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Numerous chemicals are associated with carcinogenesis through epigenetic alterations in cells. 
To detect global epigenetic changes induced by carcinogens, the housekeeping gene can serve 
as a reporter locus, offering a baseline for identifying shifts in epigenetic marks. To investigate 
this potential, we developed a simple, cost-effective, and quantitative reporter system to assess 
chemically induced epigenetic effects, utilizing the thymidine kinase (TK) gene mutation assay as a 
foundation. Using a standard genotoxicity test cell line, human lymphoblast TK6, we edited the CpG 
promoter loci of the endogenous TK gene using the CRISPR/dCas9-SunTag-DNMT3A system. This 
epi-genotoxicity assay, employing modified mTK6 cells, provides a simple method for quantifying 
chemically induced epigenetic effects. The assay successfully detects both increased TK reversion 
rates induced by DNMT inhibitors, such as 5-Aza-2′-deoxycytidine and GSK-3484862, and, for the 
first time, a significant reduction in TK revertant frequency caused by the non-genotoxic carcinogen 
12-O-tetradecanoylphorbol-13-acetate (TPA). Chromatin immunoprecipitation and western blotting 
analyses revealed that TPA treatment led to a global decrease in H3K27Ac levels, likely driven by 
TPA-mediated inflammation. These results demonstrate the utility of the epi-genotoxicity assay as a 
valuable tool for evaluating dual-directional epigenetic changes triggered by chemical exposure.
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Numerous chemical agents have been implicated in carcinogenesis through diverse mechanisms, including 
genetic, epigenetic, and metabolic alterations. Among these processes, the ability of chemicals to induce genetic 
changes is defined as genotoxicity. Genotoxic agents can bind directly to DNA and act indirectly by interfering 
with enzymatic pathways such as DNA replication, DNA repair, and DNA damage signaling, ultimately leading to 
gene mutations and chromosomal aberrations. The potential risk of chemicals interacting with DNA is evaluated 
through genotoxicity testing. The Organization for Economic Co-operation and Development (OECD) has 
established guidelines for assessing chemicals using in vitro genotoxicity tests, including the bacterial Ames test, 
the mammalian cell chromosomal aberration test, and the mammalian cell gene mutation test1.

In addition to genotoxic potential, epigenetic alterations are believed to contribute to chemically induced 
carcinogenesis2. Among these, cytosine C5 methylation in CpG dinucleotides represents a key epigenetic 
modification, playing crucial roles in processes such as X chromosome inactivation, genomic imprinting, and 
repression of retrotransposons through gene silencing. In mammals, DNA methylation is catalyzed by DNA 
methyltransferases (DNMTs). Of the active DNMTs, DNMT1 is responsible for maintaining DNA methylation 
during replication, while DNMT3A/3B are involved in de novo DNA methylation under specific cellular 
conditions. Beyond DNA methylation, gene expression is further regulated by post-translational histone 
modifications, which serve as structural elements for packaging genomic DNA within the nucleus. Histone 
H3K4 trimethylation (H3K4me3) and H3K27 acetylation (H3K27Ac) are transcriptionally active marks that 
exhibit an inverse correlation with DNA methylation at gene promoter regions. These cellular epigenetic patterns 
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can be influenced by exposure to certain chemical reagents that directly or indirectly modify DNA methylation 
and/or histone modifications3.

Several therapeutic drugs have been developed as epigenetic modifiers with anticancer potential. Aberrant 
DNA methylation and the hyperactivation of histone deacetylases (HDACs) are closely linked to cell proliferation 
and metastasis in various cancers, making DNMTs and HDACs promising therapeutic targets4. 5-Aza-2′-
deoxycytidine (5-azadC) is a widely used demethylating agent that inhibits DNMTs through its incorporation 
into genomic DNA5. Similarly, HDAC inhibitors promote hyperacetylation of core histones, thereby modulating 
chromatin structure and altering gene expression patterns6. Beyond these designed therapeutic agents, 
environmental chemicals such as bisphenol A, arsenic, cadmium, benzene, and pesticides have been reported to 
induce aberrant epigenetic changes, contributing to the onset of various diseases7. Notably, many carcinogens 
are believed to exert their effects through non-genotoxic mechanisms8. Therefore, evaluating the potential 
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epigenetic effects and underlying mechanisms of action is a critical component in the safety assessment of 
environmental chemical compounds.

To evaluate epigenetic alterations induced by chemical reagents, researchers have developed various cell-
based reporter assays. Johnson et al. introduced a system using an epigenetically silenced green fluorescent 
protein (GFP) reporter gene controlled by an exogenous cytomegalovirus promoter9. More recently, endogenous 
tumor suppressor genes such as SFRP1 and BRCA1 have been employed as GFP-based reporters to study 
epigenetic changes10,11. Similarly, Okochi-Takada et al. developed a high-throughput screening platform using 
luciferase and GFP reporter genes driven by the inactivated UCHL1 locus in HCT116 cells12. These systems 
generally detect epigenetic modifications in unidirectional manner, either inactivation or reactivation of gene 
expression, based on the initial epigenetic state of the reporter gene locus. A notable approach is an in vitro 
reporter system utilizing DNMT-transformed yeast cells, enabling rapid and efficient bidirectional detection 
of epigenetic silencing and activation caused by chemical reagents13–15. However, to ensure the extrapolation of 
experimental results to humans, a flexible bidirectional reporter assay needs to be designed in mammalian cells 
to effectively detect diverse modifications resulting from chemical exposure. Currently, the epigenetic impacts 
of chemicals on housekeeping genes remain poorly understood, emphasizing the need to evaluate these genes as 
potential reporter loci to broaden the scope and utility of such assays.

In this study, we aimed to develop an epi-genotoxicity assay to evaluate epigenetic modifications induced 
by carcinogens, based on the thymidine kinase (TK) gene mutation assay (TK assay) technique. The TK assay 
is a conventional mammalian in vitro genotoxicity test that detects various mutations at the housekeeping 
TK gene locus, utilizing the human lymphoblastoid TK6 cell line16. The OECD Test Guideline (TG490) 
adopted the conventional TK assay for the safety assessment of pharmaceutical, industrial, agricultural, and 
environmental chemicals17. We recently enhanced the TK assay by developing genome-edited TK6 cell lines, 
improving its sensitivity for detecting genotoxic and cytotoxic effects of chemicals18–20. In the current study, we 
further advanced this approach by establishing epigenetically modified TK6 derivative (mTK6) cells as the epi-
genotoxicity test system. Using the CRISPR/dCas9-SunTag-DNMT3A system, CpG sites within the endogenous 
TK promoter region were selectively methylated21, resulting in mTK6 cells with a stably methylated TK gene. 
These cells can be propagated in the presence of trifluorothymidine (TFT), which selectively exerts cytotoxicity 
against TK-proficient cells. The developed method, termed the “epi-TK assay,” enables accurate quantification of 
epigenetic changes induced by chemical exposure. This is achieved by measuring the frequency of TK revertant 
colonies in hypoxanthine, aminopterin, and thymidine (HAT) selection medium (Fig. 1A).

To assess the ability of the epi-TK assay to quantify global epigenetic effects, we tested DNMT inhibitors 
(5-azadC and GSK-3484865) and HDAC inhibitors (vorinostat and trichostatin A) as model substances 
with well-characterized mechanisms of action (Fig. S1). Additionally, we examined the epigenetic effects of 
12-O-tetradecanoylphorbol-13-acetate (TPA), a widely studied non-genotoxic tumor promoter/inflammation 
inducer derived from the seed oil of Jatropha curcas L. Using the established epi-TK assay, we observed not only 
an increase in TK reversion frequency induced by 5-azadC and GSK-3484865 but also a significant decrease in 
TK revertant frequency following TPA exposure. Chromatin immunoprecipitation and western blotting analyses 
revealed that TPA treatment caused a global reduction in H3K27Ac levels, likely linked to TPA-mediated chronic 
inflammation. These findings highlight the utility of the epi-genotoxicity assay as a tool for evaluating epigenetic 
alterations induced by chemical exposure in both directions.

Fig. 1.  Establishment of the epi-TK assay using epigenome-edited human lymphoblast TK6 cells. (A) 
Overview of the epi-TK assay. Based on human TK6 cells, site-specific methylation of CpG sites in the 
promoter region of the TK gene achieved via the CRISPR/dCas9-SunTag-DNMT3A system. The resulting 
mTK6 cell line was cultured in medium containing TFT. After exposure to test compound, the cells were 
seeded into 96-microwell plates with HAT to assess TK revertant frequency. The cells were plated into 
96-microwell plates without HAT to determine CE. Colony numbers from CE and HAT plates were recorded, 
and the TK revertant frequency was calculated as described in the Methods section. (B) Target CpG loci within 
the promoter region of the TK gene, with the positions of gsRNAs indicated by arrowheads. The sequences of 
gsRNAs are listed in Supplementary Table S1. (C) Representative data showing the TFT resistant frequency 
after transfection with plasmids encoding CRISPR/dCas9-SunTag-DNMT3A and sgRNAs. The frequency of 
TFT-resistant colonies was assessed following transient expression of CRISPR/dCas9-SunTag-DNMT3A and 
sgRNAs targeting the TK gene (+). Transfection with the CRISPR/dCas9-SunTag-DNMT3A plasmid and an 
empty sgRNA vector served as negative control (-). (D) Population doubling time of TK6 and mTK6 cells. 
Doubling time were measured in both the absence or presence of TFT. (E) Expression levels of the TK gene in 
TK6 and mTK6 cells. Relative mRNA abundance was normalized to GAPDH expression. (F) Spontaneous TK 
revertant frequency of mTK6 cells. Cells were seeded at a concentration of 2,000 cells/mL in the presence of 
HAT into 96-microwell plates. Cells were also plated in 96-microwell plates at a density of 8 cells/ml without 
HAT selection to assess the cloning efficiency (CE). After 21 days of incubation, the number of colonies in both 
the CE and HAT plates was recorded. TK revertant frequencies were determined as described in the Methods 
section. Data are presented as the mean ± S.E. of three independent experiments. * A Significant difference 
between the assessed cells; P < 0.05 (Dunnett’s Multiple Comparison Test).

◂

Scientific Reports |         (2025) 15:7780 3| https://doi.org/10.1038/s41598-025-92121-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Results
Establishment of human TK6 derivative cells assessing chemical-induced epigenetic 
alterations
We developed a reporter system to assess chemical-induced epigenetic alterations using the mammalian TK 
gene mutation assay as a platform. To create a cell line capable of quantifying epigenetic effects, we employed 
CRISPR/dCas9-SunTag-DNMT3A along with sgRNA expression plasmids specifically designed to methylate 
CpG loci within the promoter region of the endogenous TK gene (Fig. 1B). As illustrated in Fig. 1C, transient 
expression of the sgRNAs resulted in a significant increase in TFT-resistant colonies (1.0 × 10− 3) compared to 
cells transfected with empty sgRNA vectors (3.2 × 10− 5). Among 12 clones isolated, we selected a representative 
clone that exhibited stable proliferation in TFT-containing medium. This isolated clone, designated as the 
“mTK6” cell line, had a population doubling time of 14 ± 1.0  h in the absence of TFT and 13 ± 0.52  h in its 
presence, similar to the original TK6 cell line’s doubling time of 14 ± 0.26 h (Fig. 1D). RT-qPCR analysis revealed 
abolished TK gene expression in mTK6 cells compared to TK6 cells (Fig. 1E), indicating that TK gene expression 
was repressed due to DNA methylation in its promoter region. We also evaluated the TK revertant frequency 
during cell proliferation up to 3 days following TFT removal from the medium (Fig.  1F). The TK revertant 
frequency was determined by counting HAT-resistant colonies seeded in 96-microwell plates. Spontaneous 
TK reversion was observed in a time-dependent manner: 0  day (0.77 ± 0.27 × 10− 4), 1  day (3.6 ± 1.3 × 10− 4), 
2 days (6.4 ± 2.7 × 10− 4), and 3 days (8.8 ± 1.3 × 10− 4). Based on this background TK revertant frequency, we 
hypothesize that epigenetic alterations induced by chemical exposure can be quantified by measuring changes 
in the number of TK revertant colonies. It should be noted that the CRISPR/dCas9-SunTag-DNMT3A system 
has been reported to exhibit minimal off-target effects21. Additionally, the major potential off-target sites for 
TK gRNA #1–4 are located within intergenic and intronic regions in the human genome, where off-target DNA 
methylation is unlikely to affect the quality of the TK reporter assay.

Quantification of epigenetic effects of covalent and non-covalent DNA methyltransferase 
inhibitors.
We first evaluated the capability of the epi-TK assay to quantify the effects of typical DNA demethylating agents. 
5-AzadC, a widely used potent DNMT inhibitor, was tested on mTK6 cells across a range of concentrations 
(0.02–0.1 µM), determined based on cytotoxicity assays (Fig.  2A). Since many epigenetic modifications are 
coupled with DNA replication22, extreme cytotoxicity that impairs cell proliferation may hinder the accurate 
measurement of epigenetic effects. Thus, the cytotoxicity of test substances was assessed based on relative survival 
(%), defined as the colony formation efficiency of cells plated immediately after chemical treatment. The relative 
survival of mTK6 cells was approximately 80 − 60% and 90 − 30% after exposure to increasing concentrations of 
5-azadC and GSK-3484862, respectively (Fig. 2A,C), indicating moderate cytotoxicity at higher concentrations. 
As shown in Fig. 2B, treatment with 5-azadC led to a 230-fold increase in TK revertant frequency (7.7 ± 1.0 × 10− 2) 
at the highest concentration (0.1 µM) compared to the solvent control (3.3 ± 0.67 × 10− 4), corresponding to 0 µM 
5-azadC in Fig. 2B. Notably, 5-azadC is known for its high cytotoxicity and genotoxicity due to the formation of 
covalent DNA-DNMT adducts. To evaluate the assay’s versatility, we tested the epigenetic effects of non-covalent 
DNMT inhibitor GSK-3484862. As shown in Fig.  2D, GSK-3484862 treatment significantly increased TK 
revertant frequency in a dose-dependent manner (0.12 ± 0.033 at 0.5 µM, 0.19 ± 0.052 at 2.0 µM, and 0.29 ± 0.044 
at 5.0 µM) compared to the DMSO control (1.6 ± 0.46 × 10− 4), corresponding to 0 µM GSK-3484862 in Fig. 2D.

We next investigated the DNA methylation pattern of the TK gene promoter region in mTK6 cells. Bisulfite 
sequencing revealed methylation of cytosine at 26 CpG dinucleotides within a 230 bp region upstream of the start 
codon in both TK alleles (Fig. 2E). To further examine the methylation status of the TK promoter after exposure 
to DNMT inhibitors, we analyzed TK revertant colonies. Notably, all CpG sites within the TK promoter were 
unmethylated in both spontaneous and DNMT inhibitor-mediated (5-azadC and GSK-3484862) TK revertant 
colonies. These findings suggest that the DNA methylation pattern of the TK promoter is closely associated with 
its gene expression status.

Determination of histone modification status in the methylated TK gene promoter
Transcriptionally active chromatin is characterized by the presence of H3K27ac and H3K4me3 near the 
transcription start site of the target gene. Thus, we investigated whether the status of H3K27ac and H3K4me3 
was altered following DNA methylation in the TK promoter region. Interestingly, ChIP-qPCR analyses revealed 
that enrichment levels of K3K27Ac and H3K4me3 were comparable to those observed in TK6 cells (Fig. 3A and 
B). Consistent with these findings, exposure to HDAC inhibitors vorinostat (0.2 µM) and trichostatin A (0.01 
µM) for 24 and 48 h did not affect the frequency of TK revertants (Fig. 3C). This lack of effect may be due to the 
sustained levels of H3K27Ac and H3K4me3 in the presence of repressive DNA methylation at the TK promoter 
region in mTK6 cells.

Detection of the epigenetic consequence of a non-genotoxic carcinogen/inflammation 
inducer 12-O-tetradecanoylphorbol-13-acetate
Based on the unique epigenetic pattern of the TK gene in mTK6 cells described above, we hypothesized that 
chemically induced global histone modifications could be detected through changes in the frequency of TK 
reversion. To test this hypothesis, we selected TPA, a potent non-genotoxic carcinogen with potential effects on 
histone modifications, though the persistent epigenetic consequences remain poorly understood. As shown in 
Fig. 4A, treatment with TPA at concentrations ranging from 0.02 to 1.0 µg/ml resulting in approximately 40–50% 
cell survival. Under these conditions, the frequency of TK revertants decreased significantly, with a maximum of 
28-fold reduction (0.090 ± 0.0058 × 10− 4) compared to the solvent control (2.5 ± 0.42 × 10− 4) (Fig. 4B). To further 
investigate histone modification status following TPA treatment, cells were harvested three days of cultivation 
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Fig. 2.  Relative survival and TK revertant frequency in the epi-TK assay for 5-aza-2′-deoxycytidine and GSK-
3484862. Cytotoxic and epigenetic effects were measured as relative survival (%) and TK revertant frequency 
(×10− 2), respectively, following treatment with 5-azadG (A, B) and GSK-3484862 (C, D). The data on TK 
revertant frequencies were statistically analyzed using Dunnett’s test and compared to the solvent control. 
Results from three independent experiments are presented. (E) Bisulfite sequencing analysis of the TK gene 
in mTK6 cells. Each circle represents a CpG site located within or near the promoter region of the TK gene. 
Black circles indicate methylated CpG site, while white circles represent unmethylated CpG site. Each row 
corresponds to the CpG sites of a single clone. Arrows indicate primers for bisulfite sequencing.
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following the exposure to TPA and subjected to ChIP-qPCR and western blotting analysis. ChIP-qPCR analysis 
revealed a significant reduction in H3K27Ac levels at the GAPDH and TK loci after TPA exposure (Fig. 4C). 
In contrast, the enrichment of H3K4me3 did not significantly change between ethanol- and TPA-treated cells 
(Fig. 4D). Consistently, western blotting analysis confirmed a significant reduction in H3K27Ac levels following 
TPA treatment (Fig. 4E,F).

According to a recent study, differential gene expression patterns of epigenetic regulators, including DNMTs 
and chromatin remodelers, were observed depending on the duration of TPA exposure23. To investigate whether 
the reduction in H3K27Ac levels observed in our results is due to altered expression of epigenetic modulators, 
we performed RNA-seq analysis to identify DEGs resulting from TPA treatment. A 24-h treatment with TPA led 
to the upregulation of genes associated with the “ERK1 and ERK2 cascade” and “MAPK cascade,” followed by the 
“inflammatory response” (Fig. S2A-E). After washing out TPA and culturing the cells for 3 days, Gene Ontology 
analysis revealed that the biological pathways of upregulated genes were enriched in “leukocyte activation,” 
“innate immune response,” and “lymphocyte activation.” For the downregulated genes associated with TPA 
treatment, fewer pathways were enriched: “leukocyte tethering or rolling” for the 24-h TPA treatment, and 
“regulation of cell migration,” “cellular response to chemokine,” and “leukocyte activation” for the 3-day culture 
following TPA treatment. No significant differential expression of genes involved in epigenetic regulation, such 
as DNMT1, DNMT3A/B, histone acetyltransferases, and HDACs, was observed.

Discussion
Over the past two decades, next-generation sequencing-based technologies have been developed to explore the 
epigenetic regulatory landscape of cells and tissues. Pioneered by Bisulfite-seq and ChIP-seq detecting DNA 
methylation and histone modifications, a wide range of epigenome profiling techniques has developed. These 
include Micrococcal Nuclease sequencing (MNase-seq), DNase I hypersensitive site sequencing (DNase-seq), 
Formaldehyde-assisted isolation of regulatory elements sequencing (FAIRE-Seq), and Assay for Transposase-
Accessible Chromatin sequencing (ATAC-seq), all of which are commonly used to assess chromatin 
accessibility24–27. An emerging technology, Hi-C (high-resolution chromosome conformation capture), provides 
a high-throughput method for mapping the 3D structure of chromosomes within the nucleus28. While these 
techniques have advanced epigenetic research, their implementation requires considerable experimental and 
analytical expertise, as well as expensive instruments and reagents. In this context, the development of reporter 
assays to detect specific patterns of epigenetic alteration offers a simpler, more cost-effective, and quantitative 
approach for evaluating chemical toxicity, providing framework for such assays. Thus, the experimental 
procedure of the epi-TK assay (Fig. 1A), based on the standard genotoxicity testing outlined in OECD TG490, 
meets the criteria for an effective reporter system, contributing to safety assessment. Currently, no standardized 
methods for evaluating epigenetic effects are included in the OECD guidelines. The epi-TK assay holds potential 
as a valuable approach for toxicity assessment.

For the development of the epi-TK assay, CRISPR/dCas9-SunTag-DNMT3A was transiently expressed in 
TK6 cells, leading to increased DNA methylation at CpG dinucleotides within the TK promoter region (Fig. 2E). 
Given that the expression of the TK gene is regulated by transcription factors such as E2F1 and SP129,30, it is 
likely that DNA methylation at these CpG loci inhibits the binding of transcription factors, thereby preventing 

Fig. 3.  Histone modification status of the TK gene. Active histone marks H3K27Ac (A) and H3K4me3 (B) 
at the transcription start site of the TK gene were analyzed by chromatin immunoprecipitation and qPCR 
analysis. The HBB and GAPDH genes were analyzed for comparison. (C) TK revertant frequencies following 
treatment with HDAC inhibitors vorinostat and trichostatin A. Ethanol (EtOH) served as a negative control. 
Data are presented as the mean ± S.E. of three independent experiments.
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the transcription of the TK gene. Interestingly, the spontaneous frequency of TK revertant increased with the 
duration of cell culture after the removal of TFT (Fig. 1F), suggesting that the CpG sites in the promoter region 
were spontaneously demethylated during cell division. This reversible state of the epigenetically edited TK gene 
may be attributed to the persistent presence of active histone marks, such as H3K27Ac and H3K4me3 (Fig. 3A,B). 
Moreover, a recent study demonstrated that artificially introduced histone modifications, including H3K4me3, 
H3K27Ac, H3K27me3, H3K9me2/3, and H2AK119Ub, are progressively diluted after cell division31. Although 
the mechanistic basis of such epigenetic restoration remains unclear, a potential regulatory mechanism could 
involve the three-dimensional chromatin architecture within the nucleus32. Nevertheless, the epigenetic state 
of the TK gene is stably maintained when cells are cultured in the presence of TFT (Fig.  1D), ensuring the 
reproducibility of the assay.

Using the housekeeping TK gene as a reporter locus, the effects of DNMT inhibitors were quantified (Fig. 2). 
GSK-3484862 exhibited a stronger inhibitory effect on DNA methylation compared to 5-azadC at the maximum 
concentration. Notably, GSK-3484862 can be used at higher concentrations due to its lower cytotoxicity, further 
enhancing its effectiveness in reducing DNA methylation levels. These results align with the observation 
that GSK-3484862 induces demethylation more efficiently than 5-azadC in murine cells33. This difference in 
demethylating efficacy is attributed to the cytotoxicity of 5-azadC, which forms covalent protein-DNA adducts34, 
whereas GSK-3484862 inhibits DNMT1 in a non-covalent manner. Regarding HDAC inhibitors, treatment of 
mTK6 cells with trichostatin A and vorinostat did not significantly increase the TK revertant frequency (Fig. 3C), 
likely due to the persistent levels of H3K27Ac and H3K4me3 at the TK gene locus.

TPA stimulates cellular responses, including cell proliferation, migration, and differentiation through the 
activation of specific types of protein kinase C (PKC)35–37. Previous reports have shown that TPA treatment 
rapidly increases H3S10/H3S28 phosphorylation and H3 acetylation levels via mitogen- and stress-activated 
protein kinases38–40. These responses are associated with the transcriptional activation of immediate early 
response genes, with phosphorylation of both serine residues peaking around 1 h following TPA treatment and 
then declining38,39. Interestingly, in our study, treatment of cells with TPA resulted in a significant decrease in TK 
reversion frequency (Fig. 4B), accompanied by a global reduction in H3K27Ac levels (Fig. 4C–F). The differences 
observed in our study may be due to the varying time scales used to assess histone modifications following TPA 
exposure. Specifically, H3K27Ac and H3K4me3 levels were measured after a 3-day recovery period following 
TPA treatment, allowing to distinguish immediate-early responses from persistent epigenetic changes. In 
agreement with our findings, prolonged TPA exposure leads to a global reduction of H3S10 phosphorylation in 
HepG2 cells41. Therefore, the TPA-induced reduction in H3K27Ac may reflect changes distinct from the histone 
modifications involved in the immediate-early responses to cellular stimuli.

Initially, we hypothesized that TPA exposure might induce changes in the expression of epigenetic regulators 
as a potential mechanism behind the observed epigenetic alterations. Supporting this idea, a recent study reported 
that transcriptome analysis of Bhas 42 cells exposed to TPA revealed altered expression patterns of key epigenetic 
factors, including DNMT1, DNMT3A, MBD3, and Mi223. However, in our study, TPA treatment did not induce 
DEGs in epigenetic-related pathways, such as those involving DNMTs, HDACs, and histone acetyltransferases 
(Fig. S2 D and E). Thus, the decreased levels of H3K27Ac are not due to changes in the expression of epigenetic 
factors that directly regulate chromatin status. These differing results may reflect the malignant status of the 
cells, including mutations or inactivation of tumor suppressor genes and proto-oncogenes. While Bhas 42 cells 
are characterized by Tp53 deficiency, TK6 cells retain the native TP53 gene and are capable of undergoing the 
normal apoptotic process, which could explain the differential expression pattern observed in response to the 
tumor promoter TPA.

TPA is known to induce inflammation through activation of the NFκ-B signaling pathway42,43. Notably, 
inflammatory stresses are closely linked to epigenetic modifications, including DNA methylation and histone 
acetylation44,45. Chronic inflammatory stress was observed in TPA-treated mTK6 cells even after three days of 
cultivation following TPA treatment (Fig. S2E), suggesting that TPA-mediated inflammation may contribute to 
global epigenetic modifications, which resulted in decreased TK revertant frequency. A potential relationship 
between the progression of inflammation and histone deacetylation has been reported in both in vitro and in 
vivo studies46–48. To support this idea, a recent study suggests that chronic inflammation promotes epigenetic 
reprogramming49. While the precise mechanism behind TPA-mediated H3K27Ac reduction remains unclear, 
this epigenetic alteration could serve as a biological marker for specific inflammatory responses. Further research 
is needed to elucidate the mechanistic basis of the epigenetic toxicity associated with this chemical reagent.

Methods
Cell culture
The human lymphoblastoid TK6 cell line was provided by the Division of Genome Safety Science, National 
Institute of Health Sciences. The TK6 cell line and its derivative were cultured in RPMI-1640 medium (Nacalai 
Tesque) supplemented with 200 µg/mL sodium pyruvate, 100 U/mL penicillin, and 100 µg/mL streptomycin, and 
10% (v/v) heat-inactivated fetal bovine serum (FBS) (Nichirei Biosciences, Inc.). The cultures were maintained 
at 37 °C in a 5% CO2 atmosphere with 100% humidity.

Generation of human mTK6 cell line
To generate TK6 derivative cells with an epigenetically modified TK gene, the dCas9-SunTag DNMT3A system 
was employed to induce DNA methylation at the CpG loci of the TK gene promoter. The gRNA cloning vector 
was generously provided by Dr. George Church (Addgene plasmid #41824; http://n2t.net/addgene:41824; RRID: 
Addgene_41824)50 and LLP252 pEF1a-NLS-scFvGCN4-DNMT3a (Addgene plasmid #100941; ​h​t​t​p​:​/​/​n​2​t​.​n​e​t​/​
a​d​d​g​e​n​e​:​1​0​0​9​4​1​​​​​; RRID: Addgene_100941) and LLP457 pGK-dCas9-Suntag-BFP (Addgene plasmid# 100957; 
http://n2t.net/addgene:100957; RRID: Addgene_100957) were gift from Dr. Ryan Lister21. Four different ​s​i​n​g​l​
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e​-​g​u​i​d​e RNA (sgRNA) targets were designed for the TK promoter region, as detailed in Supplementary Table 
S1. A plasmid pool consisting of an equimolar mixture of all four sgRNA expression plasmids (21  µg total: 
5.25 µg of each plasmid), pGK-dCas9-Suntag-BFP (21 µg), and pEF1a-NLS-scFvGCN4-DNMT3a (8 µg) was 
transfected into TK6 cells (5 × 106) using 0.1 ml Nucleofector solution V (Lonza) and a Nucleofector 2b device, 
following the manufacturer’s instructions. After 48 h of incubation, the cells were seeded in 200 µl per well into 
96-microwell flat bottom plates at concentrations of either 20,000 or 200,000 cells/mL in the presence of 3.0 µg/
ml trifluorothymidine (TFT). To determine the plating efficiency, cells were also seeded at a concentration of 8 
cells/mL in the absence of TFT. After 10 days of incubation, TFT-resistant clones were isolated and maintained 
in RPMI-1640 medium containing 3.0  µg/ml TFT for at least 10 passages before preparing frozen stocks. 
The integrity of the TK promoter region sequences in the clones was validated using PCR primers listed in 
Supplementary Table S2.
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Real-time RT-PCR
Total RNA was extracted from cells using the NucleoSpin RNA Plus kit (Macherey-Nagel). cDNAs were 
synthesized from the extracted RNA with ReverTra Ace (Toyobo Co., Ltd.). Quantitative PCR was performed 
using Thunderbird® Next SYBR qPCR Mix (Toyobo Co., Ltd.) and specific primers listed in Supplementary Table 
S2. The expression levels of the TK gene were normalized to the internal GAPDH expression levels.

Chemical substances
5-AzadC and vorinostat were obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), while 
trichostatin A was procured from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). GSK-3484862 
was purchased from ChemieTek (IN, USA), and 12-O-tetradecanoylphorbol-13-acetate (TPA) were sourced 
from Merck (Darmstadt, Germany). 5-AzadC was dissolved and diluted in H2O. Trichostatin A, vorinostat, and 
TPA were dissolved in ethanol, while GSK-3484862 were prepared in dimethyl sulfoxide.

Epi-TK assay
mTK6 cells were cultured to the exponential phase in the presence of 3.0  µg/ml TFT. Afterward, cells were 
washed to remove TFT and resuspended in RPMI-1640 medium supplemented with 200  µg/mL sodium 
pyruvate and 10% FBS. For chemical exposure, 10 ml aliquots of cell suspension were prepared in 100 mm Petri 
dishes at a concentration of 250,000 cells/ml. Test chemicals at various concentrations were added to the dishes, 
which were then incubated at 37℃ for 24 h. Following chemical treatment, cells were washed and resuspended 
in fresh RPMI-1640 medium. To measure the TK revertant frequency, cells were seeded in 200 µl per well into 
96-microwell flat bottom plates containing 200 µM hypoxanthine, 0.1 µM aminopterin, and 17.5 µM thymidine 
(HAT). Seeding densities ranged from 100 to 100,000 cells/ml (20 to 20,000 cells/well), depending on the test 
chemicals evaluated. Concurrently, cells were plated in 200  µl per well into 96-microwell flat bottom plates 
at a density of 8 cells/ml (1.6 cells/well) without HAT to assess the cloning efficiency (CE). After 21 days of 
incubation, the number of colonies in both the CE and HAT plates was recorded. CE was calculated using Eq. 1 
based on the Poisson distribution51, where EW represents the number of wells without colonies, TW represents 
the total number of wells, and N is the average number of cells per well (N = 1.6) in the CE plates.

	 CE = −ln(EW / TW)/N � (1)

Relative survival (%) was determined by comparing the CE values of chemical-treated cells to those of the solvent 
control. The TK revertant frequency was calculated using Eq. 2 also based on the Poisson distribution. Here, N 
corresponds to the number of cells per well (N = 20 to 20,000) in the HAT plates. The results were statistically 
analyzed using Dunnett’s test and compared with solvent control values.

	 TKrevertant frequency = [−ln(EW / TW)/N]/treatedCE� (2)

Bisulfite sequencing
To assess the basal DNA methylation status at the TK promoter region of TK6 and mTK6 cell lines, 1 × 106 
cells were collected and washed with phosphate-buffered saline (PBS). To evaluate DNA methylation patterns 
following treatment with DNMT inhibitors, 10 ml of mTK6 cells at a concentration of 250,000 cells/ml were 
treated with 0.1 µM 5-azadC or 2 µM GSK-3484862 at 37 °C for 24 h. The cells were seeded into 96-well flat-bottom 
plates containing HAT, as described in the “epi-TK assay” section. The revertant colonies were then cultivated to 
collect 1 × 10⁶ cells, which were washed with PBS. Spontaneous revertant colonies were also cultivated from HAT 
plates seeded with mTK6 cells without chemical treatment. Genomic DNA was extracted from the collected 
cells (1 × 106) using the Nucleospin Tissue kit (Macherey-Nagel). The extracted DNA, dissolved in 50 µL H2O 
(2 µg), was treated with 5.5 µL of 2 M NaOH and incubated at 37℃ for 15 min. Subsequently, 30 µL of 10 mM 
hydroquinone and 520 µL of 2 M sodium metabisulfite were added to the mixture, followed by incubation at 
50℃ for 16 h. The bisulfite-converted DNA was purified using the Wizard DNA Clean-Up System (Promega) 

Fig. 4.  Epigenetic effects of 12-O-tetradecanoylphorbol-13-acetate assessed by the epi-TK assay. Cytotoxicity 
and epigenetic effects were assessed as relative survival (A) and TK revertant frequency (B) after cell treatment 
with TPA. The data on TK revertant frequencies were statistically analyzed using Dunnett’s test and compared 
to the solvent control. Results from three independent experiments are shown. (C) Enrichment of H3K27Ac 
in response to TPA treatment. H3K27Ac levels were determined by chromatin immunoprecipitation and 
qPCR analysis. The HBB and GAPDH genes were analyzed for comparison. Data are presented as the 
mean ± S.E. of three independent experiments. *A significant difference between the assessed samples; P < 0.05 
(student’s t-test). (D) Enrichment of H3K4me3 in response to TPA treatment were determined by chromatin 
immunoprecipitation and qPCR analysis. Cells were harvested three days of cultivation following the exposure 
to ethanol or TPA. The HBB and GAPDH genes were analyzed for comparison. Data are presented as the 
mean ± S.E. of three independent experiments. (E) Western blotting analysis for H3K27Ac following TPA 
treatment. Whole cell extracts were prepared from cells harvested after three days of cultivation following the 
exposure to ethanol or TPA. Extracted samples were analyzed by immunoblotting and the blots were probed 
with the indicated antibodies. (F) Quantification of H3K27Ac levels from the western blot shown in (E). The 
bar graph represents the relative intensity compared to ethanol-treated cells, based on the quantification of 
the lanes indicated by arrows in (E). Data are expressed as the mean ± S.E. from three independent biological 
replicates. **A significant difference between the assessed samples; P < 0.01 (student’s t-test).
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and subjected to PCR amplification using EpiTaq HS (TAKARA). A 451 bp DNA fragment containing the TK 
promoter region was amplified using primers listed in Supplementary Table S2. The resulting PCR products were 
ligated into the pTA2 Vector using the Target Clone TA cloning system (Toyobo Co., Ltd.). The ligation mixture 
was transformed into Escherichia coli TOP10 cells, and recombinant clones were verified by Sanger sequencing.

Chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR)
To assess H3K27Ac and H3K4me3 levels following TPA exposure, cells were treated with 20 ng/ml TPA at 37℃ 
for 24 h. After treatment, the cells were washed twice with RMPI-1640 medium and cultured exponentially for 
3 days to allow phenotypic expression. A total of 3 × 106 cells were then cross-linked with 1% formaldehyde at 
room temperature for 10 min. The cross-linking reaction was terminated by adding 125 mM glycine. Following 
this, cells were washed with PBS and resuspended in 300 µl sonication buffer (10 mM Tris-HCl (pH8.0), 2 mM 
EDTA, 0.25% SDS). DNA was fragmented by sonication, and the resulting chromatin was incubated at 4℃ for 
16 h with specific antibodies (anti-H3K27Ac monoclonal antibody (AB_2793797, ACTIVE MOTIF) and anti-
H3K4me3 monoclonal antibody (ab8580, abcam)) and Protein A Sepharose 4 beads (Cytiva). The Sepharose 
beads were washed, and the immunoprecipitated DNA was eluted using elution buffer (10 mM Tris-HCl (pH 
8.0), 1 mM EDTA, 1% SDS, 0.3 µg/ml Proteinase K) at 65℃ for 6 h. Purification of DNA was performed using 
the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel). The abundance of immunoprecipitated DNA 
was quantified using the Thunderbird® Next SYBR qPCR Mix (Toyobo Co., Ltd.) with specific primers listed in 
Supplementary Table S2.

Western blotting
Total cell extracts were fractioned on gradient 5–20% SDS-polyacrylamide gels and transferred onto PVDF 
membranes. The membranes were blocked with 3% skim milk before incubation with primary antibodies. 
To detect H3K27Ac, Histone H3, and GAPDH, membranes were incubated overnight at 4  °C in Hikari A 
solution (Nacalai Tesque) with the following antibodies: 1:1000 dilution of anti-H3K27Ac monoclonal antibody 
(AB_2793797, ACTIVE MOTIF), 1:1000 dilution of anti-Histone H3 monoclonal antibody (gifted from Dr. 
Kimura), or 1:1000 dilution of anti-GAPDH monoclonal antibody (sc-32233, Santa Cruz). After washing with 
tris-buffered saline containing 0.05% Tween 20, the membranes were incubated with a 1:4000 dilution of anti-
mouse IgG or anti-rat IgG conjugated to horseradish peroxidase (Cytiva) in Hikari B solution (Nacalai Tesque). 
The chemiluminescent signal were detected using Chemi-Lumi One Super (Nacalai Tesque).

Data availability
The transcriptome data raw files have been deposited to the DDBJ with accession number PRJDB19707: ​h​t​t​​​​p​​s​:​​/​
/​​w​​w​w​​.​n​c​b​i​​​.​n​​l​​m​.​n​i​h​.​g​o​v​/​b​i​o​p​r​o​j​e​c​t​/​?​t​e​r​m​=​P​R​J​D​B​1​9​7​0​7 .
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