBEC3B-A control si-APOBEC3B-A

C mutations

AC 0 (0) 1(2) 0 (0) 1(2)

TC 19 (37) 18 (39) 5 (6) 2 (4)

GC 0 (0) 3(7) 1(1) 3 (6)

CC 1(2) 5 (11) 2 (2) 2 (4)
total C mutations 20 (39) 27 (59) 8 (9) 8 (15)
G mutations

GA 25 (49) 8 (17) 71 (80) 31 (60)

GT 2 (4) 6 (13) 5 (6) 7 (13)

GG 4 (8) 4 (9) 5 (6) 4 (8)

GC 0 (0) 1(2) 0 (0) 2 (4)
total G mutations 31 (61) 19 (41) 81 (91) 44 (85)
total base substitutions at G:C sites 51 (100) 46 (100) 89 (100) 52 (100)

®The sequence of the upper strand is shown. The percentages are shown in parentheses.



