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Abstract

DNMT1, a key enzyme mediating DNA methylation, is known to be elevated in various cancers, 

including the mouse lung tumors induced by the tobacco-specific carcinogen NNK. However, it is 

not known whether DNMT1 expression is induced right after NNK treatment and how DNMT1 

expression varies throughout lung tumorigenesis. In the present study, we found that 

administration of NNK to A/J mice caused elevation of DNMT1 in bronchial epithelial cells at 

days 1, 3 and 14 after NNK treatment. DNMT1 elevation at day 1 was accompanied by an 

increase in γ-H2AX and p-AKT. At weeks 5 to 20, NNK-induced DNMT1 in lung tissues was in 

lower levels than the early stages, but was highly elevated in lung tumors at week 20. In addition, 

the early induction of p-AKT and γ-H2AX as well as cleaved caspase-3 in NNK-treated lung 

tissues was not detected at weeks 5 to 20, but was elevated in lung tumors. In concordance with 

DNMT1 elevation, promoter hypermethylation of tumor suppressor genes Cdh13, Prdm2 and 

Runx3 was observed in lung tissues at day 3 and in lung tumors. Treatment by EGCG attenuated 

DNMT1, p-AKT and γ-H2AX inductions at days 1 and 3 and inhibited lung tumorigenesis.

Introduction

Lung cancer is the leading cause of cancer mortality in the United States and worldwide (1). 

The majority of lung cancer are caused by tobacco smoking and second-hand smoke 

exposure (2). Lung cancer development in both humans and rodents is known to be 

associated with the activation of oncogenes and inactivation of tumor suppressor genes 

(TSGs) (3, 4). An important mechanism for inactivating TSGs is gene silencing by aberrant 

hypermethylation of CpG islands in the promoter region (5, 6). DNA methyltransferase 1 
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(DNMT1) is a key enzyme mediating DNA methylation. The activation of DNMT1 has 

been reported in numerous cancers, including lung cancer (7), liver cancer (8), gastric cancer 

(9), breast cancer (10), prostate cancer (11), and retinoblastoma (12).

Experimentally, lung tumors can be readily induced in mice, rats and hamsters by the 

tobacco-specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), a 

nicotine-derived nitrosamine ketone (13, 14). Mice treated with NNK developed pulmonary 

hyperplasia after 6–14 weeks, which progressed morphologically to adenoma at 16–20 

weeks and adenocarcinoma after 30 weeks (15–17). In addition to gene mutation, an 

increase in DNMT1 expression and hypermethylation of multiple TSGs, such as cyclin-

dependent kinase inhibitor 2A (p16INK4a), death-associated-protein kinase 1 (Dapk1), 

retinoic acid receptor β (Rarb), and runt-related transcription factor 3 (Runx3), have been 

observed in NNK-exposed rodent lung tumors (6, 18, 19). In human lung tumors, many 

TSGs such as O6-methylguanine-DNA methyltransferase (MGMT), cadherin-13 (CDH13), 

paired box protein Pax-5 (PAX5) and Ras associated domain-containing protein 1 (RASSF1) 

as well as p16INK4a, DAPK1, RARB, and RUNX3 have been shown to be hypermethylated, 

especially in samples from smokers (20, 21). In lung cancer samples, DNMT1 is found to be 

highly expressed and has a strong binding capacity to hypermethylated promoter regions of 

TSGs; this overexpression and region-specific binding are shown to be related to tobacco 

smoking (22). However, most of these human and animal studies have been carried out on 

tumor samples. Whether DNMT1 overexpression and epigenetic changes occur at the 

initiation stage of lung carcinogenesis remains to be uncovered.

(−)-Epigallocatechin-3-gallate (EGCG), the most abundant and active polyphenol in green 

tea, has been known to have cancer preventive activities, including inhibition of NNK-

induced lung tumorigenesis (23). EGCG has also been reported to inhibit DNMT1 activity 

and reactivate TSGs in esophageal, colon, prostate, mammary, breast and skin cancer cells 

(24–26).

The present study investigated changes in DNMT1 expression and related molecular events 

in lung tissues following NNK administration and during the progression of lung 

tumorigenesis in A/J mice. Our results demonstrate the elevation of DNMT1 and activation 

of AKT in bronchial epithelia as a possible stress response after NNK treatment as well as 

the inhibitory effects of EGCG on these changes.

Materials and methods

Animal studies

Animal experimentation was conducted in accordance to the ethical federal guidelines and 

institutionally approved protocol. The protocol was approved by the Institutional Animal 

Care and Use Committee at Rutgers, the State University of New Jersey (Protocol No. 

91-024). Female A/J mice (4-week old) were purchased from the Jackson Laboratory (Bar 

Harbor, ME). NNK was from Chemsyn Science Laboratories (Lenexa, KS). EGCG (94% 

pure) was a gift from Dr. Yukihiko Hara (Mitsui Norin Co., Ltd, Shizuoka, Japan). The 

animals were fed the AIN-93M diet and maintained at room temperature (20 ± 2 °C) with a 

relative humidity of 50 ± 10% and with an alternating 12 h light/dark cycle throughout the 
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duration of the study. In the short-term experiment, after one week of acclimation, the mice 

were administered a single dose of NNK (100 mg/kg body weight, i.p.) or saline on day 0, 

and were sacrificed at days 1, 3, 7 and 14 after NNK administration by CO2 asphyxiation. 

For the EGCG-treated group, mice were given EGCG (0.5% in diet) starting at one week 

before NNK administration and ad libitum after until sacrificed. The lungs were removed, 

inflated and fixed in 10% buffered formalin. To study the progression of NNK-induced lung 

tumorigenesis, the mice were administered two doses of NNK at 1 week apart (100 and 75 

mg/kg body weight, i.p.) or saline, and sacrificed at weeks 5, 10, 15 and 20 after NNK 

administration. The mice in EGCG treatment group received EGCG (0.5% in diet) starting 

at one week before the first NNK administration and ad libitum after until sacrificed. Visible 

tumors (> 0.1 mm in diameter) in the lungs were counted and the sizes were measured under 

a dissecting microscope. The tumors were fixed in 10% buffered formalin, frozen in −80°C 

directly, or stored in RNAlater solution (Qiagen, Valencia, CA). Tumor volumes (mm3) 

were calculated using the formula , where r is the radius of the tumor. Liver and 

spleen were also removed, weighed and examined for abnormalities and then fixed in 10% 

buffered formalin.

Immunohistochemistry (IHC)

Deparaffinized sections were unmasked in antigen-unmasking solution (DAKO, 

Copenhagen, Denmark) in a microwave oven for antigen retrieval. Endogenous peroxidase 

was quenched with 3% H2O2. Non-specific bindings were blocked by 3% serum. The slides 

were stained with the primary antibody overnight at 4°C, biotin-conjugated secondary 

antibody (1:200) for 45 min at room temperature, and avidin-biotin peroxidase complex 

(1:100) for 45 min at room temperature. Antibodies against DNMT1 (1:200; Abcam Inc, 

Cambridge, MA), phosphor-AKT (p-AKT) (1:200; Cell Signaling Technology, Danvers, 

MA), phospho-histone H2AX (γ-H2AX) (1:200; Cell Signaling Technology) and O6-

methylguanine (O6-mG) (1:200; Cell Signaling Technology) were used for the analyses. 

Negative controls were processed in the absence of the primary antibody. For each slide, 5 

representative ×200 power photomicrographs were taken and these images were quantified 

for positive-stained bronchial epithelial cells using the ImagePro Plus Image Processing 

System (Media Cybernetics, Silver Spring, MD).

Western blot analysis

Lung tissue and tumor lysates were prepared using Omni Bead Ruptor 24 (Omni 

International, Kennesaw, GA) in T-Per tissue extraction buffer (Pierce, Rockford, IL) with 

protease and phosphatase inhibitors (Sigma, St. Louis, MO). Protein concentration was 

determined by BCA reagent kit (Thermo Scientific, Rockford, IL). Equal amount of samples 

were used for Western blot analysis to determine the levels of DNMT1, p-AKT, AKT, γ-

H2AX, O6-mG, and cleaved caspase-3 using antibodies against DNMT1 (Abcam), p-AKT 

(Cell Signaling Technology), AKT (Cell Signaling Technology), γ-H2AX (Cell Signaling 

Technology), O6-mG (Cell Signaling Technology), and cleaved caspase-3 (Cell Signaling 

Technology). Sample loadings were also monitored by β-actin levels using anti-β-actin 

antibody (Sigma). Western blots were carried out with the fluorescent secondary antibodies 

(Li-Cor Biotechnologies, Lincoln, NE) and the results were collected by Odyssey® Infrared 
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Imaging System (Li-Cor Biotechnologies). Western blot results were quantified by the 

intensities of the fluorescent bands detected.

DNA methylation analysis

Genomic DNA was extracted from lung tumors and its matching normal lung tissue from 2 

mice treated with NNK using AllPrep DNA/RNA Mini Kit (Qiagen). Since the tumors were 

small, ~10 tumors from each mouse were combined as one sample for DNA extraction. 

These DNA samples (2 tumors and 2 matching controls) were used for the methylation-

sensitive, methylation-dependent and double restriction digestions using EpiTect Methyl 

DNA Restriction Kit (Qiagen) according to manufacturer’s protocol. The digested products 

were then used for quantitative PCR (qPCR) to analyze the DNA methylation of 24 mouse 

lung cancer signature genes in the Mouse Lung Cancer DNA Methylation PCR Array 

(Qiagen). The real-time PCR was run on ABI 7900 HT Fast Real Time PCR system (Life 

Technologies, Beverly, MA) according to the manufacturer recommended protocol using 

POWER SYBR Green PCR Master Mix (Life Technologies). The methylation status of the 

24 signature genes was determined by analyzing the qPCR result with Data Analysis 

templates available on Qiagen/SABioscience website.

To quantify the level of DNA methylation in our lung tissues and tumors, a modified 

methylation-sensitive, restriction enzyme-based quantitative PCR (MSRE-qPCR) method 

was used (27, 28). In brief, genomic DNA was extracted from tumor or lung samples and 

subjected to digestion by methylation-sensitive HpaII and methylation-insensitive 

Isoschizomer MspI (New England Biolabs, Beverly, MA). Typically, 0.125 μg of DNA was 

incubated with 10 units of restriction enzyme in a 30 μl final reaction volume for 6 h 

according to manufacturer’s suggested conditions. Real-time PCR reactions were carried out 

in the ABI 7900 system using POWER SYBR Green PCR Master Mix and specific primer 

set that brackets 2–4 HpaII/MspI recognition sites for each gene [Cdh13: 5′-

AGGCGACTCCTAGGGATTGT-3′/5′-GGGCGAAGAGAGGACGAG-3′ and 5′-

CCTCTCTTCGCCCAGCTC-3′/5′-TGCTCAGGCCCCTTTCAG-3′; Prdm2: 5′-

CTTCCCGTCTCCCTCCTCT-3′/5′-GGCTGTTTGCGAACTTGTG-3′ and 5′-

GTTCGGAGGAAGCTCGAAG-3′/5′-GGAATGTCCCTTGGTGTCAG-3′; Runx3: 5′-

CTACGCTGCAGAGCCTCAC-3′/5′-GGAGGTAGGTGTGGTGGAAG-3′ and 5′-

GCTTCCACCACACCTACCTC-3′/5′-GCCATGGAGAACTGGTAGGA-3′]. PCR reaction 

was performed at 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 65°C for 

60 sec. Methylation of a given site is determined from the change in Ct value by using the 

basic principle that each successive round of PCR amplification results in approximately 2-

fold increase in the amount of product (ΔCt of 1.0 indicates the 50% of the template has 

been cleaved, 2.0 equals 75% cleavage, etc.) Thus, the relationship of ΔCt to percent 

methylation can then be described using the formula , 

where ΔCt = (CtHpaII − CtMspI). Methylation fold-change is calculated by normalizing the 

percent methylation to adjacent lung or day 0 saline control.
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Statistical analysis

All data was presented as means ± SD. Student’s t-test was used to determine the difference 

between two groups. Statistical significance was indicated by * (P < 0.05) and † (P < 0.01) 

in one-tailed or two-tailed comparison.

Results

Induction of DNMT1 and pAKT in the lung by NNK treatment

To study the early effect of NNK on DNMT1, 6-week old female A/J mice were treated with 

one dose of NNK. Mice were sacrificed at 1, 3 and 14 days after the NNK treatment, and 

DNMT1 expression was determined by IHC (Figure 1A–D). While lung tissue was 

histologically normal, DNMT1 protein level was found to be significantly elevated in 

bronchial epithelial cells at days 1, 3 and 14 after NNK treatment. The percentage of cells 

with positive nuclear staining for DNMT1 increased to 77.9%, 88.7% and 71.3%, 

respectively, from 4.4% of the saline control group (P < 0.01). The elevations of DNMT1 at 

days 1, 3, and 14 were significantly attenuated by dietary EGCG treatment (by 70.0%, 

54.5% and 25.0%, respectively, P < 0.05) (Figure 1C and D). Elevated levels of DNMT1 in 

lung tissues at days 1, 3, 7 and 14 were verified by Western blot analysis, showing increases 

by 11-, 14-, 9- and 7-fold, respectively, compared to the saline control group (P < 0.05) 

(Figure 1I and J).

The phosphorylation of AKT has been reported to stabilize DNMT1 at the protein level by 

inhibiting the ubiquitination of DNMT1 (29). Since increased p-AKT has been previously 

observed in both NNK-treated lung cancer cells and NNK-induced mouse lung tumors (7), 

we reasoned that the DNMT1 elevation detected at such the earlier stage was also the result 

of AKT activation. Indeed, we found that the p-AKT level in the bronchial epithelial cells of 

NNK-treated mice were significantly higher at days 1 and 3 (Figure 1E, F and H); the 

percentage of the total area that stained for p-AKT increased to 67.5% and 44.8%, 

respectively, from 11.4% (saline controls) (P < 0.05) (Figure 1H). The level of p-AKT also 

appeared to be induced by NNK at day 14, but the change was not statistically significant. 

The NNK-induced p-AKT at days 1 and 3 were markedly reduced by EGCG (by 71.9% and 

49.8%, respectively, P < 0.01) (Figure 1G and H). The induction p-AKT in lung tissues at 

days 1, 3 and 14 was verified by Western blot analysis showing increases by 6-, 8- and 4-

fold, respectively (P < 0.05) (Figure 1I and J); whereas, the total AKT protein level was not 

changed by NNK treatment.

To determine whether the elevated level of DNMT1 was resulted from an increase in the 

transcription of DNMT1, we determined the mRNA levels of DNMT1 by real-time qPCR. 

No significant change on DNMT1 mRNA level was found at days 0, 1 and 3 (Figure 1K and 

H). This result suggests that the up-regulation of DNMT1 is not at the transcription level, 

but likely through DNMT1 protein stabilization mediated by p-AKT.
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Induction of γ-H2AX, O6-mG and cleaved caspase-3 formation in the lung by NNK 
treatment

To assess the DNA damage induced by NNK, we determined the formation of γ-H2AX foci, 

an early event of DNA double-strand breakage and repair, by IHC (Figure 2A–D). NNK 

treatment was found to markedly induce γ-H2AX foci formation in bronchial epithelial cells 

with the percentage of cells with positive nuclear staining increased to 79.3%, 42.8% and 

12.3% on days 1, 3 and 14, respectively, from 0% (saline control) (P < 0.01). The induction 

of γ-H2AX foci was significantly inhibited by EGCG at days 1, 3 and 14, showing 

reductions by 91.3%, 68.5% and 74.0%, respectively (P < 0.01) (Figure 2C and D). The IHC 

result was found to be consistent with the Western blot analysis (Figure 2I and J), showing a 

4-fold increase of γ-H2AX protein level in lung tissues at days 1 and 3, compared to the 

saline control group (P < 0.05).

O6-mG, generated by carbocation formed through the metabolic activation of NNK, has 

been shown to be critical in the initiation of lung carcinogenesis by NNK (30). Measured by 

IHC, a higher level of O6-mG was detected in bronchial epithelial cells at days 1, 3 and 14 

after NNK treatment. The percentage of cells with positive nuclear staining for O6-mG 

increased to 86.4%, 88.3% and 43.3%, respectively, from 3.5% (saline controls) (P < 0.01) 

(Figure 2E, F and H). In mice fed with EGCG, the NNK-induced O6-mG formation was 

slightly attenuated by EGCG, but not statistically significant (Figure 2G and H). This result 

suggests that EGCG did not affect the metabolic activation of NNK, and the inhibitory 

effects of EGCG on DNMT1 and p-AKT up-regulations are due to other mechanism(s).

To assess the possible induction of apoptosis by NNK, we determined the level of cleaved 

caspase-3 in NNK-treated lung tissues and found cleaved caspase-3 was elevated by 9-fold 

at days 1 and 3 (P < 0.01), and 6-fold at days 7 (P < 0.01) and 14 (P = 0.08) (Figure 2I and 

J). This result showed that the NNK treatment induces cell death, possibly due to NNK-

induced oxidative stress.

DNMT1 protein levels during the progression of lung tumorigenesis and the inhibitory 
effects of EGCG

An up-regulation of DNMT1 has been reported in NNK-treated lung cancer cells and NNK-

induced mouse lung tumors previously (7). Our results (Figure 1) demonstrated the elevation 

of DNMT1 in the first two weeks after NNK treatment. However, the levels of DNMT1 

during the progression of lung tumorigenesis were not known. In order to determine whether 

the NNK-induced changes in DNMT1, p-AKT and other cellular events persist over time, 

we attained and analyzed lung tissue samples from mice at 5, 10, 15 and 20 weeks after 

NNK treatment.

Lung tumor was observed starting from week 10 after NNK treatment, with a tumor 

incidence of 12.5% (1/8) (Table 1). The incidence of lung tumor increased to 100% at week 

15 (8/8) and week 20 (30/30), whereas no tumor was found in the control mice that received 

saline. The tumors were diagnosed as lung adenomas based on our previous criteria (15). 

Lung adenomas observed were in a solid, papillary or mixed growth pattern and generally 

composed of well-differentiated cells. The tumor multiplicity (number of tumors/mouse) 
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was 0.25 at week 10, but increased to 12.0 ± 0.76 and 22.0 ± 1.47 at weeks 15 and 20, 

respectively. Similarly, tumor size also increased as time progressed (Table 1). Treatment 

with 0.5% EGCG in the diet starting one week before the first dose of NNK treatment until 

the end of the experiment significantly reduced tumor multiplicity and tumor volume by 

19% and 40%, respectively (P < 0.05), but the tumor morphology was not affected.

DNMT1 was found to be elevated in the bronchial epithelial cells at weeks 5 to 20, but the 

level was lower than those observed in the first two weeks after NNK treatment (Figure 3A–

E). The percentages of cells with positive nuclear staining for DNMT1 were 20–30% during 

weeks 5 to 20, which is markedly higher than the 1.9% found in the saline controls at the 

same time points (Figure 3G). Interestingly, EGCG treatment starting one week before the 

first dose of NNK treatment significantly decreased the DNMT1 protein level in bronchial 

epithelial cells at week 20 after NNK treatment (Figure 3F). The percentage of DNMT1-

positive cells at week 20 was significantly reduced in the EGCG-treated group (Figure 3G). 

Western blot analysis confirmed that the levels of DNMT1 in NNK treated groups at weeks 

5 to 20 were much lower than the level on day 3, but still remained 3- to 7-fold higher than 

the saline control group (P < 0.05) (Figure 3H and I). The induction of p-AKT, γ-H2AX and 

cleaved caspase-3 in the lung tissues at weeks 5 to 20 dropped markedly from their day 3 

level, with some reduced to the level of the control group as determined by Western blots 

(Figure 3H and I).

We further examined these changes in NNK-induced lung tumors and determined the level 

of DNMT1 protein to be much higher than the lung tissues in the control group (by 16-fold, 

P < 0.01). In fact, DNMT1 elevation in tumors was equivalent to the lung tissues at day 3 

after NNK treatment (Figure 3H and I). The levels of p-AKT, γ-H2AX and cleaved 

caspase-3 were also significantly higher in NNK-induced lung tumors (6- to 7-fold higher 

than the lung tissues of the control group, P < 0.01) and similar to the levels found in day 3 

samples.

Together, the DNMT1 at week 5 and 20 were lower than those detected at days 1, 3 and 14, 

suggesting the possibility that at these time points, the slight DNMT elevation may represent 

the residue of the up-regulation induced by NNK at the earlier stage. However, given that 

doses of NNK administered for early study differs from the progression study, further 

investigation is need to support the possible connection in the upregulated DNMT1 

expression.

Increase of gene-specific promoter hypermethylation in lung tissues and lung tumors of 
NNK-treated mice

Promoter hypermethylation of several genes in NNK-induced lung tumors has been 

previously described (6, 31, 32). In this study, we investigated whether similar events 

occurred in our NNK-induced tumors harvested at week 20 as well as in the first two weeks 

after NNK treatment. To determine the methylation status, the Mouse Lung Cancer DNA 

Methylation PCR Array was used to measure 24 different TSGs whose promoter CpG 

islands hypermethylation has been reported in lung tumors. The promoter methylation of 

Cdh13, Rassf1 and PR domain zinc finger protein 2 (Prdm2) was increased (by 200%, 200% 

and 150%, respectively, P < 0.05) in the lung tumor samples compared to the adjacent 
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normal lung tissues (Figure 4A). No hypermethylation was detected in the DNA of saline-

treated controls (data not shown). Further investigation using MSRE-qPCR confirmed the 

hypermethylation of Cdh13 and Prdm2 promoters (Figure 4B, Rassf1 was not investigated). 

In addition, a significant increase in promoter methylation of Runx3 was also detected in 

lung tumors. While promoter hypermethylation of Cdh13, Rassf1 and Runx3 has already 

been reported in literature (31), Prdm2 hypermethylation is new in NNK-induced lung 

carcinogenesis.

To determine whether hypermethylation of genes occurred in the first two weeks after NNK 

treatment, samples from days 1, 3 and 14 were analyzed using MSRE-qPCR. The results 

indicated there was a slight, but non-significant change in promoter methylation of Cdh13, 

Prdm2 and Runx3 at day 1 after NNK treatment, compared to the saline control (Figure 4C). 

However, a significant increase in methylation was observed for Cdh13 (6.4-fold), Prdm2 

(7.9-fold) and Runx3 (3.6-fold) on day 3. On day 14, the level of methylation has decreased 

approximately to the baseline level of the saline control. Similar results were observed in a 

repeated experiment, and the results indicate that gene hypermethylation is associated with 

the up-regulation of DNMT1 at day 3.

Discussion

In the present study, we demonstrated the elevation of DNMT1 in the bronchial epithelial 

cells of A/J mice at 1, 3 and 14 days following NNK administration. To our knowledge, this 

is the first demonstration of DNMT1 up-regulation by NNK in the early stage after 

administration and may be related to NNK-induced oxidative stress and activation of AKT. 

While the elevated level of DNMT1 is lower at weeks 5 to 20 than the early stage, the level 

was still significantly higher than the saline control group. In addition, the levels of both 

DNMT1 and p-AKT were highly elevated in the lung tumors indicating similarities with the 

early stage events.

The importance of DNMT1 in cancer has been demonstrated in many recent publications 

(33–35). Aberrant promoter hypermethylation of TSGs occurs frequently in different types 

of cancers in humans and animals. Increased levels of DNMT1 and hypermethylation of 

multiple TSGs have been reported in NNK-induced mouse lung tumors (6, 31, 32). 

Consistent with previous reports, our study detected the elevation of DNMT1 and gene 

promoter hypermethylation of several TSGs (i.e., Cdh13, Rassf1 and Runx3) in NNK-

induced lung tumors. In addition, we made the new finding that Prdm2 is also 

hypermethylated in the lung tumors. Surprisingly, we observed the hypermethylation of 

Cdh13, Prdm2 and Runx3 as early as day 3 after NNK treatment, correlating with the 

elevation of DNMT1 and the high level of bronchial epithelial cell proliferation reported 

previously by our lab (15). It would be interesting to determine whether the gene 

hypermethylations persist during the progression of lung tumorigenesis. However, the 

difference in NNK dosage in the early stage study with the progression study limited our 

effort and ability to substantiate the possible connection with further animal 

experimentation. Overall, the close association between DNMT1 elevation, gene 

hypermethylations and lung cancer seems to indicate that the early stage up-regulation of 

DNMT1 may play an important functional role in NNK-induced lung carcinogenesis.
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Our result that DNMT1 mRNA levels were not significantly affected at days 1 and 3 

indicates that the elevation of the DNMT1 protein was not due to increased transcription. 

We hypothesize that NNK treatment induces the phosphorylation of AKT to form p-AKT, 

which mediates DNMT1 protein stabilization akin to recent reports in cell lines (7, 29). Our 

result on the increase of p-AKT in bronchial epithelial cells at 1 and 3 days is consistent 

with the reported PI3K/AKT pathway activation in in vitro lung cancer and airway epithelial 

cell line studies (36, 37) as well as in normal and premalignant bronchial epithelial cells of 

smokers with airway lesions (38). Another possible mechanism of NNK-induced DNMT1 

protein stabilization is through disrupting APC-mediated DNMT1 degradation as 

demonstrated in breast and colon cancer cell line studies (39).

Time- and dose-dependent induction of γ-H2AX by tobacco smoke condensate have been 

previously shown in A549 lung cancer cells and normal human bronchial epithelial cells 

(40). γ-H2AX foci formation is an early molecular event in the repair of DNA breaks and is 

commonly used as marker for oxidative DNA damage. Our results on the similar induction 

of γ-H2AX and p-AKT in bronchial epithelial cells at days 1, 3 and 14 suggest that AKT is 

phosphorylated in response to NNK-induced oxidative stress. On the other hand, there could 

be a functional link between DNA repair (as indicated by the elevated γ-H2AX) and 

DNMT1. The recruitment of DNMT1 to DNA damage sites is responsible for the 

maintenance of DNA methylation pattern in the newly synthesized DNA during the repair 

process (41). In vitro studies have demonstrated the maintenance of DNA methylation 

pattern in DNA damage repair is critical because the loss of DNA methylation during the 

process leads to epigenetic deregulation and genomic instability (42, 43).

As reviewed previously (23), many mechanisms have been proposed for the inhibitory 

actions of EGCG against cancer. Our lab and others have demonstrated the inhibition of 

DNMT1 activity and re-activation of methylation silenced genes by EGCG in esophageal, 

colon, prostate and other cell lines (24, 25, 44). The present study is the first study 

demonstrating the inhibitory effects of dietary EGCG on the NNK-induced elevation of 

DNMT1 in vivo. Accompanying this inhibition was the marked decrease of p-AKT and γ-

H2AX, but the levels of O6-mG were not significantly inhibited. The formation of O6-mG is 

a result of the metabolic activation of NNK. Our results suggest that the inhibitory action of 

EGCG against the up-regulation of DNMT1, p-AKT and γ-H2AX is not due to inhibition of 

the metabolic activation of NNK, but rather, the antioxidant activities of EGCG or other 

mechanisms.

In our study, dietary EGCG treatment reduced the expression of DNMT1 in the lung tissues 

and also, decreased the lung tumor multiplicity and volume at week 20. While EGCG effect 

on tumor multiplicity is modest, the inhibition on tumor volume is considerable and almost 

to the same degree as the DNMT1 inhibition. Inhibition of DNMT, especially DNMT1, has 

been reported to reverse the hypermethylation and the re-expression of the silenced genes 

(45–47), and studies using DNMT inhibitors such as 5-aza-2-deoxycytidine and Zebularine 

have been shown to inhibit cancer cell growth and reduce tumor volume in mice (48–50). 

Thus, it would be interesting to propose that the attenuation of DNMT1 and promoter 

hypermethylation of TSGs by EGCG contributed to the inhibition of lung tumorigenesis. 
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Unfortunately, we did not save tumor samples from the EGCG-treated mice for the DNA 

methylation analysis. More work is needed to substantiate this proposal.

In summary, the present study demonstrated the NNK-induced elevation of DNMT1 in lung 

tissues of A/J mice at days 1, 3 and 14 following NNK administration and during the 

progression of lung tumorigenesis. The induction of DNMT1 is likely due to its protein 

stabilization by the activation of AKT in response to NNK-induced oxidative stress. The 

inhibitory effects of EGCG in the induction of DNMT1, p-AKT and γ-H2AX levels could 

be due to its antioxidant activities. Promoter hypermethylation of several TSGs was 

observed in lung tissues at day 3 and in lung tumors at week 20 after NNK treatment. The 

functional importance of early stage induction of DNMT1 and gene hypermethylation in 

NNK-induced lung carcinogenesis remains to be further investigated.
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Abbreviations

NNK 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone

EGCG (−)-epigallocatechin-3-gallate

DNMT1 DNA methyltransferase 1

p-AKT phospho-AKT

γ-H2AX phospho-histone H2AX

O6-mG O6-methylguanine

TSGs tumor suppressor genes

p16INK4a cyclin-dependent kinase inhibitor 2A

Dapk1 death-associated-protein kinase 1

Rarb retinoic acid receptor β

Runx3 runt-related transcription factor 3

MGMT O6-methylguanine-DNA methyltransferase

CDH13 cadherin-13

PAX5 paired box protein Pax-5

RASSF1 Ras associated domain-containing protein 1

Prdm2 PR domain zinc finger protein 2

IHC immunohistochemistry

qPCR quantitative-PCR

MSRE-qPCR restriction enzyme-based quantitative PCR
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Fig. 1. 
NNK-induced elevation of DNMT1 and p-AKT in lung tissues of NNK-treated mice and 

inhibitory effect of EGCG. (A–C) Representative IHC microphotographs for DNMT1 

staining in lung tissues from day 0 saline control group (A), day 1 NNK-treated group (B) 

and day 1 NNK + 0.5% EGCG group (C). (D) Quantification of DNMT1-positive cells in 

the bronchial epithelial cells of NNK-treated and NNK + EGCG-treated mice at days 1, 3 

and 14. (E–G) Representative IHC microphotographs for p-AKT staining in lung tissues 

from day 0 saline control group (E), day 1 NNK-treated group (F) and day 1 NNK + 0.5% 

EGCG group (G). (H) Quantification of p-AKT staining intensity in the bronchial epithelial 

cells of NNK-treated and NNK + EGCG-treated mice at days 1, 3 and 14. (I) Representative 

Western Blot of protein levels of DNMT1, p-AKT and AKT in lung tissues of saline- or 

NNK-treated mice at days 1, 3, 7 and 14 after NNK treatment. (J) Quantification of Western 

blot results. (K) mRNA level of DNMT1 in lung tissues of lung tissues of saline- or NNK-

treated mice at days 1 and 3 after NNK treatment by qPCR. (L) Quantification of qPCR 

results. Values shown in the bar graphs are means ± SD (n = 25 (5 slides × 5 fields) for IHC, 

n = 3 for Western blot and n=4 for qPCR); * (P < 0.05) and † (P < 0.01) indicate statistical 

significance by student’s t-test for NNK + 0.5% EGCG treatment group as compared with 

same day NNK treatment group or NNK treatment groups at days 1, 3 and 14. Scale bar 

represents 50μm.
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Fig. 2. 
NNK-induced elevation of γ-H2AX and O6-mG in lung tissues of NNK-treated mice and 

inhibitory effect of EGCG. (A–C) Representative IHC microphotographs for γ-H2AX 

staining in lung tissues from day 0 saline control group (A), day 1 NNK-treated group (B) 

and day 1 NNK + 0.5% EGCG group (C). (D) Quantification of γ-H2AX-positive cells in 

bronchial epithelial cells of NNK-treated and NNK + EGCG-treated mice at days 1, 3 and 

14. (E–G) Representative IHC microphotographs for O6-mG staining in lung tissues from 

day 0 saline control group (E), day 1 NNK-treated group (F), and day 1 NNK + 0.5% EGCG 

group (G). (H) Quantification of O6-mG-positive cells in bronchial epithelial cells of NNK-

treated and NNK + EGCG-treated mice at days 1, 3 and 14. (I) Representative Western Blot 

of protein levels of γ-H2AX and cleaved caspase-3 in lung tissues of saline- or NNK-treated 

mice at days 1, 3, 7 and 14 after NNK treatment. (J) Quantification of Western blot results. 

Values shown in the bar graphs are means ± SD (n = 25 (5 slides × 5 fields) for IHC and n = 

3 for Western blot); * (P < 0.05) and † (P < 0.01) indicate statistical significance by 

student’s t-test for NNK + 0.5% EGCG treatment group as compared with same day NNK 

treatment group or NNK treatment groups at days 1, 3 and 14. Scale bar represents 50μm.
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Fig. 3. 
Increased DNMT1 expression during the progression of NNK-induced lung tumorigenesis 

and inhibitory effect of EGCG. (A–F) Representative IHC microphotographs for DNMT1 

staining in lung tissues from saline control group at week 5 (A) and NNK-treated groups at 

weeks 5 (B), 10 (C), 15 (D) and 20 (E), and NNK + 0.5% EGCG group at week 20 (F). (G) 

Quantification of the percentage of DNMT1-positive cells in bronchial epithelial cells. (H) 
Representative Western Blot of protein levels of DNMT1, p-AKT, γ-H2AX and cleaved 

caspase-3 in lung tissues of saline- or NNK-treated mice at day 3, weeks 5, 10, 15 and 20, or 

NNK-induced lung tumors at week 20. (I) Quantification of Western blot results. Values 

shown in the bar graphs are means ± SD (n = 25 (5 slides × 5 fields) for IHC, n = 2 for 

Western blot); † (P < 0.01) indicate statistical significance by student’s t-test for NNK + 

0.5% EGCG treatment group as compared to the same day NNK treatment group. Scale bar 

represents 50μm.
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Fig. 4. 
Increased gene-specific promoter hypermethylation in NNK-induced lung tumors and lung 

tissues of NNK-treated mice. (A and B) The fold-change of methylation of promoter regions 

of TSGs in NNK-induced lung tumors and the adjacent lung tissues by microarray (Cdh13, 

Prdm2 and Rassf1) (A) and qPCR (Cdh13, Prdm2 and Runx3) (B). (C) Fold-change of 

methylation of promoter regions of Cdh13, Prdm2 and Runx3 in lung tissues treated with 

saline or NNK at days 1, 3 and 14 after NNK treatment. Values shown in the bar graphs are 

means ± SD (n = 4, 2 mice × 2 repeat). * (P < 0.05) and † (P < 0.01) indicate statistical 

significance by student’s t-test for NNK-induced lung tumors as compared with the adjacent 

lung tissues or day 3 NNK treatment group as compared with day 0 saline control group.
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