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Abstract

Translesion DNA synthesis (TLS) operates when replicative polymerases are blocked by DNA
lesions. To investigate the mechanism of mammalian TLS, we employed a plasmid bearing a
single 7-(deoxyadenosine-AB-yl)-aristolactam | (dA-AL-1) adduct, which is generated by the
human carcinogen, aristolochic acid I, and genetically engineered mouse embryonic fibroblasts.
This lesion induces A to T transversions at a high frequency. The simultaneous knockouts of the
Polh, Poliand Polk genes did not influence the TLS efficiency or the coding property of dA-AL-I,
indicating that an unknown DNA polymerase(s) can efficiently catalyze the insertion of a
nucleotide opposite the adduct and subsequent extension. Similarly, knockout of the RevI gene did
not significantly affect TLS. However, knockout of the Rev3/gene, coding for the catalytic subunit
of polC, drastically suppressed TLS and abolished dA-AL-1 to T transversions. The results support
the idea that Rev1 is not essential for the cellular TLS functions of polC in mammalian cells.
Furthermore, the frequency of dA-AL-I to T transversion was affected by a sequence context,
suggesting that TLS, at least in part, contributes to the formation of mutational hot and cold spots
observed in aristolochic acid-induced cancers.
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1. Introduction

DNA damage, generated by endogenous and environmental agents, often blocks DNA
synthesis catalyzed by replicative DNA polymerases (1). Under this situation, translesion
DNA synthesis (TLS) catalyzed by specialized DNA polymerases operates across a lesion,
often resulting in a mutation. Among mammalian DNA polymerases, the Y-family
polymerases, poln, polv, polx and Rev1, play important roles in TLS (1). A defect in human
poln, the XPV gene product, is responsible for the xeroderma pigmentosum variant
syndrome, an inherited disorder in individuals highly predisposed to sunlight-induced skin
cancer (2, 3). Poln catalyzes accurate TLS across UV-induced cyclobutane pyrimidine
dimers (2, 3) to avoid mutation induction. Polv, together with polm, suppresses the
development of skin cancer in mice (4, 5). It also plays a role in protecting human cells
against oxidative damages (6). Polx protects mouse cells against genotoxicity of
benzo[g]pyrene dihydrodiol epoxide-derived lesion (7). It also plays a role in the bypass of
cholesterol-induced guanine lesions in mice (8). Rev1 has deoxycytidyl transferase activity
(9, 10) and catalyzes TLS across a certain class of lesions (11, 12). Rev1 also plays a non-
catalytic role in TLS (13) by physically interacting with other Y-family polymerases (14, 15)
and the Rev7 subunit of polC (16, 17). PolC, consisting of Rev3, Rev7, Pold2 and Pold3
subunits (Pold2 and Pold3 subunits are shared with DNA polymerase 8) (18-21), belongs to
the B family and also plays an important role in TLS (1). This pol is especially competent
for extending a primer from a 3’-terminal nucleotide pairing to a template DNA lesion (1).
Although Rev1 plays a critical non-catalytic role in the polC activity in yeast (22), this role is
questioned in mammalian cells: Rev1l is critical for the activity of Y-family polymerases, but
not polC (23).

Although many recently discovered specialized polymerases can catalyze TLS /n vitro, Y-
family polymerases likely play a major role. If a recruited polymerase cannot extend a
primer following nucleotide insertion, a second polymerase such as polC and polx extends
from the newly formed primer terminus (1). In this case, TLS is accomplished by two
specialized polymerases, often called two-step TLS. However, our previous study questioned
the essential role for the Y-family polymerases in TLS: neither the TLS efficiency nor the
coding properties was greatly affected in the poln/polvi/polx triple-gene knockout (TKO)
mouse embryonic fibroblasts (MEFs) when TLS across a single benzo[4]pyrene-derived dG
was studied (24). To further explore the mechanism of mammalian TLS, we employed
another environmental human carcinogen (aristolochic acid)-derived bulky adenine adduct in
this study.

Avristolochic acid (AA), a nephrotoxin and human carcinogen, is found in Aristolochia plants
and associated with both chronic kidney disease and urothelial carcinomas of the upper
urinary tract (25, 26). Following metabolic activation, a metabolite(s) reacts with DNA to
form covalent aristolactam-DNA adducts (27, 28). The aristolactam-dA adducts persist in
the renal cortex for many years and are also found in urothelial tissues, where they initiate
cancers bearing characteristic mutations in oncogenes and tumor suppressor genes (25, 26,
29, 30). The mutational spectrum in the urothelial carcinomas associated with AA exposure
is dominated by A to T transversions (73% of single-base substitutions) of a non-transcribed
strand (29, 30). The A to T transversions are rare in other cancers (4.4%) (31). A sequence
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preference has also been observed for 5’pyrimidineAG, which coincides with the splicing
acceptor sequence of a non-transcribed strand (29, 30). In this study, we have again observed
that the Y family polymerases, including Revl, are not essential for the efficient TLS across
this adduct, but PolC is.

2. Materials and Methods

2.1. Cell lines

RevI™~ MEFs (32), Rev3/™~ Trp537~ MEFs (33) and Po/h™" Poli™”~ Polk™~ TKO MEFs
(24, 34) have been described. The genomic reconfirmation of these knockouts is presented in
Supplementary Fig. S1. Figure S2 of reference 24 shows the UV sensitivity of TKO MEFs.

2.2. Construction of gapped, site-specifically modified plasmid containing 7-
(deoxyadenosin-N6-yl)-aristolactam | (dA-AL-I, A)

The 27-mer oligonucleotides containing dA-AL-I (Fig. 1A) were synthesized as described
previously (35, 36). The oligonucleotide, 5’CCATCATCTCCAGACAGATCCTCACAC
(Fig. 1C) or 5’CCATCATCTCCAGAAATATCCTCACAC (Fig. 1D), was annealed to a
complementary, uracil-containing 27-mer, 5’ TTCCGUGUGAGGAUAGAUCUGGAGAUG.
The annealing resulted in the formation of four-nucleotide overhangs on both ends with two
or three base mismatches opposite and adjacent to the adduct site (Figs. 1C and 1D). The
annealed oligonucleotides were incorporated into pMTEX4 by ligating to the Bsal and
BsmBl sites of the vector (Fig. 1B). Closed circular DNA was separated by
ultracentrifugation in a cesium chloride-ethidium bromide continuous density gradient. To
generate a gap opposite dA-AL-I, 200 ng of a modified construct was incubated, prior to
transfection, with 2.5 units of uracil-DNA glycosylase (NEB) for 30 min at 37°C, followed
by treatment with 25 units of apurinic/apyrimidinic endonuclease |1 (NEB) for 30 min at
37°C (Figs. 1C and 1D). These treatments rendered dA-AL-I resistant to nucleotide excision
repair.

2.3. Transfection of MEFs with a modified construct and recovery of plasmid

Cells were cultured under 5% (v/v) CO, at 37°C in Dulbecco’s modified Eagle’s medium
supplemented with fetal bovine serum (10%, v/v), penicillin (100 units/ml), and
streptomycin (100 pg/ml). Cells (1x10°) were plated in a 25-cm? flask, cultured overnight,
and then transfected overnight with 200 ng of a freshly prepared, gapped construct together
with 400 ng of internal control plasmid, pMTKm, using the X-tremeGene 9 DNA
transfection reagent (Roche). pMTKm was constructed by replacing the blasticidin S and
ampicillin resistance genes in pMTEX4 with the kanamycin resistance gene (24). The
following day, cells were detached by treating with trypsin/EDTA, transferred to a 150-cm?
flask and cultured for 3 days. Progeny plasmids were recovered from cells by the method of
Hirt (37).

2.4. Determination of TLS efficiencies

Progeny plasmids were analyzed for TLS events. Recovered plasmids were treated with
Dpnl (10 units) and Bglll for 1 h to remove unreplicated input DNA and progeny derived
from the residual complementary strand, respectively. NEB 10-beta electro-competent £.

DNA Repair (Amst). Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hashimoto et al.

Page 4

coli (A(ara-lew) 7697 araD139 fhuA DAlacX74 galK16 galE15 el14-$80d lacZAM15 recAl
relA1 endAI nupG rosL. (StrR) roh spoT1 A(mrr-hsdRMS-merBC)) (NEB) was transformed
with progeny plasmid and plated on YT (1x) agar plates containing both ampicillin (100
ug/ml) and blasticidin S (50 pg/ml) for the detection of progeny derived from the modified
construct or kanamycin (50 pg/ml) alone for progeny of the internal control, pMTKm.
Because the adduct incorporation site is located very close to the blasticidin resistance gene
(Fig. 1B), E. colitransformants carrying a progeny plasmid with deletions around the adduct
site do not grow on a blasticidin S-containing plate and are therefore excluded from the
analysis. The ratio of the number of ampicillin/blasticidin S-resistant colonies (TLS
products) to the number of kanamycin-resistant colonies (internal control) was determined
for each MEF line, and the relative TLS efficiency was determined by setting the ratio
obtained in experiments with wild-type MEFs to 100% (24).

2.5. Analysis of TLS events

3. Results

E. coli colonies on plates containing ampicillin and blasticidin S were picked up individually
and analyzed for a sequence of the adducted region by oligonucleotide hybridization using
probes shown in Figs. 1C and 1D. Probes L and R were used to confirm the presence of the
oligonucleotide insert and to detect untargeted mutations and small deletions around the
adduct site. These mutants were also excluded from the analysis. Probes Al, A2, T1, T2,
and C1 detect targeted base substitutions. Probes D1 and D2 detect targeted one-base
deletions. An example of oligonucleotide hybridization was presented in Fig. 1E. DNA
sequencing was performed when none of these probes hybridized or when the confirmation
of hybridization results was necessary.

3.1. Efficient TLS in the absence of the three Y-family polymerases, poly, poli, and polx

When considering the structure and size of dA-AL-I, Y-family polymerases were anticipated
to be involved in TLS across this lesion. Therefore, we analyzed for TLS in TKO MEFs,
using the 5’CAG sequence context. Unexpectedly, neither TLS efficiency (Fig. 2A) nor
coding specificity (Table 1) was markedly affected in TKO MEFs. The TLS efficiency
remained greater than 50% when compared with that in the wild-type cells in two
independent experiments. The major coding events were A—A and A—T in both wild-type
and TKO MEFs (Table 1): the former non-miscoding event and the latter transversion
accounted for 30-40% and 50-60% of the coding events, respectively. Thus, the coding
specificity did not change in the absence of the three Y-family polymerases (Fig. 2B). No
clear difference in the TLS efficiency and coding specificity between wild-type and TKO
MEFs was also confirmed when the 5’ AAT context was employed (Fig. S2, Table S1).
These results indicate that a yet undesignated polymerase(s) must insert a nucleotide across
from dA-AL-I and extend from the newly formed abnormal pairs of dA-AL-1:dA and dA-
AL-I:dT in the absence of the three Y-family polymerases.

3.2. Deficiency in Rev3l, but not in Revl, greatly affects TLS

We then explored the potential involvement of Rev1 and pol( in the TLS. Inactivation of the
Rev3/pol( catalytic subunit gene drastically reduced the TLS efficiency to 10% or less (Fig.
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2A) and completely abolished A—T transversions (Fig. 2B), indicating that polC is essential
for the TLS and the induction of A—T transversion mutations. The same was true for the
other sequence context of 5’AAT (Fig. S2, Table S1). In contrast, a defect in the RevI gene
affected neither the TLS efficiency (Figs. 2A and S2) nor the coding specificity (Tables 1
and S1) in the two sequence contexts of 5’CAG and 5’ AAT: the relative TLS efficiency
remained high, and A—A and A—T events were prominent in RevZ~/~ MEFs. The fraction
of the miscoding A—T transversion did not change in the absence of Revl (Fig. 2B, Table
S1). These results demonstrate that Rev1l is dispensable for the TLS. Accordingly, Revl is
not epistatic to Rev3 in mouse cells, suggesting that the physical interaction of Revl with
the Rev7 regulatory subunit of pol( is not essential for the polC function.

In the experiments using Rev3/”~ MEFs, the number of progeny was small due to the low
TLS efficiency, causing a fluctuation in coding events: a large fraction of A—C
transversions in one experiment and A—A targeted single-base deletions in the other (Table
1and S1).

3.3. 5’CAG is more miscoding than 5’AAT

Most mutations found in tumors associated with AA exposure involve A—T transversions
occurring principally on the non-transcribed strand (29, 30). Furthermore, these
transversions display a strong preference for deoxyadenosine within the consensus sequence
of 5’T/CAG (29, 30). In contrast, the transversions are rarely observed in 5’AAT (29). To
investigate the role for TLS in the formation of mutational hotspots, we examined the coding
property in the 5’CAG and 5’ AAT sequences. The fractions of A—T transversion were
about 50% and 25% of TLS events in 5’CAG and 5’ AAT, respectively (Fig. 3). The
difference is statistically significant and reproducible. Furthermore, A—T transversions
observed in TKO and RevI knockout MEFs (Table S1) showed a similar preference for
5’CAG. These results demonstrate that TLS, at least in part, can contribute to the formation
of mutational hotspots in AA-induced mutagenesis.

4. Discussion

4.1 TLS taking place at a replication fork and a single-stranded gap

Recent studies have indicated that TLS is conducted at a replication fork and also a single-
stranded gap (38-40). The mechanisms of the two TLS pathways may be different (40).
Sale’s group indicated that Revl and K164-monoubiquitinated proliferating cell nuclear
antigen (PCNA) act independently to facilitate polC-dependent TLS across T-T (6—4)
photoproducts at a fork and during gap filling, respectively (40, 41). Our experimental
design is well suited for the study of the gap-filling mechanism. PolC is proposed to be
essential for gap-filling TLS (38), suggesting its role for extension from a synthesis-blocking
abnormal pair although it may also function in the nucleotide insertion opposite a lesion (42,
43). Our results obtained using the single-stranded gap substrate with dA-AL-I and
benzo[4]pyrene-dG are consistent with the idea of its essential role in gap-filling TLS.
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4.2. A DNA polymerase(s) other than Y-family polymerases can efficiently insert a
nucleotide across from dA-AL-I

TLS consists of two steps: insertion of a nucleotide opposite a lesion and extension from the
newly formed primer terminus (1). It is likely that the Y-family polymerases, poln, poln,
polx and Rev1, play a principal role in the nucleotide insertion (1), facilitated by a large
catalytic site that can accommodate an unusual base pair formed between the incoming
nucleotide and an adducted template nucleotide (44, 45). Because Rev1l is a dCMP insertase,
it does not insert JAMP or dTMP opposite dA-AL-I. Surprisingly, our results have revealed
that none of poln, polv, and polx is required for the TLS across bulky dA-AL-I: neither the
efficiency nor the coding property of TLS was significantly affected in TKO MEFs. These
results are in a full agreement with the results of our previous study employing a
benzo[4]pyrene dihydrodiol epoxide-derived dG adduct (24). Thus, a question has been
raised regarding nucleotide insertion opposite these bulky adducts. Candidate polymerases
include repair polymerases such as polf, polA, poly, polv and pol6 (1), the recently
identified PrimPol, which has both primase and polymerase activities (46, 47), and polC four
subunits holoenzyme (Rev3-Rev7-Pold2-Pold3), which is more versatile than polC two
subunits enzyme (Rev3-Rev7) (20, 21). Another possibility is that replicative polymerases,
such as pol6& and pole, insert a nucleotide, as observed with several DNA lesions /n vitro (42,
48-53), before dissociating from a replication complex. In conclusion, it is surprising that a
DNA polymerase other than Y-family members can efficiently insert a nucleotide opposite a
template with such bulky DNA adducts.

4.3. Pol( is essential for TLS across dA-AL-|

Once a nucleotide is inserted opposite a lesion, the same polymerase may extend from an
abnormal base pair formed. It is well established that poln catalyzes insertion and extension
across T-T cyclobutane dimers (2, 3). However, not all abnormal pairs can be extended by
the same polymerase. It has been shown that polC is very competent for the extension role
(42, 54): it efficiently catalyzes extension in vitro from the unusual primer terminus formed
by an incoming nucleotide and a DNA lesion (1). Our results show that knockout of the
Rev3/ gene drastically reduces TLS efficiency and completely abolishes A—T
transversions. Two scenarios are imaginable: one is that polC catalyzes both insertion of
dAMP or dTMP opposite dA-AL-I and subsequent extension. The other scenario is that an
unidentified polymerase catalyzes the insertion and polC performs the subsequent extension.

In contrast, the lack of Rev1 did not affect the TLS events: TLS efficiency was not
significantly reduced when compared to that in wild-type MEFs, nor was the coding
property. In yeast, Rev1l is required for the function of polC, possibly for the recruitment of
pol( to a stalled site (22), but our results indicate that this is not the case in mammalian cells
and are consistent with the results of Yoon et al (23), who claim that Rev1 plays a critical
role in the TLS function, possibly recruitment, of Y-family polymerases but not polC. The
notion that mammalian polC may act independently of Revl was also proposed by others
(23, 55). Our previous study (24) also revealed that the effect of a Revl defect was much
milder than that of a polC defect in the gap-filling TLS across a benzo[a]pyrene-dG adduct.
These results suggest that an unknown mechanism exists to recruit pol( for gap-filling TLS
in mammalian cells. Because polC shares the two subunits (Pold2 and Pold3) of polé
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holoenzyme (18-21), a Pold2-Pold3 heterodimer might be involved in the recruitment of
polC. Pold2 and Pold3 interact with polC (Rev3) (18-21) and PCNA (a sliding clamp) (56—
59), respectively.

4.4. Preference for the 5’CAG sequence in the induction of A—>T transversions

Previous studies (25, 26, 29) have revealed that the molecular signature of mutations in AA-
associated cancers involves A—T transversions predominantly located in the non-
transcribed strand and a strong preference for 5’T/CAG. This trinucleotide overlaps the
canonical splice acceptor site, facilitating inappropriate splicing in the messages of tumor
suppressor genes such as 7P53(29). Our results show that the frequency of A—T
transversions was two-fold higher in 5’CAG (~50%) than in 5’ AAT (~25%). This result
suggests that the fidelity of TLS can also contribute to the sequence preference for mutation
induction as well as the ease of adduct formation and the resistance to nucleotide excision
repair. Another study has also reported that sequence contexts contribute to the efficiency
and coding property of TLS across a T-T (6—4) photoproduct (60). The mechanism by which
neighboring bases influence the property of TLS remains to be determined

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AA Aristolochic acid
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pol DNA polymerase

TKO triple-gene knockout

TLS translesion DNA synthesis
PCNA proliferating cell nuclear antigen
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Highlights
. The dA adduct of aristolochic acid | (dA-AL-I) causes Ato T
mutations at a high frequency.
. Y-family DNA polymerases are not essential for TLS across dA-AL-I.
. PolC, but not Rev1, is indispensable for TLS and A to T transversions.
. TLS contributes in part to the formation of dA-AL-I-induced

mutational hotspots.
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Fig. 1. Preparation of dA-AL-I-bearing plasmid and oligonucleotide probes
(A) Chemical structure of dA-AL-I; (B) Structure of a MEF-£. coli shuttle vector: Py,

mouse polyoma virus; ori, replication origin; amp, ampicillin resistance gene; blas,
blasticidin S-resistance gene; the dA-AL-I insertion site (open circle) is located between
Bsal and BsmBl.; (C) and (D) Preparation of two gapped plasmids and probes employed:
they differ only in the immediate neighboring bases (shown in red) flanking the adduct. A
represents dA-AL-I. Note three mismatches at 5’CAG/5’AGA and two mismatches at 5’ AA/
5'GA. Al, A2, T1, T2, C1, D1, and D2 probes detect a coding event at dA-AL-I, and L and
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R probes confirm the presence of the inserted modified oligonucleotide; and (E) Examples
of colony hybridization with oligonucleotide probes. Colonies showing positive
hybridization signals of both L and R probes are considered to be derived from TLS. £. coli
transformants that did not hybridize to L and R probe were excluded from analysis. Probes
A and T detect A—A correct TLS events and A—T transversions, respectively.
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Fig. 2. TLS efficiency (A) and the fraction of A—T transversion (B) in 5’CAG context in gene
knockout MEFs

TLS efficiency in wild-type MEFs was set to 100 %. Data in (B) were extracted from Table
1.
*p<0.001 when compared with a value for wild-type (WT) MEFs.
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Fig. 3. Fraction of A—T transversion in wild-type MEFs
Data were extracted from Supplementary Table S1.
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