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a b s t r a c t

N6-methyldeoxyadenosine (6mdA) modification is considered as a new epigenetic mark that may play

important roles in various biological processes. However, it remains unclear about the effect of 6mdA

on DNA replication in human cells. Herein, we combined next-generation sequencing with shuttle vector

technology to explore how 6mdA affects the efficiency and accuracy of DNA replication in human cells.

Our results showed that 6mdA neither blocked DNA replication nor induced mutations in human cells.

Moreover, we found that the depletion of translesion synthesis DNA polymerase (Pol) κ , Pol η, Pol ι or

Pol ζ did not significantly change the biological consequences of 6mdA during replication in human cells.

The negligible impact of 6mdA on DNA replication is consistent with its potential role in epigenetic gene

expression.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nucleic Acid methylation represents an important type

of nucleic acid modifications that may play crucial roles

in diverse biological processes in living organisms [1,2]. Of

them, 5-methylcytosine and its oxidative derivates (e.g., 5-

hydroxymethylcytosine) are well-established epigenetic marks

dynamically occuring in DNA and RNA [3,4]. In addition, N6-

methyladenine modification in RNA has been acknowledged as

a novel epigenetic modification involved in regulation of various

biological activities such as tissue development, cellular DNA dam-

age response, and stem cell fate determination [5,6]. Methylation

at N6 position of deoxyadenosine (dA) has also been characterized

as a dominant internal modification in bacteria since the discovery

of N6-methyldeoxyadenosine (6mdA) five decades ago (Fig. 1)

[7]. With the recent development of highly sensitive detection

techniques, 6mdA has also been observed in several eukaryotes,

such as Chlamydomonas [8], C. elegans [9], Drosophila [10,11], and

human [12–15]. Increasing evidence has indicated the possible

involvement of 6mdA methylation in development, stress response

and diseases including neurodegenerative disorders and cancers

[11,14–18].

Understanding the biological significance of 6mdA necessitates

the investigation about how this modified nucleoside affects the
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flow of genetic information during DNA replication. It has been re-

ported that 6mdA reduced the rate of DNA replication mediated by

the Klenow fragment of Escherichia coli (E. coli) DNA polymerase I

and the large fragment of Bst DNA polymerase in vitro [19]. 6mdA

was also found to partially inhibit in-vitro DNA replication by hu-

man DNA polymerase (Pol) η and Pol ι, which play important roles

in the translesion synthesis (TLS) of various types of DNA adducts

[20,21]. In addition, since the 6mdA methyltransferase METTL4 can

modulate the mitochondrial DNA copy number, the presence of

6mdA has been hypothesized to affect mitochondrial DNA replica-

tion in mammals [14]. To date, the biological effects of 6mdA dur-

ing genomic DNA replication in mammalian cells remain elusive.

We have previously reported the use of shuttle vector technol-

ogy, together with liquid chromatography-tandem mass spectrom-

etry (LC-MS/MS)-based analysis, for successful evaluation of the bi-

ological consequences and repair of multiple types of DNA adducts

during replication in mammalian cells [22,23]. It has also been re-

ported that the next-generation sequencing (NGS) methodology is

capable of determining the replicative bypass and mutagenic prop-

erties of DNA adducts in vitro and in E. coli cells, which are con-

sistent with those obtained from LC-MS/MS and other traditional

approaches but at a much higher throughput [24–26]. Herein, we

combined our traditional shuttle vector technology with NGS to in-

vestigate the biological consequences of 6mdA methylation during

replication in human cells (Figs. 2A and B). We also investigated

the potential roles of the major TLS DNA polymerases, including
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Fig. 1. Chemical structures of deoxyadenosine (dA) and N6-methyldeoxyadenosine

(6mdA).

Fig. 2. Experimental outline. (A) A schematic diagram illustrating the procedures

for the construction of the plasmid harboring a site-specifically incorporated 6mdA.

(B) NGS-based strategy for assessing the impact of the 6mdA on DNA replication.

‘X’ indicates 6mdA, and the C/C mismatch site is underlined. ‘M’ represents the nu-

cleobase formed at the initial 6mdA site after replication, and ‘N’ designates the

paired nucleobase of ‘M’ in the complementary strand.

Pol κ , Pol η, Pol ι and Pol ζ , in the replication bypass of 6mdA in

human cells.

Using the gapped vector-based method [25,26], we first con-

structed the double-stranded pTGFP-Hha10 shuttle vector hous-

ing a site-specifically incorporated 6mdA (Fig. 2A). We also intro-

duced C/C mismatched bases near the modified nucleoside site

so as to differentiate the replication products of 6mdA-bearing

strand from that of the unmodified complementary strand, which

was used as an internal control as described elsewhere [23,27]. In

this vein, introduction of mismatched base pair has been accepted

as an efficient strategy to distinguish the replication products of

the modified nucleoside-bearing and unmodified control strands,

which may be replicated at distinct efficiencies in mammalian cells

[23,27] .

The 6mdA-bearing pTGFP-Hha10 plasmid was transfected into

HEK293T cells as well as the isogenic cells deficient in Pol κ , Pol
η, Pol ι or Pol ζ for the replication study. After 24 h of incubation,

the progenies of 6mdA-bearing plasmid were isolated from human

Fig. 3. Bypass efficiencies of 6mdA in wild-type HEK293T cells and the relevant

TLS polymerase-knockout (KO) cells. The data represent the means and standard

deviations of results from three independent experiments.

cells, and residual unreplicated plasmid DNA was removed by a

combined treatment of DpnI and exonuclease III [22,23]. The DNA

region of interest was PCR amplified and indexed with sample-

specific barcodes, which designed the respective five host cell lines

and the three biological replications. The 15 sets of tagged PCR

products were combined and adenylated at the 3′-end, and then

ligated to PE adapters. The ligation products were subsequently

amplified with PE PCR primers, and the resulting PCR product was

purified and subjected to NGS analysis (Fig. 2B, Table S1 in Sup-

porting information).

We obtained a total of ∼2 million valid NGS reads for the repli-

cation products of 6mdA-bearing plasmid from triplicate replica-

tion experiments in five host cell lines (Tables S2 and S3 in Sup-

porting information). The effect of 6mdA on replication efficiency

can be determined by the ‘bypass efficiency’, which was calculated

by dividing the total number of sequencing reads from 6mdA-

carrying strand with that obtained from its unmodified comple-

mentary strand. The quantification data showed that the bypass

efficiencies of 6mdA varied from ∼87.3% to 99.0% in HEK293T cells

as well as the isogenic cells deficient in Pol κ , Pol η, Pol ι or Pol ζ
(Fig. 3), which suggested that the presence of 6mdA did not sub-

stantially inhibit DNA replication in human cells.

Using the NGS-based assay, the effect of 6mdA on replication fi-

delity can be determined by the ‘base substitution frequency’, that

is, the relative distribution of nucleobase (A, T, C or G) frequen-

cies opposite the original modified site from 6mdA-carrying strand.

It turned out that the mutation frequencies of A → C, A → G or

A → T arising from the replication of the 6mdA-carrying strand in

wild-type and TLS polymerase-deficient HEK293T cells were gener-

ally occurring at frequencies of 0.01%–0.03% (Fig. 4A), which were

similar to the background error rates (0.01%–0.07%) identified from

the unmodified complementary strand (Fig. 4B). These results in-

dicated that 6mdA did not compromise the fidelity of DNA repli-

cation in human cells.

As discussed above, DNA 6mdA modification has recently at-

tracted substantial research interests regarding their genomic dis-

tribution patterns and potential biological functions in eukaryotes

[7,28]. In this study, we have demonstrated that 6mdA did not in-

hibit DNA replication or induce mutations in human HEK293T cells

using a next-generation sequencing-based cellular replication as-

say. In addition, replication bypass of 6mdA is also highly efficient

and accurate in human cells that are deficient in any of the four

TLS polymerases examined in our study. These results are incon-

sistent with the observation that 6mdA can impede considerably

in vitro DNA replication mediated by several distinct DNA poly-

merases including the Klenow fragment of E. coli DNA polymerase

I as well as human Pol η and Pol ι [19–21]. These differences could
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Fig. 4. Mutation frequencies of 6mdA (A) and control (B) in wild-type HEK293T cells and the relevant TLS polymerase-knockout (KO) cells. The data represent the means

and standard deviations of results from three independent experiments.

be, at least in part, attributed to the fact that the in vitro replica-

tion studies were carried out with a single-type DNA polymerase,

whereas the cellular DNA replication often involved the collabora-

tive participation of different DNA polymerases and their auxiliary

proteins [26,29].

It has been suggested that DNA 6mdA modification may act as a

new epigenetic mark that is associated with the regulation of gene

expression [30]. In this respect, the enrichment of 6mdA around

the transcription start sites or transposon regions was found to be

correlated with increased transcriptional activity [8,10,31]. It was

also reported that 6mdA can impact transcription by interfering

with RNA polymerase elongation, changing chromatin structure, or

modifying transcription factor binding affinities [32,33]. Since epi-

genetic DNA modifications generally do not compromise the flow

of genetic information during replication [34], our findings that

6mdA has a negligible effect on DNA replication in human cells is

in keeping with its potential role in epigenetic regulation of gene

expression.

Similar as 6mdA, it was reported that the replication of 5-

methyldeoxycytidine (5mdC) and its oxidation products, including

5-hydroxymethyl-dC, 5-formyl-dC and 5-carboxyl-dC, are highly ef-

ficient and accurate in human cells, consistent with the notion

that these oxidized cytidine derivatives may serve as novel epi-

genetic marks. These epigenetic DNA modifications do not per-

turb Watson-Crick base pairing, which may account for their non-

cytotoxic effects in human cells [4,34]. On the other hand, the N1

and N3 positions of dA are also among the major methylation sites

in DNA, and the resulting DNA adducts 1mdA and 3mdA are highly

cytotoxic because they can impair Watson-Crick interactions and

strongly block DNA replication in human cells [35,36].

In conclusion, we have employed NGS, together with shuttle

vector technology, to quantatively assess how 6mdA affects the fi-

delity and efficiency of DNA replication in human cells. Our results

showed that 6mdA has a negligible impact on DNA replication in

human cells, which is consistent with its potential role as an epi-

genetic mark. It is worth noting that we only evaluated the effect

of 6mdA on DNA replication in a single sequence context, and it

is possible that the biological consequences of 6mdA during repli-

cation may be infuenced by sequence contexts. In this vein, pre-

vious studies have shown that DNA sequence contexts could af-

fect the repair and replicative bypass of several DNA lesions such

as the ultraviolet light-induced 6-4 photoproduct [37,38]. In addi-

tion, it has been recently reported that 6mdA can be modified by

ALKBH1 protein to give N6-hydroxymethyl-dA in mammalian ge-

nomic DNA [39], and it would be interesting to investigate how

this new type of chemical modification modulates the process of

DNA replication.in mammalian cells. A more complete understand-

ing of the biological consequences of 6mdA also requires a fur-

ther assessment of the modulation activities of cellular repair pro-

teins such as 6mdA demethylases in mammalian cells. The shuttle

vector- and NGS-based strategy described in this study should be

applicable for quantitatively assessing the potential effects of se-

quence contexts and cellular repair activities on the replication of

6mdA as well as other DNA adducts such as N6-hydroxymethyl-dA

and the oxidation products of 5mdC in the future.
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