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DNA methyltransferase 1 (DNMT1) catalyzes DNA methylation and is overexpressed in many human diseases, 
including cancer. The tobacco-specific carcinogen NNK also induces DNA methylation. However, the role of 
DNMT1-mediated methylation in tobacco carcinogenesis remains unclear. Here we used human and mouse 
lung cancer samples and cell lines to determine a mechanism whereby NNK induced DNMT1 expression and 
activity. We determined that in a human lung cell line, glycogen synthase kinase 3β (GSK3β) phosphorylated 
DNMT1 to recruit β-transducin repeat–containing protein (βTrCP), resulting in DNMT1 degradation, and 
that NNK activated AKT, inhibiting GSK3β function and thereby attenuating DNMT1 degradation. NNK also 
induced βTrCP translocation to the cytoplasm via the heterogeneous nuclear ribonucleoprotein U (hnRNP-U) 
shuttling protein, resulting in DNMT1 nuclear accumulation and hypermethylation of the promoters of tumor 
suppressor genes. Fluorescence immunohistochemistry (IHC) of lung adenomas from NNK-treated mice and 
tumors from lung cancer patients that were smokers were characterized by disruption of the DNMT1/βTrCP 
interaction and DNMT1 nuclear accumulation. Importantly, DNMT1 overexpression in lung cancer patients 
who smoked continuously correlated with poor prognosis. We believe that the NNK-induced DNMT1 accu-
mulation and subsequent hypermethylation of the promoter of tumor suppressor genes may lead to tumori-
genesis and poor prognosis and provide an important link between tobacco smoking and lung cancer. Further-
more, this mechanism may also be involved in other smoking-related human diseases.

Introduction
Epigenetic disorders give rise to several human diseases, including 
various cancers, neuron disorders, psychosis, and cardiovascular 
diseases, many of which are mediated by altered expression and 
activity of DNA methyltransferase 1 (DNMT1; refs. 1–8). DNMT1 
is involved in DNA methylation (4). Cancer cells undergo changes 
in 5′-methylcytosine distribution, including global DNA hypo-
methylation and region-specific hypermethylation of promoter 
CpG islands associated with tumor suppressor genes (TSGs; ref. 9).  
Aberrant promoter hypermethylation of CpG islands associated 
with TSGs can lead to transcriptional silencing and result in tumor-
igenesis (4). DNMT1 is reported to be especially overexpressed in 
lung and liver cancer patients that are smokers (10, 11).

The key ingredient of tobacco smoke carcinogen, nitrosamine 
4-(methylnitro-samino)-1-(3-pyridyl)-1-butanone (also known as 
nicotine-derived nitrosamine ketone; NNK) systemically induces 
tumors of the lung in rats, mice, and hamsters and also plays a 
major role in lung carcinogenesis (12, 13). As previously reported 
in mouse and rat studies, NNK exposure not only leads to gene 
mutation, but also induces hypermethylation of multiple TSG 

promoters in liver or lung tumors, such as cyclin-dependent 
kinase inhibitor 2A (p16, inhibits CDK4) (p16INK4A), death-associ-
ated protein kinase 1 (Dapk1), retinoic acid receptor β (Rarb), and 
runt-related transcription factor 3 (Runx) (14–17). Clinical studies 
indicated that smoking is associated with promoter hypermethyl-
ation at more than 20 TSGs in lung tumors (18, 19). However, the 
mechanism underlying the promoter hypermethylation of TSGs 
relevant to tobacco carcinogenesis has not been elucidated.

NNK has been shown to induce alterations in many signaling 
pathways, such as the EGFR, AKT, MAPK, ERK1/2, and NFκB 
pathways (13, 20–22). Therefore, we proposed that NKK induc-
es overexpression of DNMTs through some signaling pathways, 
thereby leading to hypermethylation at multiple TSG promoters. 
Lung cancer is one of the most common cancers worldwide and is 
the leading cause of cancer mortality in industrialized countries 
(23). About 85%–90% of lung cancer cases are caused by cigarette 
smoking (12). Using lung cancer as a model, we performed cell, 
animal, and clinical studies to analyze the molecular mechanisms 
of DNMT1 overexpression in relation to NNK.

Results
DNMT1 overexpression strongly correlates with smoking status and poor 
prognosis of lung cancer patients. We examined whether DNMT1 
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expression correlated with the smoking status of lung cancer 
patients (see Methods for details of smoking habit and pack-year 
categorizations). IHC for DNMT1 protein expression was per-
formed on 124 lung tumor samples. DNMT1 protein was highly 
expressed and localized in nuclei in tumor tissue compared with 
the surrounding nonneoplastic stroma tissue of patients that con-
tinuously smoked, but its nuclear expression level was relatively 
low in tumor tissue of patients that never smoked or formerly 
smoked (P = 0.001 and P = 0.008, respectively; Figure 1A and Table 
1). DNMT1 protein was also highly expressed in patients with 20 
or more pack-years of cigarette smoking compared with those with 
fewer than 20 pack-years (P = 0.023; Table 1).

In addition, Kaplan-Meier survival curves for postoperative 
overall survival showed that lung cancer patients who both con-
tinuously smoked and had DNMT1 protein overexpression 
had a worse prognosis than did all other lung cancer patients  
(P = 0.007; Figure 1B). A multivariate Cox regression model was 
used to analyze the association between poor survival with clinical 
parameter or molecular risk factor including age, smoking, tumor 
type, tumor stage, and DNMT1 overexpression. The combination 
of lung cancer, continuous smoking, and DNMT1 overexpres-
sion was identified as an independent prognostic factor for poor 
survival (P = 0.011; Supplemental Table 1; supplemental material 
available online with this article; doi:10.1172/JCI40706DS1).

NNK increases DNMT1 protein expression and activity. We examined 
the effect of NNK on DNMT1 expression in IMR90 normal lung 
cells and in the A549 and H1299 lung carcinoma cell lines. NNK 
effectively induced DNMT1 protein expression in both dose- and 
time-dependent manners (Figure 2, A and B). Because patients who 
formerly smoked showed less nuclear accumulation of DNMT1 pro-
tein than did patients who continuously smoked, the data suggested 
NNK-induced DNMT1 may be reversible. Therefore, we examined 
the effect of smoking cessation on DNMT1 protein levels in Beas-2B 
bronchial epithelial cells and found that DNMT1 protein returned 
to the basal (DMSO control) level 2–6 hours after discontinuation 
of NNK treatment (Figure 2C). We then investigated whether NNK-
induced DNMT could concomitantly activate DNMT binding to 
TSG promoters and result in 5′CpG hypermethylation of the bound 
TSG promoters. Using chromatin immunoprecipitation–PCR 
(ChIP-PCR) analysis, we found that binding of DNMT1 to the tested 
TSG promoters was substantially increased by NNK (Figure 2D). In 
addition, induction of DNMT protein expression by NNK enhanced 
the methylation levels of these promoters in IMR90 cells, as mea-
sured by methylation-specific PCR (MSP) and bisulfite sequencing 
assays (Figure 2, E and F).

NNK prolongs DNMT1 protein stability through AKT signaling, which is 
associated with the ubiquitin-proteosome system. Interestingly, NNK did 
not affect the mRNA expression level of DNMT1 in cell and clinical 
models (Supplemental Figure 1 and Supplemental Table 2), which 
suggests that NNK-induced DNMT1 protein levels may result 
from protein stabilization. Therefore, we measured the changes of 
DNMT1 protein half-life upon NNK treatment in cells treated with 
the protein synthesis inhibitor cycloheximide (CHX), and found that 
NNK prolonged DNMT1 protein half-life compared with that of 
untreated cells (Figure 3A). Next, we examined whether the stabiliza-
tion of NNK-induced DNMT1 was mediated through the ubiquitin- 
proteasome pathway. IP–Western blot showed reduced ubiquitina-
tion of DNMT1 protein after NNK treatment (Figure 3B).

Because the AKT pathway was notably stimulated by NNK in 
all cell lines tested (Supplemental Figure 2), and a previous study 

reported that the AKT pathway stabilizes DNMT1 protein via 
decreased ubiquitination (24), it is possible that DNMT1 protein 
stability is induced by NNK through the AKT pathway. To test 
this hypothesis, we first measured DNMT1 protein levels during 
NNK treatment in the presence of the PI3K/AKT pathway inhibi-
tor LY294002, which we found to potently block NNK-induced 
DNMT1 protein overexpression in A549 cells (Figure 3C). We 
also found that AKT siRNA specifically reduced NNK-induced 
DNMT1 protein expression (Figure 3D). To verify that reduced 
ubiquitination of DNMT1 protein was mediated by AKT, we per-
formed IP–Western blot in LY294002-treated A549 cells and found 
that LY294002 increased ubiquitination of DNMT1, leading to 
low DNMT1 protein levels (Figure 3E). In addition, the reduction 
of NNK-mediated DNMT1 stability by LY294002 was abolished by 
the proteasome inhibitor MG132 (Figure 3F). Similar results were 
observed in other cell lines (data not shown). Collectively, these 
results clearly indicate that AKT is a mediator induced by NNK to 
block the ubiquitin-proteasome degradation of DNMT1.

NNK activates AKT, then inhibits GSK3β/β-transducin repeat–contain-
ing protein–mediated protein degradation, leading to DNMT1 protein accu-
mulation. It has previously been shown that AKT inactivates GSK3β 
Ser/Thr kinase. GSK3β phosphorylates its substrate protein and 
recruits an E3-ubiqutin ligase, β-transducin repeat–containing 
protein (βTrCP), leading to substrate degradation (25, 26). There-
fore, we investigated whether GSK3β is involved in NNK-induced 
DNMT1 protein stability. Knockdown of GSK3β in cells or treat-
ment with a GSK3β inhibitor enhanced expression of DNMT1 
protein (Supplemental Figure 3). Exogenous GSK3β promoted 
DNMT1 protein degradation in a dose-dependent manner in A549 
cells (Supplemental Figure 4A), and this effect was attenuated after 
treatment with NNK (Figure 4A). Moreover, NNK treatment inacti-
vated GSK3β, manifested by increased phosphorylation of GSK3β 
at Ser9 (Supplemental Figure 3A). Confocal microscopic analysis 
of immunofluorescent staining confirmed that expression levels 
of DNMT1 and the inactive form of GSK3β, p-GSK3βSer9, increased 
upon NNK treatment (Supplemental Figure 5). These data sug-
gested that NNK-induced DNMT1 accumulation was mediated by 
inactivation of GSK3β. Using IP–Western blot, we demonstrated 
that exogenous GSK3β apparently interacted with DNMT1 and 
increased its phosphorylation (Figure 4B). In addition, exogenous 
GSK3β promoted binding of DNMT1 by βTrCP (Figure 4B). 
Because AKT phosphorylates GSK3β at Ser9 and inhibits the func-
tion of GSK3β, these results suggested the involvement of AKT/
GSK3β/βTrCP pathway in DNMT1 protein degradation.

Interestingly, using the ScanProsite tool (http://www.expasy.
ch/tools/scanprosite/), we found that DNMT1 protein peptides 
contained an ESGXXS sequence, similar to the E3-ubiquitin ligase 
βTrCP conserved binding motif DSGXXS (27). To determine wheth-
er βTrCP was involved in DNMT1 ubiquitination, A549 cells were 
transfected with exogenous βTrCP, and IP–Western blot showed 
that βTrCP strongly increased the ubiquitination level of DNMT1 
(Figure 4C). In addition, exogenous βTrCP promoted DNMT1 
protein degradation in a dose-dependent manner (Supplemental 
Figure 4B). Next, we examined whether the ESGXXS sequence of 
DNMT1 was necessary for βTrCP binding using site-directed muta-
genesis of Ala replacement for both Ser410 and Ser414 on DNMT1 
protein. These amino acid changes appeared to disrupt the inter-
action between βTrCP and DNMT1 (Figure 4D). To delineate the 
GSK3β-interacting domain of DNMT1 and the phosphorylation 
sites on DNMT1, we examined the phosphorylation efficiency 
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Figure 1
DNMT1 nuclear overexpression correlates with poor prognosis and shows mutually exclusive localization with βTrCP expression in lung 
cancer patients who continuously smoked. (A) Representative IHC analysis of DNMT1 in paraffin sections from lung cancer patients who 
were smokers (S) and those who did not smoke (NS). Increased DNMT1 nuclear positive immunoreactivity was found in the patient who 
smoked. Original magnification, ×200. (B) Kaplan-Meier survival curves for overall postoperative survival showed that lung cancer patients 
who continuously smoked and had overexpression of DNMT1 protein had a worse prognosis compared with all other patient groups  
(P = 0.007, log-rank test). (C–I) Representative fluorescence IHC and confocal microscopy of DNMT1 (green), βTrCP (red), and DAPI (blue) 
in paraffin sections of tumors from lung cancer patients who did not (C) and did continuously smoke (D–I). βTrCP protein was mainly localized 
in the cytoplasm, which was distinct from the nuclear localization of DNMT1 protein in patients who smoked. Original magnification, ×630 
(C–E); ×1,500 (F–I). Scale bar: 40 μm. (J) Representative figures of double fluorescence IHC for DNMT1 and βTrCP in a tissue array including  
23 lung cancer patients. Original magnification, ×630. Scale bar: 40 μm.
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of exogenous GSK3β in WT and mutant DNMT1 at Ser410 and 
Ser414. Mutant DNMT1 showed lower phosphorylation by GSK3β 
than did WT DNMT1, suggestive of Ser410 and Ser414 phosphory-
lation of DNMT1 by GSK3β (Figure 4D). Together, these results 
strongly suggest that GSK3β may phosphorylate DNMT1 at 
Ser410 and Ser414 and recruit the E3-ubiqutin ligase βTrCP, lead-
ing to proteasomal degradation of DNMT1.

NNK treatment enhances AKT downstream proteins, promotes hnRNP-U/ 
βTrCP translocation to the cytoplasm, and induces DNMT1 accumula-
tion in the nucleus. To further confirm the interaction and expres-
sion of DNMT1 and βTrCP, we performed immunofluorescence 
confocal microscopy. In untreated cells, DNMT1 was located pre-
dominantly in the nucleus, and βTrCP was seen in both nucleus 

and cytoplasm. Importantly, mutually exclusive localization of 
DNMT1 and βTrCP, along with increased nuclear DNMT1 levels, 
were observed in cells treated with NNK (Figure 5A), which sug-
gests that NNK induced E3-ubiqutin ligase βTrCP translocation 
to cytoplasm, thus causing DNMT1 accumulation in the nucleus. 
In addition, cell fractionation assay showed that NNK-induced 
βTrCP protein was decreased in the nucleus and increased in the 
cytoplasm, the inverse of the DNMT1 staining (Figure 5B).

To determine how βTrCP was transported from nucleus to cyto-
plasm, we studied the shuttling protein hnRNP-U, which was previ-
ously reported to interact with βTrCP and account for its nuclear 
localization (27). IP–Western blot assays showed that DNMT1 
indeed interacted with hnRNP-U and βTrCP in the untreated cells. 
However, βTrCP/DNMT1 interaction was weakened after treatment 
with NNK. In addition, binding between hnRNP-U and βTrCP was 
enhanced in cells treated with NNK (Figure 5C). Importantly, the 
localization and expression level of hnRNP-U decreased in the 
nucleus and increased in the cytoplasm after NNK treatment, as 
assessed by cell fractionation assay (Figure 5B). Together, these data 
strongly suggest that hnRNP-U shuttling protein mediates βTrCP 
translocation from the nucleus to the cytoplasm by NNK treatment, 
leading to DNMT1 accumulation in the nucleus.

To determine whether AKT plays a role in hnRNP-U/βTrCP 
nucleocytoplasmic shuttling, AKT was knocked down by AKT 
siRNA in cells and used for cell fractionation assay. In AKT knock-
down cells, both hnRNP-U and βTrCP proteins were predomi-
nantly located in the nucleus, where DNMT1 protein level was 
decreased (Figure 5D). In addition, IP–Western blot assay dem-
onstrated that hnRNP-U formed a complex with AKT, and the 
interaction was attenuated by LY294002 (Figure 5E). Importantly, 
NNK-induced AKT increased phosphorylation of hnRNP-U and 

Table 1
Accumulation of nuclear DNMT1 protein

Characteristic	 n	 No overexpression	 Overexpression
Smoking habit
Continuous smoker	 58	 20 (34.5)	 38 (65.5)
Former smoker	 35	 22 (62.9)	 13 (37.1)A

Never smoker	 31	 22 (71.0)	 9 (29.0)B

Pack-years
At least 20	 75	 34 (45.3)	 41 (54.7)
Fewer than 20	 40	 27 (67.5)	 13 (32.5)C

Total	 124	 64 (51.6)	 60 (48.4)

Values are shown as n (%). In the pack-years classification, N equals 
less than 124 because some patients did not have pack-years data avail-
able. Results were obtained by IHC of DNMT1 in resected lung tumors 
and analyzed by Pearson c2 test. AP = 0.008. BP = 0.001. CP = 0.023.

Figure 2
NNK-induced DNMT1 protein binds to promoters and results in hypermethylation of TSGs. (A and B) Expression levels of DNMT1 in human lung 
cell lines were analyzed by Western blotting. NNK increased protein levels of DNMT1 in (A) dose-dependent and (B) time-dependent manners in the  
3 cell lines tested. β-Actin antibody was used as an internal control. (C) DNM1 protein returned to basal levels 2–6 hours after discontinuation of NNK 
treatment in Beas-2B bronchial epithelial cells. (D) ChIP-PCR using DNMT1 and DNMT3b antibodies for amplification of FHIT, p16INK4a, and RARB 
promoters before and after NNK treatment for 24 hours in IMR90 cells. Binding of DNMT1 and DNMT3b proteins to their target TSG promoters was 
induced by NNK. (E and F) MSP for promoter hypermethylation status in the FHIT, p16INK4a, and RARB promoters (E) and bisulfite sequencing of 
the p16INK4a promoter (F) before and after NNK treatment for 48 hours in IMR90 cells. Hypermethylated genes were defined as those that produced 
amplified methylation products in MSP or CG-dinucleotide sequences in bisulfite sequencing assays. M, methylated; U, unmethylated.
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interaction between hnRNP-U and βTrCP, whereas it decreased 
the interaction of DNMT1 with βTrCP and hnRNP-U (Figure 
5F). These results firmly support involvement of the PI3K/AKT 
pathway in hnRNP-U/βTrCP nucleocytoplasmic shuttling and 
DNMT1 accumulation in the nucleus.

NNK induces DNMT1, p-AKTser473, p-GSK3βser9, cytoplasmic hnRNP-U, 
and cytoplasmic βTrCP protein expression level in mouse lung adenoma 

tissues. To further confirm the finding of NNK-induced DNMT1 
by AKT/GSK3β/βTrCP/hnRNP-U in an animal model, we treated 
11 A/J mice with NNK. Normal lung tissues of untreated mice 
and adenoma lung tissues of NNK-treated mice were examined 
for protein expression and localization of DNMT1, p-AKTSer473,  
p-GSK3βSer9, hnRNP-U, and βTrCP using IHC, double fluorescence 
IHC, and confocal microscopy (Figure 6, A–J). Protein expression 

Figure 3
NNK enhances DNMT1 protein stability through the AKT signaling pathway, which is associated with the ubiquitin-proteosome system. (A) 
NNK prolonged DNMT1 protein half-life. DNMT1 protein levels were determined by Western blotting and densitometry. β-Actin was used as a 
loading control, and p53 served as a positive control for CHX treatment because its half-life is known to be short. White bars, cells treated with 
DMSO; dark gray bars, cells treated with CHX for 6 hours; light gray bars, cells treated with CHX and NNK for the indicated times. (B) Ubiquitina-
tion of DNMT1 decreased upon NNK treatment. A549 cells were treated with NNK or DMSO control for 2 hours, after which cell lysates were 
immunoprecipitated with anti-DNMT1 or anti-ubiquitin antibody and then Western blotted. Normal IgG was used as a negative control. (C and D) 
A549 cells were pretreated with or without the PI3K/AKT pathway inhibitor LY294002 (C) or AKT siRNA (D), then treated with NNK. Western blot-
ting and densitometry showed that each reduced levels of NNK-induced DNMT1. (E) LY294002 treatment increased ubiquitination of DNMT1, 
leading to low levels of DNMT1 protein in A549 cells. (F) Western blotting and densitometry of A549 cells treated with NNK with or without pre-
treatment with LY294002 and the proteasome inhibitor MG132 showed altered DNMT1 protein levels. Data are mean ± SEM (n = 3).
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levels of DNMT1, p-AKTSer473, and p-GSK3βSer9 were concordantly 
increased in lung adenoma tissue of NNK-treated mice (Figure 
6, B, D, and F). High cytoplasmic expression of hnRNP-U and 
βTrCP proteins was also observed (Figure 6, H and J). Concordance 
analysis showed coincident cytoplasmic expression of hnRNP-U 
and βTrCP proteins in lung adenoma tissue of NNK-treated mice  
(P = 0.044; Figure 6N). We also found high staining of nuclear 
DNMT1 (P = 0.050; Figure 6K) and cytoplasmic hnRNP-U (P = 0.016;  
Figure 6M) when p-AKTSer473 staining was high. In addition, expres-
sion of p-GSK3βSer9 (P = 0.050; Figure 6L) and cytoplasmic βTrCP  
(P = 0.001; Figure 6O) was associated with nuclear DNMT1 expres-
sion in all mice analyzed. The mutually exclusive localization of 
DNMT1 and βTrCP observed in lung adenoma of NKK-treated mice 
compared with normal lung tissue of untreated mice (Figure 6, J and 
I) confirming in an animal model that NNK induced E3-ubiqutin  
ligase βTrCP translocation to the cytoplasm, leading to DNMT1 
accumulation in the nucleus.

DNMT1 and βTrCP interaction is disrupted in lung tumor tissue of 
patients who smoked. To determine whether the localization of 
DNMT1 and βTrCP proteins differs between lung cancer patients 
who did and did not smoke, we analyzed the protein expression 
and localization of DNMT1 and βTrCP in lung tumor tissue from 
smoker and nonsmoker patients by double fluorescence IHC and 
confocal microscopy in tissue array from 70 lung cancer patients. 
In tumors from patients who did not smoke, DNMT1 colocal-
ized with βTrCP in the nucleus and cytoplasm (yellow-brown; 
Figure 1C). However, βTrCP protein (red) was mainly localized in 
the cytoplasm, which was distinct from the nuclear localization 
of DNMT1 protein (green), in patients who smoked (Figure 1, 
D–I), confirming that mutually exclusive localization of DNMT1 

and βTrCP led to DNMT accumulation in tumors of patients 
who smoked. Statistical analysis indicated that the expression of 
nuclear DNMT1 was higher than nuclear βTrCP in patients who 
smoked compared with those who did not (Figure 1J and Table 2; 
P < 0.001), as well as in patients with at least 20 pack-years of ciga-
rette smoking compared with those with fewer than 20 pack-years 
(Table 2; P = 0.008). These data are in agreement with the findings 
in NNK-treated cell and animal models.

Discussion
Epigenetic disorders give rise to several significant human diseases, 
many of which are mediated by altered DNMT1 expression and 
activity (1–6). In mouse and rat studies, exposure to the tobacco-spe-
cific carcinogen NNK not only leads to liver or lung tumor forma-
tion, but also induces hypermethylation of multiple TSG promoters 
(14–17). Unraveling how NNK induces DNMT1-mediated promoter 
hypermethylation will help us understand the process of carcino-
genesis and may also reveal the etiology of other human diseases. 
Using cell, animal, and clinical models, we identified that DNMT1 
was phosphorylated by GSK3β and that DNMT1 formed complexes 
with GSK3β, βTrCP, and hnRNP-U proteins. In addition, our study 
revealed what we believe to be a new mechanism of NNK-induced 
DNMT1 protein stability by AKT/hnRNP-U/βTrCP nucleocytoplas-
mic shuttling. Furthermore, the NNK-induced DNMT1 proteins 
bound to promoters of various TSGs and caused promoter hyper-
methylation of the bound TSGs, which ultimately led to tumorigen-
esis and poor prognosis in clinical manifestation (Figure 7).

It was previously shown that AKT inactivates GSK3β, which is also 
known to phosphorylate several substrates to create a recognition 
motif for βTrCP and lead to degradation of substrate protein via the 

Figure 4
GSK3β and βTrCP interact with DNMT1 protein and enhance DNMT1 degradation. (A) A549 cells were transfected with pCMV-SPORT6-GSK3β, 
then treated with or without NNK. The GSK3β pathway promoted DNMT1 protein degradation, which was attenuated by NNK treatment. Data 
are mean ± SEM (n = 3). (B) Cell lysates were immunoprecipitated with anti-DNMT1 or anti–phospho-Ser antibody and then Western blotted. 
DNMT1 protein formed complexes with GSK3β and βTrCP proteins. Increase DNMT1 phosphorylation was mediated by exogenous GSK3β, 
which increased the interaction between DNMT1 and βTrCP. Normal IgG was used as a negative control. (C) βTrCP increased the ubiquitination 
level of DNMT1. A549 cells were transfected with pCMV-SPORT6-βTrCP for 24 hours, after which cell lysates were immunoprecipitated with 
anti-DNMT1 and then western blotted. (D) Site-directed mutagenesis of both Ser410 (S410A) and Ser414 (S414A) on DNMT1 protein decreased 
the phosphorylation level of DNMT1 protein by GSK3β and disrupted the interaction between βTrCP and DNMT1. Cells were transfected with 
WT or mutant His-tag DNMT1 expression vector and exogenous GSK3β or vector control. Cell lysates were immunoprecipitated with anti–His-
tag antibody and then Western blotted.
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Figure 5
NNK enhances hnRNP-U/βTrCP translocation to the cytoplasm and induces DNMT1 accumulation in the nucleus, but this effect is attenuated 
by AKT inhibition. (A) Immunofluorescence confocal microscopy to localize DNMT1 (green), βTrCP (red), and nucleus (blue; DAPI). The merged 
figures showed colocalization of DNMT1 with βTrCP protein in A549 cells treated with DMSO control. Mutually exclusive localization of DNMT1 
and βTrCP was observed in cells treated with NNK. Original magnification, ×630. Scale bar: 20 μm. (B) Cell fractionation assay to analyze dis-
tribution of nuclear and cytoplasmic proteins, using anti-DNMT1, anti-βTrCP, anti–hnRNP-U, and anti-GSK3βSer9 antibodies. Anti-GAPDH and 
anti–lamin A/C antibodies were used as cytoplasmic and nuclear protein markers, respectively. The distribution of βTrCP and hnRNP-U proteins 
was contrary to that of DNMT1 protein. (C) DNMT1 and βTrCP interaction was interrupted by NNK treatment. In contrast, βTrCP and hnRNP 
interaction was increased by NNK treatment. (D) Cell fractionation assay was performed in A549 cells with or without AKT siRNA. Inhibition of 
AKT induced both hnRNP-U and βTrCP proteins predominantly located in the nucleus, where DNMT1 protein level decreased. (E) IP assay 
using anti-AKT antibody showed that hnRNP formed a complex with AKT, and the interaction was attenuated by LY294002. (F) An increase of 
hnRNP-U phosphorylation was mediated by exogenous AKT, which increased the interaction between hnRNP-U and βTrCP. In addition, AKT 
decreased the interaction of DNMT1 with hnRNP-U and βTrCP.
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ubiquitin-proteasome pathway (25). Our data demonstrated that 
DNMT1 protein indeed formed a complex with GSK3β and βTrCP 
(Figure 4, B and E). In addition, inhibition of GSK3β during NNK 
treatment increased DNMT1 protein levels in both cell (Supple-
mental Figure 3) and animal models (Figure 6). Exogenous GSK3β 
expression coincided with DNMT1 phosphorylation increase and 
binding with βTrCP (Figure 4B). However, mutation at Ser410 and 
Ser414 abolished the phosphorylation of DNMT1 by GSK3β and 
DNMT1/βTrCP interaction, leading to increased DNMT (Figure 
4E). Interestingly, Ser410 and Ser414 of DNMT1 are located at a 

peptide containing ESGXXS sequence, which is similar to the βTrCP 
conserved binding motif DSGXXS. In addition, SXXXS is the rec-
ognition and phosphorylation site by GSK3β (28). Mutation at 
Ser410 and Ser414 attenuated GSK3β/DNMT1 interaction (Figure 
4E). These findings strongly suggest that GSK3β phosphorylates 
DNMT1, at least at Ser410 and Ser414, to facilitate recruitment of 
βTrCP and cause proteasomal degradation of DNMT1.

To search for the βTrCP-interacting domain on DNMT1, we 
examined the induction level by NNK and βTrCP interaction 
ability of 3 cDNA deletion constructs of DNMT1, contain-

Figure 6
Representative IHC and fluores-
cence IHC of mouse tissue slides. 
IHC and fluorescence IHC were 
performed on paraffin sections of 
normal lung tissue from untreated 
mice and lung adenoma of NNK-
treated mice. Protein expression 
levels of nuclear DNMT1 (A and 
B), p-AKTSer473 (C and D), the 
inactive form of p-GSK3βSer9 (E 
and F), cytoplasmic hnRNP (G and 
H), and cytoplasmic βTrCP (red, I 
and J; merged image with DNMT1, 
green) increased in lung adenoma 
tissue of NNK-treated mice com-
pared with the normal lung tissue 
of untreated mice. Original mag-
nification, ×200 (A–H); ×630 (I 
and J). Scale bar: 40 μm. (K–O) 
Concordance analysis by Pear-
son c2 test showed a strong cor-
relation between nuclear DNMT1 
and p-AKTSer473 (K), p-GSK3βSer9 
(L), and cytoplasmic βTrCP (O); 
between p-AKTSer473 and cyto-
plasmic hnRNP (M); and between 
cytoplasmic hnRNP and cytoplas-
mic βTrCP (N) in control and NNK-
treated mice. Symbols within bars 
denote expression of the respec-
tive proteins; for example, “+/–” 
in K denotes mice with positive 
nuclear DNMT1 expression and 
negative p-AKTSer473 expression.
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ing amino acids 1–585, 585–1,128, or 1,116–1,632 of DNMT1. 
The N-terminal domain of 1–585 amino acids was induced by 
NNK treatment (Supplemental Figure 6A). This region was also 
important for βTrCP interaction, as shown by IP-Western assay 
(Supplemental Figure 6B). These findings are in agreement with 
the notion that DNMT1 protein accumulation was dependent 
on the N-terminal 120 amino acids, which seemed 
to function as a destruction domain in cells causing  
ubiquitination and proteasome-mediated degradation 
(29). We will further determine whether this region can 
be ubiquitinated by βTrCP.

A previous study showed that hnRNP-U interacted with 
βTrCP and was responsible for its nuclear localization 
(27). Our data also indicated that hnRNP-U interacted 
with βTrCP and DNMT1. In addition, both hnRNP-U 
and βTrCP were translocated to the cytoplasm, whereas 
DNMT1 was predominately located in the nucleus, in cells 
treated with NNK (Figure 5) and in lung adenoma tissue 
of NNK-treated mice (Figure 6). Our data suggest a mech-
anism whereby phosphorylated hnRNP-U mediated by 
AKT activation (Figure 5, E and F) disrupts the DNMT1/
βTrCP interaction and leads to DNMT1 nuclear accumu-
lation after NNK treatment. Whether nuclear exportation 
of βTrCP after NNK treatment is exclusively mediated by 
hnRNP-U or occurs in cooperation with other shuttling 
proteins will be investigated in the future. In addition, the 
phosphorylated domain of hnRNP-U that modulates the 
βTrCP interaction needs to be identified.

Our study provides cell, animal, and clinical evidence 
that NNK induces DNMT1 through the AKT/GSK3β/
βTrCP/hnRNP-U pathway and elucidates a mechanism 
involved in smoking-related lung cancer. In support of 
our present study is the prior finding that active Akt is 
detected in airway epithelial cells and lung tumors from 
NNK-treated A/J mice as well as in human lung cancers 
derived from patients who smoked (30). However, other 
pathways that regulate NNK-induced DNMT protein 
levels, such as NFκB signaling (Supplemental Figure 2), 
may be important. In addition, NNK is a β-adrenergic 
receptor (β-AR) agonist that phosphorylates EGFR in 
lung cells (22). EGFR activation triggers the PI3K/AKT 
pathway in lung, head and neck, and pancreatic cancers 
(31). It will be interesting to examine whether β-AR– and 

EGFR-mediated AKT activation is involved in NNK-induced 
DNMT protein. It will also be worthwhile to extend our find-
ing to determine whether NNK induces other DNMTs, such as 
DNMT3b, through a similar mechanism (Figure 2).

That DNMT1 overexpression may serve as a prognostic factor 
in smoking-related lung cancer is an important finding. Patients 
who formerly or never smoked showed a better prognosis than 
did patients who continuously smoked (Figure 1). Interestingly, 
we found that tumors from patients who quit smoking before 
receiving surgery showed significantly lower nuclear accumula-
tion of DNMT1 protein compared with tumors from patients 
who continuously smoked (Table 1), although there was no cor-
relation between time since smoking cessation and DNMT1 pro-
tein expression level. In addition, withdrawal of NNK treatment 
reversed the accumulated DNMT1 to the basal level within 2–6 
hours in the cell model (Figure 2C). The findings of our study 
support patient care options, such as quitting smoking, that 
we expect to restore DNMT1 function and improve survival. 
In addition, drugs aimed at DNMT protein depletion, such as 
AKT inhibitor or a demethylation reagent, may prove a good 
therapeutic strategy for cancer treatment. Whether the amount 
of nuclear accumulation of DNMT1 in adenoma of animal mod-
els and/or in patient tumors of a clinical study correlate dose-

Table 2
DNMT1 and βTrCP expression from tissue array

Characteristic	 n	 DNMT1 ≤ βTrCP	 DNMT1 > βTrCP
Smoking habit
Continuous smoker	 25	 5 (20.0)	 20 (80.0)A

Nonsmoker	 45	 36 (80.0)	 9 (20.0)
Pack-years
At least 20	 48	 23 (47.9)	 25 (52.1)B

Fewer than 20	 22	 18 (81.8)	 4 (18.2)
Total	 70	 41(60.0)	 29 (40.0)

Values are shown as n (%). Results were obtained by double fluores-
cence IHC for DNMT1 and βTrCP in tissue array slides and analyzed 
by the Pearson c2 test. The nonsmoker category includes patients who 
never smoked and formerly smoked. AP < 0.001. BP = 0.008.

Figure 7
Proposed model to illustrate the accumulation of nuclear DNMT1 by NNK-induced 
AKT/GSK3β/βTrCP/hnRNP-U signaling leading to promoter hypermethylation and 
tumorigenesis. NNK induces DNMT1 protein accumulation in the nucleus through 
AKT/GSK3β/βTrCP signaling and AKT/hnRNP-U/βTrCP nucleocytoplasmic shut-
tling. βTrCP is an E3 ubiquitin ligase that specifically interacts with and degrades 
DNMT1. NNK induces activation of AKT, then promotes GSK3β phosphoryla-
tion at Ser9 to form inactive GSK3β, which subsequently attenuates the ability 
of βTrCP to degrade DNMT1 protein. In addition, NNK activates AKT to induce 
interaction between phosphorylated hnRNP-U and βTrCP, which disrupts βTrCP/
DNMT1 interaction. The hnRNP-U/βTrCP complex translocates to the cytoplasm, 
leading to DNMT1 accumulation in the nucleus. Furthermore, these NNK-induced 
DNMT1 proteins bind to promoters of various TSGs and result in promoter hyper-
methylation, which ultimately leads to tumorigenesis and poor prognosis.
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dependently with NNK treatment and cigarette exposure is wor-
thy of investigation. Collectively, the results of our present study 
shed light on the relevance of DNMT overexpression in tobacco 
carcinogenesis. NNK-induced DNMT1 accumulation by AKT/
GSK3β/βTrCP/hnRNP-U signaling pathway was not due to the 
effect of NNK treatment on the cell cycle (Supplemental Figure 
7). Such a mechanism may also be important for other types of 
cancer and human disease.

Methods
Clinical characterization of patients. Tumor lung tissues were obtained from 
124 lung cancer patients recruited at the Taipei and Taichung Veterans 
General Hospitals between 1993 and 2004, after appropriate institution-
al review board permission and informed patient consent were secured. 
Clinical parameters are provided in Supplemental Table 3. Among these 
patients, paraffin blocks of tumor tissue from 70 patients were made 
into tissue array. Information on the smoking history of the patients was 
obtained from hospital records. Patients were categorized as those who did 
not smoke (never smoked and formerly smoked) and those who continu-
ously smoked (both regular and occasional continuous smoking). Patients 
were also categorized by smoking history based on pack-years, calculated 
as the number of packs smoked per day multiplied by the number of years 
smoked. The 2 groups in this categorization smoked 20 or more pack-years 
or fewer than 20. Followup of 124 patients was performed at 2-month 
intervals in the first year after surgery and at 3-month intervals thereafter 
at outpatient clinics or by routine phone calls. The end of the followup 
period was December 2008 for all patients. Overall survival was calculated 
from the date of surgery to the date of death or of the final followup. The 
mean followup period was 35 months (range, 1–61 months).

Animal and NNK treatment. Female A/J mice were acquired from the 
animal center of National Cheng Kung University Medical College after 
appropriate institutional review board permission was obtained. Mice  
(8 weeks old) were randomly divided into 2 groups, one treated i.p. with 2 mg  
NNK (Toronto Research Chemicals) in 0.1 ml saline per mouse, and the 
other with saline only as control. The experiment was terminated 24 weeks 
after treatment; all surviving mice were sacrificed under ether anesthesia. 
Normal lung and adenoma lung tissue samples were resected, fixed with 
formalin, embedded in paraffin for histological examination, and stained 
with H&E for microscopic evaluation by a pathologist.

Cell culture and NNK in combination with different inhibitor treatments. IMR90 
and Beas-2B normal lung cell lines and A549 and H1299 lung cancer cell 
lines were used in the current study. These lung cell lines were cultured 
at 37°C, 5% CO2, in an incubator with DMEM (Invitrogen) supplement-
ed with 10% fetal bovine serum and 1% penicillin-streptomycin. For the 
dose-dependent study, cells were treated with NNK at indicated doses for 
2 hours at 37°C. For the time-course study, cells were treated with 10 μM 
NNK for the indicated times at 37°C. To examine the effect of smoking 
cessation on DNMT1 protein levels in Beas-2B bronchial epithelial cells, 
cells were treated with 10 μM NNK for 6 hours, which was then replaced 
with fresh medium without NNK for the indicated times.

Other inhibitor compounds, including the translational inhibitor 
CHX, the proteosome inhibitor MG132, and the specific GSK3β inhibitor 
SB415286, were purchased from Sigma-Aldrich. The PIK3/AKT pathway 
inhibitor LY294002 was obtained from Calbiochem. To examine the effect 
of NNK on DNMT1 protein half-life in lung cells, cells were treated with 
10 μg/ml CHX for 6 hours, then with 10 μM NNK for 6–48 hours. For AKT 
and degradation pathway analysis, cells were treated with 10 μM NNK,  
20 μM LY294002, and 20 μM MG132, individually or together. For GSK3β 
inhibitor treatment, cells were treated with 25 μM SB415286 with or with-
out 10 μM NNK, then subjected to Western blot analysis.

Antibodies. The antibodies used included DNMT1, AKT, phospho–AKTSer473,  
NFκB, phospho-NFκB, GSK3β, phospho-GSK3βSer9, βTrCP, Erk1/2, phos-
pho-Erk1/2, ubiquitin, phospho-p38, p53, hnRNP-U, His, lamin A/C, 
GAPDH, and β-actin. A complete list of antibodies used and the reaction 
conditions in the present study are shown in Supplemental Table 4.

IHC assay for tissues from animals and patients. Normal lung and adenoma 
lung tissues from mice exposed to NNK were analyzed using IHC assay to 
detect the expression levels of DNMT1, p-AKTSer473, p-GSK3βSer9, βTrCP, 
and hnRNP-U protein. Routinely formalin-fixed tissues were incubated with 
primary antibody, biotinylated secondary antibody, and finally with strepta-
vidin–horseradish peroxidase for 20 minutes (DAKO LSAB kit K0675). The 
chromagen used was 3,3′-diaminobenzidine tetrahydrochloride.

Lung tumor sections from the 124 lung cancer patients were also ana-
lyzed with IHC using the polyclonal anti-DNMT1 antibody to detect 
DNMT1 protein expression. The evaluation of IHC staining was conduct-
ed blindly, without prior knowledge of the clinical and pathologic charac-
teristics of the cases. The surrounding nonneoplastic stroma served as an 
internal negative control for each slide. Staining for nuclear DNMT1 and 
for cytoplasmic p-AKTSer473, p-GSK3ser9, βTrCP, and hnRNP-U was scored 
as follows: 0, negative; 1, low; 2, medium; 3, strong. A score of 2 or 3 in 
greater than 50% of the stained area indicated overexpression.

Double fluorescence IHC and confocal microscopic analysis in cultured cells and 
animal and patient tissue. Immunofluorescence and confocal microscopic 
analysis of DNMT1, βTrCP, and DAPI were performed in A549 cells with 
or without NNK treatment, in paraffin sections of lung adenoma from 
NNK-treated mice and normal lung tissue from untreated mice, and in 
tissue array of 70 tumors from lung cancer patients who did and did 
not continuously smoke. Sections were incubated with primary anti-
body followed by incubation with the fluorescent secondary antibodies 
(Invitrogen) and DAPI for 1 hour, after which images were obtained with 
a confocal microscope (FV1000; Olympus).

Plasmid, siRNA, and transfection. pOTB7-GSK3β and pCMV-SPORT6-
βTrCP were purchased from Open Biosystems. pOTB7-GSK3β was 
subcloned into pCMV-SPORT6 vector. At 24 hours after transfection, 
proteins were extracted and then immunoblotted. AKT in cells was 
depleted by siRNA treatment. The AKT and GSK3β siRNA duplexes (see 
Supplemental Table 5) were obtained from Invitrogen, and transfection 
was performed with Lipofectamine 2000 (Invitrogen) according to the 
manufacturer’s protocols. At 48 hours after transfection, cells were ana-
lyzed by Western blotting.

Protein extraction and Western blot analysis. Cells were lysed and centri-
fuged. Samples containing equal amounts of protein (50 μg) were sepa-
rated by 6% SDS-PAGE and electroblotted onto Immobilon-P membranes 
(Millipore Co.). Immunoblotting was performed using antibodies against 
β-actin as a loading control. Each Western blot analysis was repeated at 
least 3 times. Quantification was performed with MultiGauge software to 
obtain the mean and SD values.

Cell fractionation assay. Cells were lysed in membrane lysis buffer (10 mM 
HEPES, pH 8.0; 1.5 mM MgCl2; 10 mM KCl; 1.0 mM DTT; and 1% Igepal 
CA-630), then vortexed and centrifuged. The supernatant was the cyto-
plasmic fraction. Pellets were resuspended in nuclear lysis buffer (20 mM 
HEPES, pH 8.0; 1.5 mM MgCl2; 0.2 mM EDTA; 420 mM NaCl; 1.0 mM 
DTT; and 25% glycerol), then sonicated twice on ice and centrifuged. The 
supernatant was the nuclear fraction. For immunoblot analysis, 50 μg pro-
tein from either the nuclear fraction or the cytosolic fraction was used.

Immunoprecipitation assay. Catch and Release Reversible Immuno
precipitation System kit (Millipore) was used for protein-protein inter-
action analysis. Cell protein lysates (1 mg) were incubated with the 
appropriate antibodies or normal mouse IgG. Affinity ligand was added 
(10 μl), and wash buffer (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 20 mM  
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α-glycerol-phosphate; 1% NP-40; and 5 mM EDTA) was added to a final 
volume of 500 μl. After incubation at 4°C overnight, immune com-
plexes were washed thrice with wash buffer. Proteins were eluted by 
boiling in sample buffer, separated by 6% SDS-PAGE, then blotted with 
appropriate antibodies.

ChIP-PCR assay. Cells were crosslinked with 1% formaldehyde for 15 min-
utes at 37°C and stopped by the addition of glycine to a final concentra-
tion of 0.125 M. Lysates were sonicated on ice to shear DNA to lengths 
between 200 and 800 bp. Subsequent steps were performed with the ChIP 
assay kit (Millipore) according to the manufacturer’s instructions. Chro-
matin was immunoprecipitated for 16 hours at 4°C using the DNMT1 
antibody (Supplemental Table 4). FHIT, p16INK4a, and RARB primers used 
for PCR are listed in Supplemental Table 5.

MSP and bisulfite sequencing assays. The promoter methylation status of the 
FHIT, p16INK4a, and RARB genes were determined by chemical treatment 
with sodium bisulfite, MSP analysis, and bisulfite sequencing assay. Primer 
sequences are shown in Supplemental Table 5. All PCRs were performed 
with positive controls for both unmethylated and methylated alleles and 
no DNA control during MSP assay. Hypermethylated genes were defined as 
those that produced amplified methylation products in MSP or CG-dinu-
cleotide sequences in bisulfite sequencing assays.

Semiquantitative RT-PCR assay. Expression levels of DNMT1 were detect-
ed by RT-PCR assay using β-actin as an internal control. The primers used 
and their PCR conditions are shown in Supplemental Table 5. The num-
ber of cycles, primer amount, and cDNA used were determined to provide 
quantitative amplification during RT-PCR. The average level of mRNA for 
DNMT genes in tumor lung tissues was 1.3- to 1.4-fold higher than that 
in normal lung tissues. To improve the specificity of analysis, we consid-
ered tumors with 1.5-fold higher expression than that of normal cells to 
have an abnormal pattern.

Flow cytometry and cell cycle synchronization assays. Cell cycle distribu-
tion was determined by flow cytometry. A549 cells (2 × 106) were incu-
bated in medium containing 10% FBS and treated with DMSO or 10 μM 
NNK for 24 hours. Cells were trypsinized and fixed with 70% ethanol 
overnight at –20°C. Fixed cells were stained with a solution containing  
20 μg/ml propidium iodide, 200 μg/ml RNase A, and 0.1% Triton X-100 for  
20 minutes in the dark. Cell cycle distribution was performed by FACScan 
flow cytometry (BD Biosciences) and calculated using ModFIT LT version 
2.0 software (BD Biosciences). To induce specific cell cycle in A549 cells, 
M phase was enriched by 24 hours of treatment with 10 μM nocodazole 

(Sigma-Aldrich), G1 phase was induced 5 hours after nocodazole release, 
and S phase was induced by treatment with 10 μg/ml aphidicolin (Sigma-
Aldrich) for 24 hours.

Statistics. SPSS (SPSS Inc.) was used for all statistical analysis. Pearson 
χ2 test was used to compare the frequency of DNMT1 and βTrCP altera-
tions between lung cancer patients with different smoking statuses and 
pack-years and to study relationships between variables in tumor samples. 
Pearson χ2 test was also used to compare the relationship among DNMT1, 
p-AKTSer473, p-GSK3βSer9, cytoplasmic hnRNP-U, and cytoplasmic βTrCP 
protein expression levels in mouse lung tissues with or without NNK treat-
ment. To analyze the difference of DNMT1 protein levels among various 
treatments in cell model studies, 2-tailed Student’s t test was used. Type 
III censoring was performed on subjects who were still alive at the end of 
the study. Survival curves were calculated by the Kaplan-Meier method, 
and comparison was performed by the log-rank test. A P value less than 
0.05 was considered statistically significant. A Cox proportional hazards 
regression model was used for the multivariable analysis of independent 
prognostic factors for survival.
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