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Abstract

To cope with unrepaired DNA lesions, cells are equipped with DNA damage tolerance 

mechanisms, including translesion synthesis (TLS). While TLS polymerases are well documented 

in facilitating replication across damaged DNA templates, it remains unknown whether TLS 

polymerases participate in transcriptional bypass of DNA lesions in cells. Herein, we employed 
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the competitive transcription and adduct bypass assay to examine the efficiencies and fidelities of 

transcription across N2-alkyl-2′-deoxyguanosine (N2-alkyl-dG, alkyl = methyl, ethyl, n-propyl, 

or n-butyl) lesions in HEK293T cells. We found that N2-alkyl-dG lesions strongly blocked 

transcription and elicited CC → AA tandem mutations in nascent transcripts, where adenosines 

were misincorporated opposite the lesions and their adjacent 5′ nucleoside. Additionally, genetic 

ablation of Pol η, but not Pol κ, Pol ι, or Pol ζ, conferred marked diminutions in the 

transcriptional bypass efficiencies of the N2-alkyl-dG lesions, which is exacerbated by codepletion 

of Rev1 in Pol η-deficient background. We also observed that the repair of N2-nBu-dG was not 

pronouncedly affected by genetic depletion of Pol η or Rev1. Hence, our results provided insights 

into transcriptional perturbations induced by N2-alkyl-dG lesions and expanded the biological 

functions of TLS DNA polymerases.

Graphical Abstract

INTRODUCTION

The genomic integrity of human cells is constantly challenged by exposure to 

a variety of endogenous and exogenous DNA-damaging agents.1 Byproducts of 

endogenous metabolism, metabolic activation of some environmental chemicals, and cancer 

chemotherapeutic agents can lead to DNA alkylation, which represents one of the most 

common types of DNA damage.2–4

The N2 position of 2′-deoxyguanosine (dG) constitutes one of the major sites in DNA that 

can be modified by various alkylating agents. For example, benzo[a]pyrene-7,8-diol-9,10-

epoxide (BPDE), a metabolite of benzo[a]pyrene, preferentially reacts with the N2 of dG 

to yield N2-BPDE-dG.5 In addition, formaldehyde and acetaldehyde can conjugate with 
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dG, and the resulting products can undergo reduction to yield N2-methyl-dG (N2-Me-dG) 

and N2-ethyl-dG (N2-Et-dG), respectively, where N2-Et-dG is detected in blood DNA of 

aldehyde dehydrogenase 2-deficient individuals after drinking.6–9

Faithful and efficient propagation of genetic information is essential for all domains of 

life,10 and several studies have explored how N2-alkyl-dG lesions perturb the efficiency and 

accuracy of DNA replication and transcription.9,11,12 For instance, Wu et al.11 showed that 

replication across a series of N2-alkyl-dG lesions (with the alkyl group being a Me, Et, 

nPr, or nBu, Figure 1) is both accurate and efficient in human cells proficient in translesion 

synthesis (TLS). Depletion of polymerase (Pol) κ, Pol ι, or Rev1, however, results in G → 
A and G → T mutations at the lesion site.11

When located on the template strand of actively transcribed genes, many DNA 

lesions, including the methylglyoxal-induced N2-(1-carboxyethyl)-dG (N2-CE-dG),12 block 

transcription and trigger transcription-coupled nucleotide excision repair (TC-NER) in 

mammalian cells.12–15 In addition, N2-Et-dG impedes transcriptional elongation mediated 

by single and multisubunit RNA polymerases in vitro.9 Human RNA polymerase II 

(RNAPII), owing to its conformationally flexible active center, exhibits intrinsic translesion 

RNA synthesis ability, albeit with low efficiency and fidelity.16,17 The effects of N2-alkyl-

dG lesions on perturbing the efficiencies and fidelities of transcription in human cells, 

however, have not yet been systematically examined.

TLS constitutes one of the major mechanisms of DNA damage tolerance, where specialized 

DNA polymerases insert a nucleotide opposite a DNA lesion and/or extend from the lesion 

site when replicative DNA polymerases are stalled.18,19 Recently, a growing number of 

studies revealed the versatile roles of TLS polymerases that are beyond their canonical 

functions in TLS.20–25 For instance, human DNA polymerase η can incorporate the correct 

ribonucleoside triphosphates (rNTPs) opposite undamaged and damaged nucleosides (e.g., 

7,8-dihydro-8-oxo-dG and cyclobutane thymine dimer), albeit at rates that are markedly 

lower than those for inserting the corresponding dNTPs.22,26 Additionally, human Rev1 

preferentially catalyzes rCTP incorporation directed by an arginine residue at the active 

site, with an efficiency that is approximately 280-fold lower than that of dCTP insertion.23 

Moreover, human Pol ι exhibits intrinsic 5′-deoxyribose-5′-phosphate lyase activity and 

can function as a backup polymerase in base excision repair.24,25 It remains unclear if TLS 

polymerases can assist transcriptional bypass of DNA lesions in cells.

In the present study, we investigated systematically how N2-alkyl-dG lesions in template 

DNA strand affect transcription in human cells. We also assessed how transcription through 

these lesions is influenced by genetic ablation of TLS DNA polymerases.

RESULTS AND DISCUSSION

Transcriptional Perturbations of N2-Alkyl-dG Lesions in Human Cells.

The objectives of this study were to assess how N2-alkyl-dG lesions carrying various 

sizes of alkyl groups (Figure 1) perturb transcription and to investigate whether TLS DNA 

polymerases promote the transcriptional bypass of these lesions in human cells. To this end, 
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we employed a previously established competitive transcription and adduct bypass (CTAB) 

assay,12,27 where we first constructed double-stranded, nonreplicative plasmids housing a 

site-specifically incorporated N2-alkyl-dG (Figures 1 and 2). In addition, the lesions are 

placed downstream of a CMV promoter to enable human RNAPII-mediated transcription.

The lesion-containing plasmid was transfected together with a lesion-free competitor 

plasmid into HEK293T cells. After cellular transcription, the runoff transcripts were reverse-

transcribed with a gene-specific primer and the resulting cDNA amplified by PCR. The 

PCR products were digested with restriction enzymes, and the strand initially containing the 

lesion was selectively postlabeled on the 5′-terminus with 32P (Figures 3A and S1A). The 

resulting products were analyzed by native PAGE (Figures 3B and S1B–D) and LC–MS/MS 

(Figures S2–S3), where the 32P-labeling step was omitted in the sample preparation for 

LC–MS/MS experiments. The transcriptional bypass efficiency was calculated by dividing 

the band intensities of digestion products emanating from lesion-containing over competitor 

plasmids and then normalized against the ratio obtained from the parallel experiment 

conducted for the control lesion-free vector.

Our results showed that the presence of N2-alkyl-dG lesions on the transcribed strand led 

to pronouncedly diminished transcriptional bypass efficiencies in HEK293T cells, ranging 

from 27% to 35% relative to the corresponding dG-containing template (Figure 4A). In 

addition, increasing the size of the alkyl group elicited subtle differences in transcriptional 

bypass efficiency (Figure 4A). Together, N2-alkyl-dG lesions exert strong blockage effects 

on transcription machinery in human cells.

Our PAGE and LC–MS and MS/MS analyses led to the identification of mutant transcripts 

arising from misinsertions of adenosines opposite both the site of N2-Me-dG, N2-Et-dG, and 

N2-nPr-dG as well as their neighboring 5′ nucleotide (CC → AA mutation) (Figures 3 and 

S1–S3), though this mutation was barely detectable for the N2-nBu-dG-containing substrate. 

We also detected a single 5′-A mutation based on LC–MS and MS/MS analyses (Figures 

S2 and S3), where RNAPII misincorporates an adenosine opposite the 5′-neighboring 

base of the lesions; the rate of the latter 5′-A mutation was, however, too low for robust 

quantification (<2%).

Roles of TLS Polymerases in Supporting the Transcriptional Bypass of N2-Alkyl-dG 
Lesions.

To explore whether TLS polymerases can assist the transcriptional bypass of these lesions, 

we conducted the CTAB experiments by employing isogenic HEK293T cells where TLS 

polymerases were individually or simultaneously knocked out by CRISPR-Cas9.11,28 We 

observed that individual ablation of Pol η conferred marked attenuations in transcriptional 

bypass efficiencies (to ~9–13%) for all four lesions (Figure 4A). In addition, depletion of 

Rev1 led to significant diminutions in bypass efficiencies of N2-Me-dG and N2-Et-dG. 

Interestingly, further depletion of Rev1 in Pol η-deficient background exacerbated the 

transcription blockage effects of all four lesions (with bypass efficiencies being reduced to 

2–5%), suggesting that Pol η and Rev1 act independently to promote efficient transcriptional 

bypass of the N2-alkyl-dG lesions.
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To further substantiate the role of Pol η in supporting the transcriptional bypass of the 

N2-alkyl-dG lesions, we conducted the CTAB assay by employing patient-derived Pol 

η-deficient cells and the isogenic cells complemented with wild-type human Pol η.29,30 Our 

results revealed that the diminished transcriptional bypass of N2-nPr-dG in patient-derived 

Pol η-deficient cells could be rescued by reconstituting the cells with wild-type human Pol 

η (Figure 5). In this vein, it is worth noting that the RBE value for N2-nPr-dG in XP30RO 

cells is substantially lower than what we observed for POLH−/− HEK293T cells. A previous 

study showed that the XP30RO cells carry an out-of-frame deletion in POLH gene, which 

gave rise to a truncated protein encompassing only the first 42 amino acids of Pol η (out of 

a total of 713 amino acids).31 Hence, the difference is unlikely attributable to the presence 

of mutant Pol η (if stable) in XP30RO cells; instead, it arises likely from the biological 

heterogeneities of the two cell lines.

Depletion of Pol κ, Pol ι, or Pol ζ did not affect appreciably the efficiencies in 

transcriptional bypass of the N2-alkyl-dG lesions, except that genetic ablation of Pol ζ led to 

a significantly decreased transcriptional bypass efficiency for N2-Et-dG. On the other hand, 

the frequency of the aforementioned CC → AA mutation is the highest in REV1-knockout 

cells (Figure 4B), suggesting that Rev1 elicited error-free transcription across these lesions.

Pol η and Rev1 Do Not Substantially Modulate the Repair of N2-Alkyl-dG Lesions in Human 
Cells.

Our above results demonstrated that genetic depletion of Pol η led to pronounced drops in 

transcriptional bypass efficiencies of N2-alkyl-dG lesions, which are aggravated by further 

ablation of Rev1. In light of the previous observations that some TLS polymerases can 

function in DNA repair,20,21 we recognized that the reduced transcript yields may also arise 

from diminished repair of these lesions in the polymerase-deficient background. To examine 

this possibility, we conducted the CTAB assay by monitoring the time-dependent alterations 

in transcript yields, where we isolated nascent transcripts from the lesion-containing and 

control plasmids at different time points following transfection. Our results revealed a 

progressive increase in transcript yield for N2-nPr-dG in HEK293T cells. A similar increase 

in transcript yield was observed from 0 to 8 h for the isogenic Pol η-deficient cells, though 

no statistically significant elevation in transcript yield was observed for this lesion from 8 

to 24 h in this genetic background. These results suggest that the repair of N2-nPr-dG in 

episomal plasmid is not pronouncedly compromised by the lack of Pol η (Figure S4).

We recognize that the repair of N2-alkyl-dG lesions located in the episomal vector employed 

for the CTAB assay may behave differently from the lesion situated in genomic DNA. To 

examine whether Pol η contributes to the repair of N2-alkyl-dG lesions in genomic DNA, 

we next assessed the roles of this and other TLS polymerases in the removal of N2-nBu-dG 

in HEK293T cells. A recent study by Spratt and co-workers32 showed that incubating 

cultured human cells with N2-substituted dG derivatives, including N2-nBu-dG, can allow 

for the facile incorporation of these modified nucleosides into genomic DNA, and Pol κ 
plays an important role in this process. We found that incubating HEK293T cells with 10 

μM N2-nBu-dG for 3 h results in the incorporation of a substantial level of N2-nBu-dG 

into genomic DNA (Figure 6). While individual ablation of Pol ι, Pol ζ, or Rev1 did not 
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appreciably affect the incorporation of N2-nBu-dG, losses of Pol κ and, to a lesser degree, 

Pol η gave rise to pronounced decreases in the incorporation of N2-nBu-dG into genomic 

DNA. This is in keeping with the results from in vitro biochemical assay, showing that Pol κ 
is highly efficient in inserting N2-nBu-dGTP opposite a cytosine base in template DNA; Pol 

η also exhibits such a function, albeit at a much lower efficiency.32

Our LC–MS/MS results also revealed that, after removal of medium containing the modified 

nucleoside, cellular DNA displays a time-dependent decrease in the level of N2-nBu-dG 

in parental HEK293T cells, or the isogenic cells depleted of Pol η, Pol ι, Rev1, or Pol 

ζ, though the difference in the levels of N2-nBu-dG in Pol η-deficient cells at 3 and 8 h 

was not statistically significant. The loss of Pol κ, however, abrogated such a progressive 

decrease in the level of N2-nBu-dG. These results, therefore, underscore that, among these 

TLS polymerases, Pol κ contributes to the removal of N2-nBu-dG from genomic DNA. In 

addition, our results suggest that Pol η may also assume a minor role in promoting the repair 

of N2-nBu-dG in cells. Together, the above results support that the reduced transcript yields 

of N2-alkyl-dG-containing template observed in cells depleted of Pol η arise mainly from 

its role in supporting the transcriptional bypass of these lesions, though we cannot exclude 

formally a minor role of Pol η in enhancing the repair of these lesions.

Previous studies showed that replication through N2-alkyl-dG and N2-carboxyalkyl-dG 

lesions in HEK293T cells was highly efficient, with the bypass efficiencies being 60–80% 

and 99–100%, respectively.11,33 Different from what were observed in replication studies, 

here we found that N2-alkyl-dG lesions conferred considerable impediments to transcription 

(with bypass efficiencies being 27–35%), which is consistent with what were previously 

reported for N2-CE-dG lesions in human skin fibroblast cells12 and for N2-Et-dG in 

RNAPII-mediated transcription in vitro.9

Recently, several studies showed that TLS polymerases have functions beyond their well-

established roles in translesion DNA synthesis, where some of these polymerases are 

capable of incorporating ribonucleotides in vitro.22,23,26,34,35 By employing the CTAB 

assay, we examined systematically the involvement of different TLS polymerases in 

transcriptional output of N2-alkyl-dG lesions in human cells. Our results showed that single 

depletion of Pol η led to substantially decreased transcript yields of all four N2-alkyl-dG 

lesions (Figures 4 and 5). Dual ablation of Pol η and Rev1 conferred more pronounced 

attenuations in transcript yields of these lesions than depletion of Pol η alone (Figure 4). Our 

LC–MS/MS quantification results showed that N2-nBu-dG in genomic DNA can be repaired 

in Pol η-deficient HEK293T cells (Figure 6). In addition, we observed a time-dependent 

increase in transcript yield from an N2-nPr-dG-containing plasmid in HEK293T cells, and 

this increase was also observed in Pol η-deficient HEK293T cells (Figure S4). These results, 

therefore, support that the decreased transcript yields of N2-alkyl-dG-harboring template in 

the Pol η-deficient cells are attributed mainly to its role in supporting the transcriptional 

bypass of these lesions, though we cannot exclude completely a minor role of Pol η in 

promoting the repair of these lesions.

It is worth noting that the double-stranded plasmid that we employed in the current study 

does not carry any mammalian replication origin; hence, it is extremely unlikely that 
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reduced transcript yield observed in Pol η-deficient background arises from its role in 

replicative bypass of N2-alkyl-dG lesions. This notion is corroborated by the lack of impact 

of Pol η depletion on the efficiency or fidelity of replication across the N2-alkyl-dG lesions 

in a similar, yet SV40 replication origin-carrying, plasmid,11 which is in stark contrast to Pol 

η’s prominent role in modulating the transcriptional bypass of these DNA adducts (Figures 4 

and 5).

We postulate that the spacious active site of Pol η36 endows its ability in ribonucleotide 

incorporation. Additionally, recent studies revealed that human Pol η scaffolds the incoming 

ribonucleoside triphosphate to pair with the template base guanine or 7,8-dihydro-8-

oxoguanine with a significant propeller twist.22,26 It will be important to examine, in 

the future, whether a similar alteration of active site structure occurs for Pol η during 

ribonucleotide incorporation opposite the N2-alkyl-dG lesions. Rev1 was found to function 

as a scaffold to assemble other TLS polymerases, including Pol κ, Pol η, Pol ζ, and Pol ι, 

during TLS across different DNA damage products.37,38 Rev1 itself could also direct dCTP 

insertion through an arginine residue (R357) near its active site, regardless of the template 

identity.39

Replicative bypass of N2-alkyl-dG lesions in HEK293T cells is error-free; however, G → 
T and G → A single-base substitutions were observed in cells deficient in Pol κ, Pol 

ι, or Rev1.11 In contrast, transcription across N2-alkyl-dG lesions (alkyl = Me, Et, and 

nPr) in HEK293T cells induced appreciable levels of CC → AA tandem mutation in 

nascent transcripts, where adenosine was inserted opposite both the lesion and its vicinal 5′ 
nucleoside, and this was accompanied by a much lower frequency of 5′-A mutation. The 

misincorporation of an adenosine opposite the neighboring 5′ nucleoside of N2-alkyl-dG 

is reminiscent of previous observations made for oxidatively induced purine cyclonucleo-

sides12 and suggests that the lesion-induced distortion of the template strand renders the 

neighboring 5′ nucleoside inadequately recognized by polymerase(s) during ribonucleotide 

insertion. Although Pol ζ, Pol κ, and Pol ι contribute minimally to transcriptional bypass 

of N2-alkyl-dG lesions, their losses result in slightly elevated levels of CC → AA mutation 

in nascent transcripts. Additionally, genetic ablation of Rev1 results in pronounced increases 

in CC → AA mutation frequencies for these lesions, suggesting the role of this polymerase 

in promoting error-free transcription across these lesions. Primer extension assay showed 

that RNAPII preferentially inserts a rCTP opposite N2-Et-dG, but the accessory transcription 

factor TFIIS subsequently stimulates the backtrack of RNAPII and removes the rCTP.9 We 

reason that TLS polymerases are required to overcome the transcriptional blockage, where 

the involvement of TLS polymerases also elicits appreciable levels of mutant transcripts.

The mechanism through which Pol η is recruited to stalled RNAPII is unclear and warrants 

further investigation. Along this line, it was observed recently that ubiquitination of lysine 

1268 in the largest subunit of RNAPII, RPB1, regulates transcription recovery and triggers 

TC-NER by stimulating the association of the core-TFIIH complex with stalled RNAPII 

and promoting its degradation.40,41 In addition, monoubiquitination of PCNA was shown 

to promote the recruitment of Pol η to stalled DNA replication machinery.42,43 It will 

be important to examine, in the future, whether a similar post-translational mechanism 

contributes to the recruitment of Pol η to stalled RNAP II.
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CONCLUSIONS

In conclusion, we investigated systematically how minor-groove N2-alkyl-dG lesions impede 

transcription and induce transcriptional mutagenesis in human cells. We also unveiled novel 

biological functions of TLS polymerases in supporting transcriptional bypass of the minor-

groove N2-alkyl-dG lesions in human cells. It will be important to investigate further the 

mechanism by which the TLS polymerases are recruited to transcription machinery during 

adduct bypass and to examine whether these functions of TLS polymerases can be extended 

to other types of DNA lesions.

EXPERIMENTAL SECTION

Unless otherwise stated, all chemicals were from Sigma-Aldrich or Thermo Fisher 

Scientific, and all enzymes were from New England Biolabs (Ipswich, MA). Unmodified 

ODNs were obtained from Integrated DNA Technologies (Coralville, IA). M-MLV reverse 

transcriptase was purchased from Promega (Madison, WI). [γ−32P]ATP was acquired from 

PerkinElmer Life Sciences (Waltham, MA).

The 12-mer ODNs carrying a site-specifically inserted N2-alkyl-dG were previously 

synthesized.11 HEK293T cells with single depletion of the POLH, POLI, POLK, REV3L, 

or REV1 gene were produced previously by the CRISPR-Cas9 genome editing method, 

where the successful depletion of these genes were confirmed by both Sanger sequencing 

and Western blot analysis.11,28 The isogenic cells with concurrent depletions of POLH and 

REV1 were generated from the POLH-knockout background using the same method. The 

successful depletion of REV1 gene was confirmed by Sanger sequencing and Western blot 

analysis (Figure S5). The SV40-transformed Pol η-deficient XP30RO fibroblasts and the 

corresponding cells reconstituted with wild-type human Pol η (XP30RO + Pol η) were 

kindly provided by Professor James E. Cleaver.29,30

Construction of Lesion-Containing Plasmids.

In-house synthesized 12mer N2-alkyl-dG-containing ODNs were incorporated into the 

transcribed strand of a double-stranded shuttle vector, i.e., pTGFP-T7-Hha10, following 

previously published procedures.27 This vector was constructed from pTurboGFPN,44 where 

the SV40 replication origin in the initial plasmid was removed. Briefly, the damage-free 

control vector was digested with Nt.BstNBI to nick the double-stranded parental vector. 

The 25mer ODN arising from Nt.BstNBI cleavage was subsequently removed by annealing 

with excess complementary 25mer ODN and by centrifugation using a 100 kDa cutoff 

centrifugal filter. The 12mer N2-alkyl-dG-containing ODN (5′-ATGGCGXGCTAT-3′, X= 

N2-alkyl-dG) was 5′-phosphorylated and annealed into the gap together with a 13mer 5′-

phosphorylated lesion-free ODN (5′-TCGGGAGTCGATG-3′) (Figure 2). T4 DNA ligase 

was then added to seal the gap. The fully ligated, supercoiled plasmid was isolated from the 

ligation mixture by using agarose gel electrophoresis (Figure S6).

Cellular Transcription, RNA Isolation, and RT-PCR.

Cellular transcription experiments with the use of the above-constructed vectors were 

performed using the previously reported CTAB assay.27 The lesion-containing plasmids 
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were individually premixed with the competitor plasmid at a molar ratio of 2:1 (lesion/

competitor) for transfection into HEK293T, POLK−/−, POLI−/−, and REV3L−/− cells, 3:1 

for POLH−/− cells, 5:1 for REV1−/− and POLH−/−/REV1−/− cells, 3:1 for XP30RO, and 

2:1 for XP30RO cells complemented with wild-type human Pol η. The lesion-free control 

plasmid was premixed with the competitor vector at a molar ratio of 5:1 (control/competitor) 

for REV1−/− cells and 1:1 for all other cell lines. HEK293T cells and the isogenic TLS 

polymerase-deficient cells (1 × 105) were seeded in 24-well plates and cultured overnight at 

37 °C in a 5% CO2 atmosphere, followed by transfection with 50 ng of the mixed plasmids 

and 450 ng of carrier plasmid (self-ligated pGEM-T, Promega) using TransIT-2020 (Mirus 

Bio) following the manufacturer’s recommended procedures. The cells were harvested at 

24 h unless specified for the time-dependent experiments. After transfection, the transcripts 

of the mixed plasmids were isolated using Total RNA Kit I (Omega), and residual DNA 

in the mixture was removed with a DNA-free kit (Ambion). The transcripts of interest 

were reverse-transcribed and PCR-amplified, as described elsewhere.27 In this vein, we 

confirmed the lack of contamination of initial plasmid DNA in the RNA samples on the 

basis of absence of PCR products when the amplification was conducted directly for the 

RNA samples without the reverse transcription step, as described previously (Figure S7).27

Restriction Digestion and Polyacrylamide Gel Electrophoresis (PAGE) Analysis.

A NcoI/SfaNI-mediated restriction digestion and postlabeling method was employed for 

sample preparation prior to PAGE analysis. For each sample, 150 ng of the above-mentioned 

RT-PCR products was incubated with 5 U NcoI and 1 U shrimp alkaline phosphatase (rSAP) 

in 10 μL of NEB buffer 3.1 at 37 °C for 1 h. The enzymes were heat-inactivated by 

incubation at 80 °C for 20 min, and to the mixture were added with 5 U T4 polynucleotide 

kinase and 1.66 pmol [γ−32P]ATP to radiolabel the newly liberated 5′-termini in the 

template strand (shown as the bottom strand in Figure 3A). The resultant mixture was 

heated at 75 °C for 20 min and further digested with 2 U SfaNI in 20 μL of 1× NEB 

buffer 3.1 at 37 °C for 1.5 h (Figure 3). The reaction was terminated with 20 μL of 

formamide gel-loading buffer (2 ×), and the DNA mixture was resolved by using 30% native 

PAGE (acrylamide/bis-acrylamide = 19:1) and quantified by phosphor-imager analysis.27 

The intensities of the radiolabeled DNA bands were used to calculate the relative bypass 

efficiency (RBE) with the following equation: RBE (%) = (lesion signal/competitor signal)/

(control signal/competitor signal) × 100%, where the competitor signal was employed as 

the internal standard. The transcriptional mutation frequency (MF) was determined from the 

percentage of the amount of mutant transcript among the total amounts of all transcripts 

arising from the lesion-containing plasmid.

LC–MS/MS for the Identification of Mutant Transcripts.

LC–MS and MS/MS were used to identify unambiguously the transcription products arising 

from N2-alkyl-dG-containing templates, similar to those described elsewhere.12,27 RT-PCR 

products were treated with 50 U NcoI and 20 U rSAP in 250 μL of NEB buffer 3.1 at 

37 °C for 2 h, followed by heating at 80 °C for 20 min. To the resulting solution was 

added 50 U SfaNI, and the reaction mixture was incubated at 37 °C for 2 h, followed by 

extraction with phenol/chloroform/isoamyl alcohol (25:24:1, v/v). The aqueous phase was 

collected, to which were added 0.1 volume of 3.0 M sodium acetate and 2.5 volumes of 
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ethanol to precipitate the DNA. The DNA pellet was reconstituted in water and subjected to 

LC–MS/MS analysis. An LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific) 

was set up for monitoring the fragmentations of the [M − 3H]3− ions of the 13-mer ODNs, 

5′-CATGGCPMGCTAT-3′, where “PM” designates “GA”, “GT”, “GC”, “GG”, “TG”, or 

“TT”.

Incorporation of N2-nBu-dG into Cellular DNA and Extraction and Enzymatic Digestion of 
Genomic DNA.

HEK293T cells and the isogenic TLS polymerase-deficient cells were seeded in 6-well 

plates at 37 °C in a 5% CO2 atmosphere. N2-nBu-dG was added to the culture medium until 

its final concentration reached 10 μM. After incubation for 3 h, the cells were switched to 

fresh media without N2-nBu-dG and harvested 3 or 8 h later. Genomic DNA was extracted 

from HEK293T cells, the isogenic cells were depleted of TLS polymerases using Qiagen 

DNeasy Blood & Tissue Kit, and approximately 6 μg of DNA was recovered from a single 

well of cells.

We digested 1.0 μg of cellular DNA with 10 units of nuclease P1 (New England Biolabs) 

and 0.00125 unit of phosphodiesterase II in a buffer containing 30 mM sodium acetate (pH 

5.6), 1 mM ZnCl2, and 2.5 nmol of EHNA. The above mixture was incubated at 37 °C 

for 24 h. To the mixture were then added 1.0 unit of alkaline phosphatase, 0.0025 unit of 

phosphodiesterase I, and one tenth volume of 0.5 M Tris–HCl (pH 8.9). After incubation at 

37 °C for 4 h, the digestion mixture was neutralized with 1.0 M formic acid. The enzymes 

in the digestion mixture were subsequently removed by extraction with an equal volume 

of chloroform. The aqueous layer was dried in vacuo and reconstituted in water for LC–

MS/MS analysis.

Online nLC–MS/MS Analysis of N2-nBu-dG in Cellular DNA.

HPLC separation was conducted on a Dionex Ultimate 3000 HPLC module (Thermo Fisher) 

with an in-house packed trapping column (150 μm × 40 mm) and an analytical column (75 

μm × 200 mm), both packed with Magic C18 AQ (200 Å, 5 μm, Michrom BioResource, 

Auburn, CA) reversed-phase materials. Mobile phases A and B were composed of 0.1% 

formic acid in doubly distilled water and acetonitrile, respectively. The sample was loaded 

onto the trapping column with mobile phase A at a flow rate of 2.5 μL/min in 8 min, and 

the analyte (N2-nBu-dG) and its stable isotope-labeled standard (Figure S8) were then eluted 

from the column by using a 20 min linear gradient of 0–95% mobile phase B at a flow rate 

of 300 nL/min.

The LC effluent was directed to a TSQ-Altis mass spectrometer operated in the multiple-

reaction monitoring (MRM) mode. The MRM transitions corresponding to the neutral loss 

of a 2-deoxyribose (116 Da) from the protonated ions ([M + H]+) of N2-nBu-dG (i.e., m/z 
324 → 208) and [D9]-N2-nBu-dG (i.e., m/z 333 → 217) were monitored (Figure S9). The 

voltage for electrospray was set at 2.0 kV, and the temperature for the ion transport tube 

was maintained at 275 °C. The widths for precursor and fragment ion selection were both 

0.7 m/z unit, and the collision energy was set at 20 V. A calibration curve was constructed 

by spiking 1.0 μg of calf thymus DNA with different amounts of an N2-nBu-dG-containing 
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12-mer ODN, and a fixed amount of [D9]-N2-nBu-dG; the samples were subjected to 

enzymatic digestion and LC–MS/MS analysis under the same conditions as described above 

for the cellular DNA samples (Figure S10).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
N2-Alkyl-dG lesions investigated in this study.
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Figure 2. 
Construction of lesion-bearing plasmids. (a) Schematic diagram illustrating the procedures 

for the construction of plasmids harboring a site-specifically incorporated lesion. (b) 

Enzymatic digestion and ligation of the lesion-bearing ODNs into the gapped vector. “X” 

designates N2-alkyl-dG. The Nt.BstNBI recognition sequences are highlighted in bold.
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Figure 3. 
Restriction digestion and postlabeling method for determining the transcriptional bypass 

efficiencies and mutation frequencies of N2-alkyl-dG lesions in HEK293T cells and isogenic 

cells deficient of TLS polymerases. (a) A schematic diagram depicting the selective labeling 

of the template strand via sequential digestion of the RT-PCR products. “p*” denotes a 
32P-labeled phosphate group. “M” represents the site where the lesion was initially situated. 

“P” indicates the nucleobase 5′ to the lesion site. “N” and “Q” are the complementary 

bases paired with “M” and “P”, respectively. Representative gel images for monitoring 

the restriction fragments of interest in wild-type or POLH-knockout cells (b). Lesion-

containing plasmids were individually premixed with the competitor plasmid at a molar 

ratio of 2:1 (lesion/competitor) for transfection into HEK293T cells and 3:1 for POLH−/− 

cells, and the transcripts were isolated from cells at 24 h following transfection. The 

synthetic ODNs representing the restriction fragment arising from the competitor vector, 

i.e., d(CATGGCGATAGGCTAT), is designated as “16mer”; “13 mer G”, “13 mer A”, “13 

mer C”, “13 mer T”, “13 mer 5′T”, and “13 mer TT” represent the standard synthetic 

ODNs d(CATGGCPMGCTAT), where “PM” is “GG”, “GA”, “GC”, “GT”, “TG”, and “TT”, 

respectively.
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Figure 4. 
Relative transcriptional bypass efficiencies (RBEs) (A) and mutation frequencies (MFs) (B) 

of N2-alkyl-dG lesions in HEK293T cells and the isogenic cells where the indicated TLS 

polymerase genes were individually or simultaneously depleted by CRISPR/Cas9. POLH, 

POLI, POLK, REV1, and REV3L encode for DNA polymerases η, ι, κ, Rev1, and the 

catalytic subunit of Pol ξ, respectively. The transcripts were isolated at 24 h following 

plasmid transfection. The data represent the mean ± SD of results from three independent 

experiments. *, 0.01 < P < 0.05; **, 0.001 < p < 0.01; ***, 0.0001<p < 0.001; ****, p < 
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0.0001. The multiplicity-adjusted p values were calculated by using one-way ANOVA and 

Dunnett’s multiple comparisons test for the comparisons between parental HEK293T cells 

and isogenic TLS polymerase knockout cells and by one-way ANOVA and Tukey’s multiple 

comparisons test for the comparisons between different lesions in parental HEK293T cells.
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Figure 5. 
Transcriptional bypass efficiencies and mutation frequencies of N2-nPr-dG in Pol η-deficient 

XP30RO cells and the isogenic cells complemented with wild-type human Pol η. (A) 

Representative gel images for monitoring the restriction fragments of interest from the 

RT-PCR products of transcripts isolated from the transcription of a mixture of N2-nPr-dG- or 

dG-containing plasmid with competitor plasmid in XP30RO cells and the corresponding 

wild-type human Pol η-complemented human skin fibroblast cells at 24 h following 

transfection. The N2-nPr-dG-containing plasmid was premixed with the competitor plasmid 

at a molar ratio of 3:1 for XP30RO and 2:1 for XP30RO cells complemented with wild-type 

human Pol η. The synthetic ODNs representing the restriction fragment arising from the 

competitor vector, i.e., d(CATGGCGATAGGCTAT), are designated as “16mer”, “13 mer 

G”, “13 mer A”, “13 mer C”, “13 mer T”, “13 mer 5′T”, and “13 mer TT” represent 

the standard synthetic ODNs d(CATGGCPMGCTAT), where “PM” is “GG”, “GA”, “GC”, 

“GT”, “TG”, and “TT”, respectively. Shown in (B) and (C) are the relative transcriptional 

bypass efficiencies (RBE) and CC → AA mutation frequencies (MF) for N2-nPr-dG 

observed in the two cell lines. The data represent the mean ± SD of results obtained from 
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three independent experiments. The p values were calculated by using unpaired two-tailed 

student’s t-test: **, 0.001< p < 0.01; ns, p > 0.05.

Tan et al. Page 20

J Am Chem Soc. Author manuscript; available in PMC 2022 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Frequencies of N2-nBu-dG in cellular DNA isolated from parental and TLS polymerase-

depleted HEK 293T cells. All cells were exposed to 10 μM of N2-nBu-dG for 3 h. The cells 

were then harvested immediately or after incubation in fresh media for another 3 or 8 h. The 

data represent the mean ± SD of results obtained from three independent experiments. *, 

0.01 < p < 0.05; **, 0.001 < p < 0.01; ns, p > 0.05. The multiplicity-adjusted p values were 

calculated by using multiple t-tests with a Holm–Sidak correction for comparisons between 

0 and 3 h, and between 3 and 8 h, by using one-way ANOVA and Dunnett’s multiple 

comparisons test for the comparisons between parental HEK293T cells and the isogenic 

polymerase knockout cells at 0 h.
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