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Abstract
The use of cigarette products tags tobacco as a crop with serious health concerns, but nutraceutical potentials 

of tobacco constituents other than nicotine have not been adequately explored. The objective of this study was to 
investigate the effect of nicotine-free tobacco extract on the activation of tumorigenesis barriers. Four lines of human 
cells were treated with a nicotine-free tobacco extract (0.1 and 1 mg/mL, 0-48 h). MRC-5 and CCD841 non-cancerous 
cells treated with the tobacco extract showed hypersensitivity, apoptosis and cell cycle arrest in S and G2/M phases, 
and induction of DNA damage response as evidenced by phosphorylation of ataxia telangiectasia mutated at Ser-
1981 and histone H2A.X at Ser-139. In contrast, HCT 116 cancerous cells, with or without functional DNA mismatch 
repair, were resistant to the tobacco extract treatment. These results suggest that tobacco components other than 
nicotine may have a chemoprevention potential that stifles tumorigenesis at the early stage of tumorigenesis.
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Abbreviations: ATM: Ataxia Telangiectasia Mutated; PBS: Phos-
phate-Buffered Saline; hMLH1: MutL Homolog 1; MTT: 3-[4,5-Di-
methylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; pATM Ser-
1981: phospho-ATM at Ser-1981; γH2AX: phospho H2A.X at Ser-139

Background 
Tobacco (Nicotiana tabacum L.) has been grown primarily for 

commercial production of cigarettes and related products with a long 
history. Due to health concerns and government regulations in the 
last 20 years, tobacco production has been declining. Irrespective of 
smoking uses, tobacco is in fact a good source of biomass with superior 
protein quality and nutrition value [1,2]. Tobacco contains thousands 
of chemicals and proteins with various characteristics [3]. Along the 
same line, recent applications of alternative uses of tobacco have 
engineered to yield a number of recombinant proteins with therapeutic 
potentials including hormones, growth factors, hair growth, and 
vaccine antigens [4-7]. Moreover, tobacco can grow in high density 
and produce more than four-fold proteins than soybeans do, providing 
an excellent source for crude protein extract.

Cancer chemoprevention suppresses or prevents the initial phase 
of tumorigenesis or the progression of neoplasm to cancer. Genome 
maintenance is an ideal target for chemoprevention. Recent advances 
suggest that ataxia telangiectasia mutated (ATM)-dependent DNA 
damage response serves as a major barrier of human tumorigenesis 
at the early stage [8-10]. Heritable mutations in ATM cause ataxia-
telangiectasia, a genome instability syndrome characterized by cancer 
predisposition, neurodegeneration, and premature aging. In response 
to DNA damage, the ATM kinase is rapidly activated and mediates 
multiple downstream pathways, resulting in DNA damage checkpoint 
activation and repair. H2A.X is a phosphorylation substrate of ATM 
and a reliable marker of DNA breaks [11]. Furthermore, many cases of 
colorectal cancers are characterized by microsatellite instability due to 
a defective mismatch repair system [12]. Human MutL homologue-1 
(hMLH1) is an important DNA mismatch repair protein that forms 
a complex with post-meiotic segregation protein-2 to recognize and 
stabilize mismatched DNA. Whereas somatic mutations in mismatch 
repair genes and epigenetic silencing of hMLH1 expression are 

observed in a significant portion of sporadic colorectal cancers, 
germline mutations in hMLH1 account for the majority of autosomal 
dominant non-polyposis colon cancer [13,14]. 

In addition to the well-characterized nicotine, tobacco contains 
many unknown chemicals, some of which may be of medicinal 
applications. A tobacco extract has been shown to induce apoptosis 
in oral squamous carcinoma cells [15]. Interestingly, an optimal 
phosphate buffer system can effectively remove nicotine residuals and 
recover proteins from tobacco leaves up to 94.5% [2]. In the current 
study, we proposed that the nicotine-free tobacco extract can intervene 
tumorigenesis by targeting the DNA damage response pathway. To 
test this hypothesis, we employed the nicotine-free tobacco extract 
isolated by an effective and scalable system with an aim to avoid the 
confounding effect of nicotine on tumorigenesis.

Methods 
Cell culture and chemicals 

The MRC-5 human normal lung fibroblasts and CCD841 CoN 
human normal colorectal epithelial cells were cultured in minimum 
Eagle’s medium (Mediatech, Herndon, VA) supplemented with 15% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO), essential amino 
acids (1 ng/mL), nonessential amino acids (1 ng/mL), vitamins (1 ng/
mL), penicillin (50 IU/mL), and streptomycin (50 μg/mL) at 37°C in a 
5% CO2 incubator. HCT 116 human colorectal adenocarcinoma cells 
complemented with an empty vector or a hMLH1-expressing vector 
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(HCT 116+hMLH1) were maintained in Dulbecco’s modified Eagle’s 
medium (Mediatech) supplemented with 10% fetal bovine serum, 
penicillin (50 IU/mL), and streptomycin (50 μg/mL) [16]. This isogenic 
pair of HCT116 cell lines was kindly provided by Dr. Francoise Praz 
(Centre National de la Recherche Scientifique, Villejuif, France.) [17].

The nicotine-free tobacco extract used in this study was prepared 
form low alkaloid tobacco (N. tabacum L. cv. MD-609LA) using the 
Na2HPO4–KH2PO4 buffer system as described previously [2]. The 
nicotine was completely removed from the protein and undetectable 
in the extract [2]. The extract powder was mixed with phosphate 
buffered saline (PBS) and placed on a shaker at 50 rpm for 1 h at 
room temperature, followed by filtration through a 0.22 μm filter. 
3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, 
Calbiochem, La Jolla, CA) was dissolved in PBS.

Cell viability assay 

Cell viability assay was performed as described previously with 
modifications [18]. Briefly, cells were seeded in 24-well plates (1 ×104 
cells/well) and treated with the tobacco extract at a final concentration 
of 0.1 or 1 mg/mL for 3 days. The medium was then refreshed and 
incubated with MTT (0.5 mg/mL) at 37°C for 4 h. DMSO was then added 
to dissolve formazan, followed by spectrophotometric quantification at 
595 nm (FLUOstar OPTIMA, BMG Labtech, Cary, NC, USA). Percent 
viability was calculated as: [optical density of treated sample/optical 
density of untreated cells] ×100%.

Flow cytometric measurement of apoptosis 

Cells were plated (5 × 104 cells/3.5-cm2 dish) and grown to 70% 
confluency and treated with the tobacco extract (1 mg/mL) for 24 
or 48 h, followed by trypsin treatment for 5 min at 37°C. The cells 
were collected and spun down at 500 × g for 5 min. The pellets were 
resuspended in a buffer (500 μL) containing 5 μL Annexin V-FITC and 
1 μL SYTOX green dye and incubated at room temperature in dark 
for 5 min (Biovision Annexin V-FITC Apoptosis Detection, K201-
400). Apoptotic cells were then analyzed by the detection of cell surface 
Annexin V-FITC (Ex, 488 nm; Em, 530 nm) using a BD FACSCanto 
II flow cytometer.

Cell cycle analyses 

Cell cycle analysis was performed as described previously [16] with 
modifications. Briefly, cells were seeded (5 × 104 cells) into 3.5-cm2 
dishes and treated with the nicotine-free tobacco extract (1 mg/mL) 
for 0-48 h. Trypsinized, single cells were then incubated with Vybrant® 
DyeCycleTM Violet stain (Invitrogen, 5 μM) at 37°C for 30 min in 
dark. Vybrant® DyeCycle Violet is DNA-selective and cell membrane-
permeable and is responsive to laser light for DNA content analysis in 
living cells. Cell cycle profiles were analyzed (Ex, 405 nm; Em, 440 nm) 
using a BD FACSCanto II flow cytometer.

Immunofluorescence analyses 

Immunofluorescent analyses of phospho-H2A.X at Ser-139 
(γH2A.X) and phospho-ATM at Ser-1981 (pATM Ser-1981) were 
performed as described previously [19]. Briefly, cells (2 × 104 cells) 
were grown on coverslips in 3.5-cm2 dishes and incubated with the 
nicotine-free tobacco extract for 0-48 h. The cells were washed in PBS, 
fixed in 4% paraformaldehyde (in PBS) for 15 min and then in 90% 
cold methanol for 10 min, permeabilized in 0.3% Triton-X 100 at room 
temperature for 10 min, and incubated overnight with the following 

antibodies at 4°C: H2A.X (1:500, Abcam, Cambridge, MA), γH2A.X 
(1:500, Abcam), ATM (1:500, Epitomics, Burlingame, CA) and pATM 
Ser-1981 (1:500, Rockland, Gilbertsville, PA). The immunostaining 
signals were determined by a flurorescence microscope (AxioObserver 
100, Carl Zeiss, Oberkochen, Germany), followed by deconvolution 
with the Axion Vision Release 4.7.2.0 software fordata analysis. 

Statistics analysis 

All data were analyzed using the GraphPad Prism 5.0 software 
(GraphPad Software, Inc., La Jolla, CA). Student’s t-test was applied 
to determine statistical significance between the treatments and the 
control.

Results and Discussion 
Effect of nicotine-free tobacco extract on cell proliferation 

A previous report showed that a nicotine-containing tobacco 
extract induces cancer cell death [15]. Here, results from cell sensitivity 
assay showed that HCT 116 cancerous cells (Figure 1) were resistant 
to the nicotine-free tobacco extract (1 mg/mL) whereas the treatment 
reduced (p < 0.05) the viability of HCT 116 + hMLH1, MRC-5 and 
CCD841 (Figure 1) cells by 32%, 42% and 81%, respectively. The 
nicotine-free tobacco extract did not affect the viability of the four 
cell lines when treated at a concentration of 0.1 mg/mL. These results 
indicate that bioactive components other than nicotine in tobacco 
leaves exhibited cytotoxic effect, the extent of which was greater in 
non-cancerous and DNA mismatch repair proficient HCT 116 cells, as 
compared to the DNA mismatch repair deficient HCT 116 cells.

Induction of apoptosis by nicotine-free tobacco extract in 
non-cancerous, but not in the cancerous HCT 116 cells

Apoptosis is a form of programmed cell death, which is 
typically hampered during the course of tumorigenesis. Annexin V 
externalization is an event occurred at the early stage of apoptosis 
development. Results from flow cytometric analyses indicated that 
HCT 116 and HCT 116+hMLH1 cancerous cells (Figure 2) did not 
show induction of Annexin V expression after treatment with the 
tobacco extract. In contrast, MRC-5 and CCD841 non-cancerous cells 
showed significant induction of Annexin V expression, and the onset 
of which is earlier in CCD841 than in MRC-5 cells (Figure 2).
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Figure 1: Effects of nicotine-free tobacco extract on cell viability. Cells were 
treated with nicotine-free tobacco extract for 2 days, followed by a MTT assay to 
estimate for cell viability. Values are means ± SEM, n = 3. **, p < 0.01, compared 
with cells without tobacco treatment.
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Nicotine-free tobacco extract differentially induces cell cycle 
arrest in the cells 

We further investigated whether or not the tobacco extract treatment 
impacted on cell cycle distribution. Analyses of flow cytometric results 
showed that HCT 116+hMLH1 cells arrested in S phase at 24 h and 
G0/G1 phase at 48 h after treatment with the nicotine-free tobacco 
extract, whereas the cell cycle distribution in HCT 116 cells did not 
significantly change after the treatment (Figure 3). In MRC-5 cells, the 
treatment resulted in increased G2/M cells at 48 h and S phase cells at 
24 h and G2/M cells at 48 h (Figure 3). CCD841 cells endogenously 
showed greater S and G2/M cells as compared to HCT116 and MRC-5 
cells. After treatment with the tobacco extract, there was an increase 
in G0/G1 cells and a decrease in G2/M cells at 24 and 48 h (Figure 3).

Nicotine-free tobacco extract induces the formation of pATM 
Ser-1981 and γH2A.X in non-cancerous, but not in cancerous 
cells 

To determine whether or not the nicotine-free tobacco extract 
activates DNA damage responses, we determined nuclear expression of 
γH2A.X (a marker of DNA breaks) and pATM Ser-1981 (a marker of 

ATM pathway activation). Results from immunofluorescent analyses 
demonstrated that treatment with nicotine-free tobacco extract (0.1 
mg/mL) resulted in a time-dependent induction of γH2A.X (Figure 
4 and Supplemental Figure 1) and pATM Ser-1981 in MRC-5 and 
CCD841 (Figure 5 and Supplemental Figure 2) non-cancerous cells. 
In contrast, the treatment did not noticeably induce γH2A.X (Figure 
4) and pATM Ser-1981 focus formation in HCT 116 or HCT 116 + 
hMLH1 (Figure 5) cancerous cells. Taken together, the tobacco extract 
induces DNA breaks and ATM pathway activation in the MRC-5 and 
CCD841 non-cancerous but not in HCT 116 and HCT 116 + hMLH1 
cancerous cells.

Discussion and Perspectives 
Activation of DNA damage response is known as an early barrier 

of tumorigenesis [8,9]. Here we report that the nicotine-free tobacco 
extract can activate DNA damage responses in non-cancerous but not 
in cancerous cells, suggesting a potentially promising application for 
this ill-imaged crop.
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Figure 2: Effects of nicotine-free tobacco extract (1mg/mL) on apoptosis in the 
cells. Apoptotic cells were estimated by Annexin V-expressing cells using flow 
cytometry. Values are means ± SEM, n = 3. Bars without sharing a common 
letter are different (p <0.05). 
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Figure 3: Effect of nicotine-free tobacco extract (1 mg/mL) on cell cycle 
distribution. At the indicated time points, harvested cells were stained with 
DyeCycle® Violet and cell cycle distribution was analyzed by flow cytometry. 
Values are means ± SEM, n = 3. *, p < 0.05; **, p < 0.01, compared with 0 h. 
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Figure 4: Effect of nicotine-free tobacco extract (1mg/mL) on γH2A.X focus 
formation in the nucleus. At the indicated time points, cells were collected for 
immunofluorescence analyses of γH2A.X foci. A nucleus containing more than 
five foci is defined as a focus-positive cell. Values are means ± SEM, n = 3. *, p 
< 0.05; **, p < 0.01, compared to 0 h. 
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Figure 5: Effect of nicotine-free tobacco extract (1mg/mL) on pATM Ser-1981 
focus formation in the nucleus. At the indicated time points, cells were collected 
for immunofluorescence analyses of pATM Ser-1981. A nucleus containing 
more than five foci is defined as a focus-positive cell. Values are means ± SEM, 
n = 3. *, p < 0.05; **, p < 0.01, compared to 0 h.
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Previous study in our laboratory demonstrates that selenium 
compounds can activate an ATM-dependent DNA damage response 
in noncancerous but not in cancerous cells [19]. Apparently, chemicals 
other than nicotine in tobacco leaves may similarly elicit ATM pathway 
induction. Indeed, ATM is activated by various forms of cellular stress, 
including reactive oxygen species, DNA damage and chromatin 
remodelling. The nicotine-free tobacco extract induces ATM pathway 
activation, γH2A.X formation, and apoptosis in noncancerous but 
not in cancerous cells, suggesting that the tobacco extract can target 
the ATM pathway for activation of early tumorigenesis barriers. One 
future direction is to identify the bioactive components in the tobacco 
extract, among the five thousand chemicals known to exist in tobacco 
leaves [20], which exhibit chemoprevention effect.

Although both HCT 116 and HCT 116 + hMLH1 cancerous 
cells are resistant to apoptosis induction by the nicotine-free tobacco 
extract, the latter cells are sensitive to the tobacco extract treatment in 
a dose-dependent manner. Therefore, induction of apoptosis may not 
account for cellular sensitivity to the nicotine-free tobacco extract in 
cancerous cells. These results also suggest that the tobacco extract does 
not sensitize HCT 116 + hMLH1 cells to cell death by coupling DNA 
mismatch repair to apoptosis. In contrast, treatment of MRC-5 and 
CCD841 noncancerous with the tobacco extract comparably induces 
cell death and apoptosis. Therefore, the nicotine-free tobacco extract 
may sensitize non-cancerous and cancerous cells through distinct 
stress response pathways.

Treatment with the tobacco extract impacts cell cycle profiles in 
HCT 116 + hMLH1, MRC-5 and CCD841 cells; however, the changes 
are not associated with viability of the cells after the tobacco extract 
treatment. Nonetheless, HCT 116 cells are resistant to treatment with 
the tobacco extract and the cell cycle profile does not significantly 
change after the treatment. Cell cycle arrest is known as a cellular 
defence mechanism that allows for DNA repair and apoptosis events to 
occur. Thus, these results suggest that the tobacco extract differentially 
elicits cell cycle checkpoint responses, but the patterns of changes are 
not associated with cell sensitivity to the tobacco extract.

Cancer cells are known to carry increased genome instability 
and are refractory to treatment with DNA-damaging agents such as 
selenium compounds [19]. Similarly, HCT 116 + hMLH1 cells are 
more sensitive than the DNA mismatch repair deficient HCT 116 cells 
to treatment with selenium compounds [16]. This may explain why 
the DNA mismatch repairs proficient HCT 116 + hMLH1 and non-
cancerous cells are more sensitive to the nicotine-free tobacco extract. 
However, it is unclear why CCD841 CoN cells appear to be more 
sensitive than HCT 116 + hMLH1 and MRC-5 cells to the tobacco 
extract and why HCT 116 + hMLH1, MRC-5 and CCD841 CoN cells 
arrested at different stages of the cell cycle after the treatment. Likely, 
the epithelial CCD841 CoN and the fibroblast MRC-5 cells exhibit cell 
type specific responses to the tobacco extract attributed to distinctive 
signaling pathways [21] and chemicals released from the cells [22]. 
Future studies such as system biology approaches should be considered 
to elucidate the molecular bases for the differential response among the 
cells to the nicotine-free tobacco extract.

Conclusions 
The nicotine-free tobacco extract may serve as a chemoprevention 

agent that mitigates tumorigenesis at precancerous stages. Thus, the 

nicotine-free tobacco extract is of nutraceutical potential. Among 
the bioactive compounds present in tobacco leaves, nicotine appears 
to target cancer cells [15] while other components may play a role at 
precancerous stages. To sustain and encourage tobacco planting for 
applications other than cigarette production, it is of future interest to 
identify bioactive compounds in the nicotine-free tobacco extract and 
elucidate the signalling pathways against tumorigenesis.
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