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ABSTRACT 

OF THE THESIS OF 

 

 

 

Dania Mazen Kabbani for  Master of Science 

      Major: Pharmacology and Toxicology  

 

 

Title: Association of the Cytotoxic Effects of Waterpipe and Cigarette Smoke Extract 

with Epigenetic Changes in Breast Cancer Cells  

 

 

Background Smoking is one of the preventable leading causes of diseases and 

premature death worldwide. In Lebanon, smoking is a main public concern as it scored 

one of the highest smoking rate in the Eastern Mediterranean region reaching a peak of 

53.9%.  It is a major risk factor for the development of cancer including breast cancer, 

as according to the WHO in 2020, the incidence of breast cancer new cases ranked 

number one and became the second leading cause of death in Lebanon. Studies have 

shown a positive correlation between early and long term exposure to smoking and the 

incidence of breast cancer. Tobacco smoke was found to be behind the development of 

epigenetic aberrations that are linked to breast cancer, with the most compelling 

evidence for AhRR hypomethylation and cigarette smoking.  

 

Aim The aim of this study is to determine the genotoxic and possible development of 

mesenchymal properties upon exposure to cytotoxic concentrations of cigarette and 

waterpipe smoke in MCF-7 and MDAMB-231 breast cancer cell lines, and to evaluate 

the differential methylation of the AhRR and MYT1L regions of interest that were found 

in peripherial blood samples to be specific for cigarette and waterpipe smoke 

respectively, in breast cancer cell lines. 

 

Methods MTT assay was first done to determine the IC20 and IC50 for both waterpipe 

and cigarette smoke, and the concentrations were validated by trypan blue assay. These 

were then used to determine the genotoxic and cell cycle arrest effects using the ɣH2AX 

and flow cytometry assays respectively, and to determine any potential carcinogenic 

effect by evaluating the expression of epithelial and mesenchymal markers using the 

RT-PCR assay, and performing migration assay. Differential methylation of the AhRR 

and MYT1L regions of interest were then analyzed through direct bisulfide sequencing.  

  

Results Exposure to cytotoxic concentrations of waterpipe and cigarette smoke caused 

DNA damage in MCF-7 and MDAMB-231 with secondary arrest at the S phase; though 

with the MDAMB-231 cell line exposure to higher concentrations showed less 

genotoxic damage that was translated into avoiding cell arrest at S phase. Also for both 

cell lines, the mesenchymal SNAIL marker increased with a trend of decrease in the 

CDH-1, an epithelial marker, but the results of the migration assay showed a decrease in 

migration ability of cells compared to the control at 24hrs. Finally, the differential 
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methylation of the AhRR and MYT1L region of interests that were specific for peripheral 

blood samples were not so for breast cancer cell lines.  

 

Conclusion Exposure to cytotoxic concentrations of cigarette and waterpipe smoke 

caused DNA damage and S phase cell cycle arrest. It also induced an increase in the 

expression of the SNAIL mesenchymal marker. The mesenchymal phenotype was 

observed under the microscope yet, and at high concentrations, MDAMB-231 cells may 

have become resistant to genotoxicity hence the highest expression of SNAIL. The 

lesser migration ability at 24hrs can be due to cell death. With respect to the epigenetic 

changes, results showed no difference in DNA methylation between the exposure and 

the control and the outcome was different from that of the peripheral blood samples.   

 

  



 

 4 

TABLE OF CONTENTS 
 

ACKNOWLEDGEMENTS ........................................................... 1 

ABSTRACT ................................................................................... 2 

ILLUSTRATIONS ......................................................................... 8 

TABLES ....................................................................................... 11 

ABBREVIATIONS ...................................................................... 12 

INTRODUCTION ........................................................................ 13 

A. Smoking ................................................................................................................. 13 

1. Smoking epidemiology ....................................................................................... 13 

2. Reasons behind smoking .................................................................................... 13 

3. Smoking related complications ........................................................................... 13 

a. Smoking and cardiovascular diseases ............................................................. 14 

b. Smoking and lung diseases ............................................................................. 15 

c. Smoking and cancer ........................................................................................ 16 

4. Types of tobacco smoke ..................................................................................... 17 

a. Waterpipe tobacco product ............................................................................. 17 

b. Cigarette tobacco product ............................................................................... 18 

c. Waterpipe and cigarette smoke constituents ................................................... 18 

B. Breast cancer .......................................................................................................... 23 

1. Breast cancer epidemiology ................................................................................ 23 

2. Types of breast cancer ........................................................................................ 25 

3. Breast cancer risk factors .................................................................................... 25 

4. Smoking and breast cancer ................................................................................. 27 

a. Epidemiological association studies ............................................................... 27 



 

 5 

b. Pathophysiology .............................................................................................. 28 

C. In vitro studies of the effects of cigarette and waterpipe smoke extracts on 

different cell lines including the breast ....................................................................... 29 

1. Cigarette smoke .................................................................................................. 29 

a. Genotoxicity .................................................................................................... 29 

b. Cytotoxicity .................................................................................................... 29 

c. Epithelial-mesenchymal transition .................................................................. 30 

d. Motility, migration, and invasion ................................................................... 31 

e. Inflammatory response .................................................................................... 32 

2. Waterpipe smoke ................................................................................................ 34 

a. Genotoxicity .................................................................................................... 34 

b. Cytotoxicity .................................................................................................... 35 

c. Epithelial mesenchymal transition .................................................................. 35 

d. Migration and invasion ................................................................................... 35 

D. DNA methylation ................................................................................................... 41 

1. DNA methylation definition ............................................................................... 41 

2. DNA methylation and enzymes .......................................................................... 42 

3. DNA methylation and cancer ............................................................................. 42 

4. DNA methylation and breast cancer ................................................................... 43 

a. Global DNA methylation ................................................................................ 43 

b. Candidate gene DNA methylation .................................................................. 44 

5. DNA methylation and environmental exposure ................................................. 45 

6. DNA methylation and tobacco smoke ................................................................ 46 

7. DNA methylation, tobacco smoke and breast cancer ......................................... 49 

8. AhRR .................................................................................................................. 49 

9. MYT1L ............................................................................................................... 52 

10. DNA methylation in cell lines upon exposure to smoke extract ...................... 54 

AIMS ............................................................................................ 57 

METHODS ................................................................................... 59 



 

 6 

A. Cell lines and media ............................................................................................... 59 

B.  Protocol for smoking ............................................................................................. 59 

1. Waterpipe extract ................................................................................................ 59 

2. Cigarette smoke extract ...................................................................................... 60 

C. Cell metabolic activity assay .................................................................................. 60 

D. Cytotoxicity ........................................................................................................ 61 

1. Trypan blue ......................................................................................................... 61 

2. Flow cytometry ................................................................................................... 61 

E. Genotoxicity ........................................................................................................... 62 

F. Morphology ............................................................................................................ 63 

G. EMT markers ......................................................................................................... 63 

H. Migration ................................................................................................................ 64 

I. DNA methylation .................................................................................................... 65 

1. DNA collection and isolation ............................................................................. 65 

2. Bisulfite conversion ............................................................................................ 65 

3. Primer design ...................................................................................................... 65 

4. Polymerase chain reaction .................................................................................. 66 

5. Sanger sequencing .............................................................................................. 68 

6. ESME analysis .................................................................................................... 68 

RESULTS ..................................................................................... 69 

A. Cell metabolic activity ........................................................................................... 69 

B. Trypan blue ............................................................................................................ 72 

C. Genotoxicity ........................................................................................................... 74 

D. Flow cytometry ...................................................................................................... 77 



 

 7 

E. Morphology ............................................................................................................ 81 

F. EMT markers .......................................................................................................... 82 

G. Migration assay ...................................................................................................... 88 

H. DNA methylation ................................................................................................... 91 

1. Validation of methylation experiments ............................................................... 91 

2. AhRR and MYT1L ROI methylation in MCF-7 and MDAMB-231 cell lines 

after exposure to cigarette and waterpipe smoke .................................................... 95 

DISCUSSION ............................................................................... 97 

LIMITATIONS .......................................................................... 104 

CONCLUSION .......................................................................... 105 

FUTURE PERSPECTIVES ....................................................... 106 

REFERENCES ........................................................................... 107 

 

  



 

 8 

ILLUSTRATIONS 
 

Figure 

 

1. Specific and nonspecific pathways whereby tobacco smoke constituents cause 

cancer [29]. ......................................................................................................... 16 

2. Percentage of breast cancer incidence of new cases for both genders of all ages 

(A), and percentage of incidence among females only (B) worldwide [49]. ...... 24 

3. Percentage of breast cancer incidence of new cases for both genders of all age 

(A), and percentage of incidence among females only (B) in Lebanon [45]. ... 24 

4. The effect of environmental exposure on DNA methylation, with (A) the effect 

that leads to hypomethylation of the promoter region and (B) the 

hypermethylation pattern [127]. ......................................................................... 46 

5. Representation of the AhRR gene [135]. ............................................................. 50 

6. The AhR genomic pathway [135]. ...................................................................... 51 

7. The physiological and pathological effects of AhR activation [135]. ................ 51 

8. Structure of the MYT1L protein [146]. .............................................................. 53 

9. The forward and reverse bisulfite sequence primers covering the region of 

interest of the MYT1L gene. ................................................................................ 66 

10. The forward and reverse bisulfite sequence primers covering the region of 

interest of the AhRR gene. ................................................................................... 66 

11. The effect of different concentrations of waterpipe (A) and cigarette smoke (B) 

on the MCF-7 cell metabolic activity on 3 consecutive days. Data are means ± 

SEM of at least three trials. ................................................................................. 70 

12. The effect of different concentrations of waterpipe (A) and cigarette smoke (B) 

on the MDAMB-231 cell metabolic activity on 3 consecutive days. Data are 

means ± SEM of at least three trials. .................................................................. 71 

13. Effects of different concentrations of waterpipe (A) and cigarette (B) smoke 

extract on MCF-7 cell viability and its percentage with respect to control using 

trypan blue assay. ................................................................................................ 73 

14. Effects of different concentrations of waterpipe (A) and cigarette (B) smoke 

extract on MDAMB-231 cell viability and its percentage with respect to control 

using trypan blue assay. ...................................................................................... 73 

15. Representative images (100X magnification) showing the effects of different 

concentrations of waterpipe and cigarette smoke on DNA damage in MCF-7 cell 

lines using ɣH2AX assay. ................................................................................... 75 



 

 9 

16. Representative images (100X magnification) showing the effects of different 

concentrations of waterpipe and cigarette smoke on DNA damage in MDAMB-

231 cell lines using ɣH2AX assay. ..................................................................... 76 

17. Representative MCF-7 cell line cell cycle upon exposure to different 

concentrations of WPE and CSE. ....................................................................... 77 

18. SubG0 phase (A and B) and Cell cycle distribution (C and D) of MCF-7 cell 

line upon treatment with different concentrations of waterpipe and cigarette 

smoke extract respectively. ................................................................................. 78 

19. Representative MDAMB-231 cell line cell cycle upon exposure to different 

concentrations of WPE and CSE. ....................................................................... 79 

20. SubG0 phase (A and B) and Cell cycle distribution (C and D) of MDAMB-231 

cell line upon treatment with different concentrations of waterpipe and cigarette 

smoke extract respectively. ................................................................................. 80 

21. Microscopic images (40X) of the MCF-7 cells upon exposure to WPE and CSE 

IC20 and IC50 compared to control. .................................................................. 81 

22. Microscopic images (40X) of the MDAMB-231 cells upon exposure to WPE 

and CSE IC20 and IC50 compared to control. ................................................... 82 

23. The levels of expression for both epithelial (E-cadherin and CDH-1) and 

mesenchymal markers (SNAIL and vimentin) in MCF-7 cell line upon exposure 

to WPE and CSE at IC20 (A and C) and IC50 (B and D). Data were compared 

to untreated controls using Student t-test. ........................................................... 84 

24. The Real-Time PCR amplification plots of the epithelial markers E-cadherin (A) 

and CDH-1 (B) and the mesenchymal markers vimentin (C) and SNAIL (D) in 

MCF-7 cell line upon exposure to WPE and CSE at IC20 and IC50. ................ 85 

25. The levels of expression for both epithelial (E-cadherin and CDH-1) and 

mesenchymal markers (SNAIL and vimentin) in MDAMB-231 cell line upon 

exposure to WPE and CSE at IC20 (A and C) and IC50 (B and D). Data were 

compared to untreated controls using Student t-test. .......................................... 86 

26. The Real-Time PCR amplification plots of the epithelial markers E-cadherin (A) 

and CDH-1 (B) and the mesenchymal markers vimentin (C) and SNAIL (D) in 

MDAMB-231 cell line upon exposure to WPE and CSE at IC20 and IC50. ..... 87 

27. Representative images of MCF-7 cell line migration upon exposure to WPE and 

CSE IC20 (A) with plots of the distance travelled measured for three trials (B).

 ............................................................................................................................ 89 

28. Representative images of MDAMB-231 cell line migration upon exposure to 

WPE and CSE IC20 (A) with plots of the distance travelled measured for three 

trials(B). .............................................................................................................. 90 



 

 10 

29. Representative example of methylation results of the AhRR region of interest, 

which is highlighted in red rectangle, for current cigarette smokers and never 

smokers. .............................................................................................................. 92 

30. Comparison of AhRR ROI methylation percentages in peripheral blood of never 

vs. current cigarette smokers (*P<0.05 by Student t-test) .................................. 92 

31. Representative example of methylation results of the MYT1L region of interest, 

which is highlighted in red rectangle, for current waterpipe smokers and never 

smokers. .............................................................................................................. 94 

32. Comparison of MYT1L ROI methylation percentages in peripheral blood of 

never vs. current waterpipe smokers. .................................................................. 94 

33. The methylation % of MYT1L ROI in MCF-7 cell line 48hrs  after exposure to 

WPE (A) and CSE (B) at IC20 and IC50 concentrations (****P<000.1 with 

One-Way ANOVA followed by Tukey posthoc) ............................................... 96 

34. The methylation % for AhRR (A, B) and MYT1L (C, D) ROI in MDAMB-231 

cell lines 48hrs after exposure with WPE and CSE at IC20 and IC50 

concentrations. .................................................................................................... 96 

 
 

 

  



 

 11 

TABLES 
 

Table 

 

1. Constituents and concentrations produced from smoking after a single waterpipe 

session compared to inhalation of a single cigarette [39]. .................................. 21 

2. Summary of in-vitro studies of different cell lines exposed to cigarette smoke 

extracts. ............................................................................................................... 32 

3. Summary of in-vitro studies of different cell lines exposed to waterpipe smoke 

extract. ................................................................................................................. 36 

4. Summary of in-vitro studies of different cell lines exposed to waterpipe or 

cigarette smoke extracts. ..................................................................................... 37 

5. Forward and Reverse primers for the epithelial and mesenchymal markers. ..... 64 

 

 

  



 

 12 

ABBREVIATIONS 
AhR  Aryl Hydrocarbon Receptor  

AhRR  Aryl Hydrocarbon Receptor Repressor  

ANOVA Analysis of variance  

AP  Apurinic/apyrimdinic  

APC  Adenomatous polyposis coli  

ARNT  AhR nuclear translocator 

B[a]P  Benzo[a]pyrene  

CO  Carbon monoxide  

COPD  Chronic Obstructive Pulmonary Disease  

CSC  Cigarette smoke condensate  

CSE  Cigarette smoke extract 

DMEM Dulbecco’s Modified Eagle Medium  

DMR  Differentially Methylated Regions  

DNAPK DNA-dependent protein kinase  

DNMT  DNA methyltransferase  

EGFR  Epidermal Growth Factor Receptor 

EMT  Epithelial-Mesenchymal Transition  

FAK  Focal adhesion kinase 

FBS  Fetal bovin serum  

FDA  Food and Drug Administration  

GOLD  Global Initiative for Chronic Obstructive Lung Disease  

GSK-3β Glycogen synthase kinase 3 beta 

HDL  High density lipoprotein 

HER2  Human epidermal growth factor receptor 2 

KO  Knock out  

LC-MS Liquid Chromatography-Mass Spectrometry  

LDL  Low density lipoprotein 

LINE-1 Long interspersed nucleotide elements 

LUMA  Luminometric Methylation Assay  

MDC1  Mediators of DNA damage checkpoint protein 1  

MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MYT1L Myelin transcription factor 1-like 

NFkB  Nuclear factor kappa light chain enhancer of activated B cells 

NTC  No template control   

PAF  Platelet Activating Factor  

PAH  Polyaromatic hydrocarbon 

PBS  Phosphate buffered saline 

PCNA  Proliferating cell nuclear antigen  

PI  Propidium Iodide   

ROI  Region of interest  

RT –PCR Real time Polymerase Chain Reaction  

Sat2  Satellite 2 

SEM  Standard error mean   

TPM  Total Particulate Matter  

VLDL  Very low density lipoprotein 

WHO  World Health Organization 

WPE  Waterpipe extract 



 

 13 

CHAPTER I 

INTRODUCTION 
 

A. Smoking  

1. Smoking epidemiology  

Smoking is one of the preventable leading causes of diseases and premature 

death worldwide [1, 2]. According to the World Health Organization (WHO), 4.9 

million people die per year from smoking, and the death rate is expected to increase to 8 

million by 2030 [1, 3]. In Lebanon, smoking is a main public concern as it scored one of 

the highest smoking rate in the Eastern Mediterranean region reaching a peak of 53.9% 

[1, 4].   

 

2. Reasons behind smoking 

The causes behind the increase in smoking consumption are related to low 

income, advertisement on TV[5], low education, lack of regulations [6], peer pressure 

[1] and for the relief of pressure [7]. 

 

3. Smoking related complications 

Smoking is one of the risk factors for the development of cardiovascular 

diseases, atherosclerosis, chronic obstructive pulmonary disease (COPD), and cancer. 
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a. Smoking and cardiovascular diseases 

According to the WHO, smoking is behind 10% of cardiovascular disease cases. 

Smoking affects systemic arteries as it lowers the flow mediated dilatation, causing an 

elevation in central arterial stiffness. Smoking also causes endothelial dysfunction [8].   

Many compounds found in tobacco activate several mechanisms involved in the 

development of cardiovascular diseases.  First is nicotine that increases myocardial 

oxygen demand, as this constituent stimulates the sympathetic nervous system [9, 10]. 

The second constituent is carbon monoxide as its affinity to hemoglobin binding is 

much greater than that of oxygen, thus the oxygen supply is reduced [9, 11]. Moreover, 

particulate matter, heavy metals, and polyaromatic hydrocarbons (PAH) promote the 

generation of oxidative stress and inflammatory mediators that activate thrombus and 

inflammatory processes resulting in vasoconstriction [9]. All of these mechanisms play 

a role in increasing oxygen demand and decreasing oxygen supply, hence leading to the 

development of myocardial ischemia and infarction.  

Craig et al [12] showed that smoking induces a rise in total cholesterol, VLDL, 

LDL, and triglyceride serum concentrations. On the other hand, it lowers HDL and 

apolipoprotein A1 in a dose-dependent manner. Upon consumption, tobacco smoke 

creates a pro-oxidative environment from the released free radicals and oxidants [8, 13]. 

The released products provide a high level of oxidized lipids taken up by macrophages, 

resulting in the formation of foam cells and autoantibodies inside the body [14-17]. The 

deposition of foam cells plays a role in plaque formation [8]. Also, smoking increases 

the levels of white blood cells inside the body as reported by Lavi et al [18]. In addition, 

smoking promotes the presence of inflammatory markers, proinflammatory cytokines, 
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matrix metalloproteinases, and adhesion molecules that are all well-known 

inflammatory processes involved in the development of atherosclerosis [19-21].  

 

b. Smoking and lung diseases 

Tobacco smoke affects the lungs in different mechanisms. According to the 

Global Initiative for Chronic Obstructive Lung Disease (GOLD) [22], COPD is defined 

as “persistent airflow limitation that is usually progressive and associated with an 

enhanced chronic inflammatory response in the airways and the lung to noxious 

particles or gases”. The diagnosis of the disease is related to a decline in maximum 

expiratory flow and forced expiratory volume in 1 second [22]. 

COPD is one of the major complications that arise from tobacco smoking, as 1 

out of 5 of chronic smokers develop the disease [23]. Tobacco smoking compromises 

the role of immune system and exacerbates inflammation which is the pathophysiologic 

process of COPD.  It activates the NFkB pathway that is an important mechanism 

involved in the development of COPD inflammation [24]. Also, smoking causes 

deletion of the NRF2 gene, which is responsible for lowering the incidence of 

emphysema formation, thereby tobacco induces lung emphysema [25]. Moreover, 

smoking increases mucus production making the lung surface a site that is more prone 

for the accumulation of infectious agents.   

Tobacco smoking also attacks several lines of defense in the lung. Epithelial 

cells, which are the first line of defense, produce more surfactant protein A/D and beta-

defensin during smoking [26]. Furthermore, smoking affects the mucus removal from 

the airway as it impairs the mucociliary function [25]. Concerning innate immunity, 

tobacco smoking modifies the function of neutrophils and macrophages. For example, 
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and upon long term exposure to tobacco constituents, innate immune cells loose the 

anti-apoptotic markers, decrease the ability to remove any defective cells in the body, 

and increase the secretion of cytokines and matrix metalloproteases [25, 27, 28].   

 

c. Smoking and cancer 

Tobacco smoke consists of addictive and non-addictive constituents, both of 

which contribute to cancer development. Figure 1 illustrates the specific and 

nonspecific pathways whereby tobacco smoke constituents cause cancer [29]. This 

process occurs among all types of cancer.  Nicotine, an addictive constituent in tobacco, 

is the main reason behind continuous smoking and hence prolonged exposure to the 

carcinogens.  

 

Figure 1 Specific and nonspecific pathways whereby tobacco smoke constituents cause 

cancer [29]. 

 

Carcinogenic compounds and reactive intermediates, produced during smoking, 

bind covalently to nucleosides forming DNA adducts [30]. The formed DNA adducts 

then lead to miscoding and mutations of the genes during replication [31]. The growth 

and repair mechanisms of stem cells are then affected if mutations occurred in positions 

related to oncogenes, tumor suppressor genes, and repair genes, resulting in 
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uncontrolled proliferation, evaded apoptosis, more mutations, and ultimately cancer [31, 

32].  In addition to DNA adducts, binding of carcinogens to receptors activates protein 

kinases and signaling pathways that promote carcinogenesis [33]. 

 

4. Types of tobacco smoke 

According to the food and drug administration (FDA), companies usually update 

their tobacco products to attract users. As for today, there are many types of tobacco 

smoking products such as regular and electronic cigarettes, cigars, little cigars, 

cigarillos, dissolvable products, waterpipe, and traditional smokeless tobacco products 

[34]. In this study, the focus is on waterpipe and the classical cigarette. 

 

 a. Waterpipe tobacco product 

Waterpipe, also known as “hookah, shisha, narghile, or argileh”, has become a 

traditional form of smoking worldwide, especially in Middle Eastern countries, and its 

use is expanding to become a global epidemic [9, 35]. Waterpipe use has been 

expanding due to many factors including the misconception among people due to 

advertisement that it is less harmful, the fact that it is made up of many flavors, and the 

lack of restrictive regulations in cafes [36]. The waterpipe is made up of a tobacco head, 

body, water bowl, hose, and a mouthpiece [6]. Waterpipe smoking works through the 

administration of the tobacco content found in the bowl that is covered by burning 

charcoal, so that as the smoker inhales, the air passes through the charcoal carrying its 

combustion products with tobacco contents. Then, the contents pass through water and 

are carried by the hose until they reach the smoker’s mouth and ultimately lungs [9, 37, 
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38]. Waterpipe is the only method of tobacco delivery that applies burning charcoal as a 

heat source. 

 

b. Cigarette tobacco product 

Cigarettes are made up of tobacco, wrapping paper, and a filter. Smokers usually 

consume this type of product for the sake of the pleasure felt from the addictive 

constituent nicotine. But at the same time, when the cigarette is burned, smokers are 

also exposed to toxic and carcinogenic compounds produced from tobacco [34]. 

 

c. Waterpipe and cigarette smoke constituents 

Several studies have been done to compare the toxicants’ content found in 

waterpipe vs. cigarette smoke, and in order to do that many compared the constituents 

yield between a waterpipe session and a single cigarette. Table 1 summarizes findings 

in the studies regarding the constituents and concentrations generated from a waterpipe 

session vs. that from inhalation of a single cigarette [39].     

Chemical constituents differ between waterpipe and cigarette smoke due to 

several factors. The first factor is related to the temperature difference between 

waterpipe and cigarette smoke delivery systems. For instance, the lower temperature in 

waterpipe smoke (450 degrees Celsius) causes incomplete combustion, thus the 

generation of more phenolic compounds when compared to cigarette smoke (900 

degrees Celsius) [40, 41].  Waterpipe is the only tobacco product that applies charcoal 

as a heating source during the smoking session, and studies showed that some 

compounds originate from charcoal. More specifically, Schubert et al [42] showed that 
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the burning of charcoal is the reason behind the formation of high levels of benzene and 

toluene. Also, studies showed that the removal of charcoal and replacing it with an 

electrical heater reduced CO value by 90%, and the level of PAH from 170 to 9 ng, 

hence reflecting a 95% difference [43]. Moving on to the second factor, the waterpipe 

consists of humectants and flavors that, upon heating, produce furanic compounds that 

are not found in cigarette smoke [39]. The third factor is related to the dilution of the 

amount of tobacco specific content with humectants and flavor in the waterpipe [39]. 

Thus, the yields of tobacco-specific nitrosamines is greater from cigarette than that from 

a waterpipe session. 

In addition to some differences in the constituents, there are notable differences 

in the concentrations and yields of the shared constituents from waterpipe and cigarette 

smoke. As shown in Table 1, although we observe overall higher amounts of extracts 

from a waterpipe session, one cannot immediately conclude that waterpipe is more toxic 

than cigarette smoke since this comparison does not address the actual harmful effect of 

each tobacco product [39]. In addition the duration of a waterpipe session is much 

longer resulting in higher amounts of constituents delivered, but these are distributed in 

around 1500mg of particulate matter [44], this is in comparison to a single cigarette that 

is inhaled over a shorter duration, where the constituents are delivered in around 30mg 

of particulate matter [44]. Thus the dilution effect is greater in waterpipe compared to 

that of cigarette smoke. Some constituents yield might differ between both as we 

mentioned before, thus the effect per unit mass of condensate might differ. In other 

words, the whole final mixture of the total particulate matter (TPM) produced by each 

product showed that the waterpipe contains lower amounts of constituents that are 

biologically active [44]. In addition, the charcoal related toxicants, which are specific to 
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waterpipe products, are diluted in the final total TPM produced, thus their effects are 

less significant when we are comparing per unit mass of condensate [44]. This means 

that the constituents yield from the waterpipe might require higher concentrations to 

produce its toxic effect, which is explained by the fact that the final mixture is diluted 

between harmful, humectants, and flavor constituents. Also, the passage of the 

constituents from the water favors some dilution effect to the constituent’s yield.  
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Table 1 Constituents and concentrations produced from smoking after a single 

waterpipe session compared to inhalation of a single cigarette [39]. 
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Table 1 (continued)   
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B. Breast cancer 

1. Breast cancer epidemiology 

According to the most recent data from the WHO in 2020, the incidence of 

breast cancer new cases ranked number one worldwide and Lebanon [45, 46]. Breast 

cancer is the fourth leading cause of death worldwide, while it is the second in Lebanon. 

Figures 2A and 3A show the breast cancer data of 2020 worldwide and in Lebanon, 

with respect to other types of cancer, with incidence among both genders of all ages, 

while Figures 2B and 3B show the data among females only.  
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A) B)  

Figure 2 Percentage of breast cancer incidence of new cases for both genders of all ages 

(A), and percentage of incidence among females only (B) worldwide [49]. 

 

 

A)       B)  

Figure 3 Percentage of breast cancer incidence of new cases for both genders of all age 

(A), and percentage of incidence among females only (B) in Lebanon [45].  
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2. Types of breast cancer 

 

Based on the immunohistochemical profile, breast cancer is classified into 

different subtypes based on estrogen and progesterone receptors and HER2 expression 

[47]. The hormone receptor positives are subdivided into luminal A, luminal B, and 

luminal HER2, whereas, the hormone receptor negative is subdivided into HER2 

enriched, basal and non-basal like phenotypes. Starting with the luminal A subtype, it is 

characterized by  breast cancer tissue that is positive for estrogen and progesterone 

receptors with ki-67, that reflects tumor nuclei, being below 14% [47]. Luminal B on 

the other hand has the same characteristics as luminal A, but with equal or more than 

14% of the ki-67. As for luminal HER2, it reflects breast cancer tissue positivity to the 

three estrogen, progesterone, and HER2 receptors. Moving on to the hormone negative 

subtypes, the HER2 enriched type entails cancer tissue that is estrogen and progesterone 

receptors negative, but HER2 positive [47]. Also, the triple negative type is subdivided 

into basal and non-basal phenotype, the difference is that the basal can be EGFR or 

CK5/6 positive whereas the non-basal is negative for all [47].  

 

3. Breast cancer risk factors 

Breast cancer development is associated with reproductive factors as high serum 

estrogen levels are directly correlated with breast cancer. More specifically, starting 

with menarche, the incidence of breast cancer is reduced by 10% with every 2 years 

delay in the onset of menarche [48]. Also, full term pregnancy at early age, breast-

feeding and usual menopausal age reduce the risk of breast cancer especially the 

hormone positive receptor type [49, 50]. In addition, parity causes a brief rapid 

proliferation of the breast epithelial cells yet at the long term, the breast epithelial cells 
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undergo differentiation giving the cell cycle more time for DNA repair hence a lower 

incidence of cancer [50]. Moreover, any type of exogenous hormonal intake such as oral 

contraceptives increases the probability of forming breast cancer [50].  

Concerning weight, obesity in premenopausal women shows a protective effect 

against breast tumor, while obesity in postmenopausal woman shows the opposite effect 

with high probability of hormone positive receptor type of breast tumor. The reason 

behind this observation is related to the ability of adipose tissue to convert circulating 

androgen to estrogen by aromatase enzyme; as for premenopause the lower risk is 

because of decreased levels of estrogen due to obesity [51-53].  

As for genetic risk factors, mutations of BRCA1/BRCA2, P53, and PTEN genes 

increase the risk of breast cancer [54-59]. And with respect to age, as age increases, the 

probability of the occurrence of estrogen positive breast cancer increases [60].   

Moving on to the lifestyle and dietary related risk factors, alcohol and tobacco 

consumption are significantly associated with increased incidence of the disease [61-

63], while physical activity and soy intake are protective against breast cancer 

incidence. For instance, studies showed that regular physical activity reduces risk by 

about 10 to 12%, and a lower incidence was observed in populations with high soy 

intake [64, 65].  

Exposure to high doses of radiation, such as that used to treat Hodgkin 

lymphoma patients, is also one of the risk factors for the development of breast cancer. 

The relation is related to how much the woman has been exposed to radiation during her 

lifetime especially if at younger age [66, 67].  

Cigarette smoking constituents were found to affect breast tissue. The 

carcinogens have a high affinity to lipids making them easily permeable to cross the 
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alveolar membrane, then be transported by plasma lipoproteins to breast tissue where 

they are stored in the breast adipose tissue and bioactivated by breast epithelial cells 

[63, 68]. Also, cigarette smoking was associated with an increased risk of p53 gene 

mutations [69]. Breast cancer risk is positively correlated with smoking intensity, and 

duration.    

Almost all of the above mentioned risk factors for breast cancer development are 

high among Lebanese women as the incidence of obesity recently increased to reach 

36.5% in 2015 [70] and the mean maternal age increased to around 28.3 years. The 

fertility rates is also as low as 1.7 per woman, and the prevalence of smoking is as high 

as 27.2% [71]. 

 

4. Smoking and breast cancer 

a. Epidemiological association studies 

There have been many studies done in order to evaluate whether there is an 

association between cigarette smoking and the incidence of breast cancer [72]. The 

studies that showed a positive association were mainly related to smoking at an early 

age, because the smoker becomes exposed to the carcinogenic constituents for a longer 

duration, thus a higher chance of breast cancer incidence. The results of the 

epidemiological studies that were done before the 1980s and 1990s did not show any 

link between breast cancer incidence and cigarette smoke. The reason behind this 

observation might be that early age initiation smokers were limited in these studies [72]. 

After that, more recent epidemiologic studies from, for example, hospital based case 

control studies concluded that a longer duration of smoking is linked to a higher 

incidence of breast cancer. One of these studies showed a 70% increase in risk when the 
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smoking duration is around 40 years and more[73], and another showed a 140% 

increase in risk when the smoker started smoking before age of 14 [72]. Population 

based case control studies showed similar results such that a 20 years’ smoking duration 

had a significantly positive association with breast cancer incidence [74-76]. Moreover, 

cohort studies showed a link between high intensity, long duration of smoking, and the 

risk of breast cancer [77, 78]. In conclusion, there is strong evidence linking intensity 

and duration of cigarette smoking to breast cancer risk. Importantly, no such 

epidemiological data are yet available for waterpipe smoking. 

 

b. Pathophysiology 

There is a debate about the effect of cigarette smoke on breast tissue. Some 

studies suggested that it might have an ‘antiestrogenic activity’ while others argued that 

cigarettes contain many harmful constituents that may act as an initiator for the 

development of cancer [72, 79, 80]. More recently, it has been asserted that cigarette 

smoke has harmful effects, as studies found smoking related DNA adducts in human 

breast epithelial tissue [80, 81]. These adducts can be used as a biomarker for tobacco 

smoke exposure, metabolic activity, and the delivery of the genotoxic metabolites to the 

DNA of breast epithelial cells. The mechanism behind their formation is that  the 

carcinogens found in tobacco smoke are lipophilic making them prone to be stored in 

breast adipose tissue [31]. Moreover, the breast epithelial cells express enzymes such as 

CYP1A1, CYP1B1, and NAT2 that can activate genotoxic carcinogens to cause DNA 

damage [31]. As a matter of fact, studies showed that women with slow acetylation 

genotype have higher levels of adducts in breast tissue [82, 83].  
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C. In vitro studies of the effects of cigarette and waterpipe smoke extracts on 

different cell lines including the breast 

1. Cigarette smoke 

Few studies evaluated the genotoxic and cytotoxic effects of tobacco smoke on 

different cells including the breast (Tables 2 and 4).  

 

 a. Genotoxicity 

Starting with the genotoxic effect, few studies detected the formation of tobacco 

related DNA adducts in breast tumors and normal adjacent breast tissue obtained from 

breast cancer patients [30, 81]. Other markers that were observed in relation to DNA 

damage and mutations are an increase in Adenomatous polyposis coli (APC), a block in 

base excision repair, and an increase in apurinic/apyrimdinic (AP) lesions upon 

exposure of MCF10A to the reference cigarette 1R4F extract [84]. Of note, no previous 

studies performed a direct assay to determine whether cigarette smoke causes DNA 

damage in breast cell lines. There is only one study that measured the levels of ɣH2AX, 

an indicator of double strand breakage, using cigarette smoke but on the human alveolar 

basal epithelial cell line (A459) [85].  

 

b. Cytotoxicity 

The above described genotoxic effects have been associated with cytotoxic 

effects on breast cancer cells, being cell cycle arrest or apoptosis depending on 

availability or efficiency of DNA repair mechanisms. Narayan and colleagues [86] 

showed an increase in the cellular response to DNA damage in MCF10A cells after 
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treatment with reference cigarette 1R4F, as the GADD45 gene was up-regulated and the 

cell growth was decreased reflecting cell cycle arrest at the S-G2/M phase as shown by 

flow cytometry [86]. Also in that same study, results showed that mRNA levels of Bcl-

xL and gadd45 genes, related to cell cycle and apoptosis, increased in a dose dependent 

manner [86]. Moreover, the levels of PCNA, p53, and p21 increased indicating that 

there was a genomic damage that stimulated the pathways related to DNA repair [86]. It 

is important to mention that in a study on SV-HUC-1 bladder cell line, the cigarette 

smoke extract triggered the progression of cells from G1 to S phase [87]. This 

observation might be related to the differences in the concentrations of cigarette extracts 

that were used as different cytotoxic effects were observed at higher concentrations.  

Some studies performed MTT and trypan blue assays to determine cell viability 

on different cell lines (MCF10A, A549, SAEC, and SV-HUC-1) upon exposure to 

cigarette smoke extracts [86-88]. The results of the assays are mentioned in details in 

Tables 2 and 4. The study that performed MTT assay on MCF10A showed that 

cigarette smoke decreased the metabolic activity of the cells [86]. It is important to 

mention that in a study on SV-HUC-1 bladder cell line, the cigarette smoke enhanced 

cell viability at low doses, but then the cells started to die with higher concentrations 

[87]. So the higher concentrations of cigarette smoke used on SVH-UC-1 cell line 

caused cytotoxic effects shown through MTT and flow cytometry assays [87].  

 

 c. Epithelial-mesenchymal transition 

Cigarette smoke also induced normal breast epithelial cell transformation and 

promoted epithelial-mesenchymal transition (EMT). For instance, a study showed that 

upon treating MCF10A and MCF-7 cells with cigarette smoke extract, the expression of 
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E-cadherin and occludin decreased while vimentin, N-cadherin, and fibronectin 

increased [89]. These observations indicate that cigarette smoke activates the mitogenic-

related signaling pathways that promote EMT in breast cell lines. In addition, the 

phenotypical changes related to EMT were observed under the microscope for 

MCF10A, MCF12A, and MCF-7 [89]. As for the nontumorogenic MCF10A and 

MCF12A cell lines, upon treatment to CSE, they acquired spindle shape and fibroblast-

like morphology. Concerning the tumorigenic MCF-7 cells upon exposure to CSE, they 

formed more spindle shapes that are elongated.  

 

d. Motility, migration, and invasion 

After exposure to cigarette smoke extracts, some cells became more motile and 

gained the ability to migrate and invade. A study done on MDAMB-231, a triple 

negative breast cancer cell line, showed a significant increase in cell motility when 

exposed to CSE compared to MDAMB-231 cells cultured with media only and other 

breast cell lines ( MCF-7, MCF10A) [90]. Another study was done to determine the 

migration ability of MCF10A and MCF12A, and the invasion ability of MCF-7 [89]. 

Results showed that MCF10A had an increase in migration ability after 37 and 72 

weeks, with 3.1 fold increase for 0.5% CSE, and 3.6 fold for 1% CSE. As for the 

MCF12A cell line, it had an increase in migration ability after 18 weeks of treatment 

with 10 and 25 μg/ml CSC. With respect to the invasion capability of MCF-7 cell line, 

it increased after 9 weeks exposure to 0.25%, and 0.50% CSE.  

 



 

 32 

 e. Inflammatory response 

Beside DNA damage, cell cycle arrest, and epithelial-mesenchymal transition, 

studies showed that cigarette smoke leads to an inflammatory process that may initiate 

invasion and metastasis and help in the development of aggressive cancer cell types 

[91].  For instance, studies showed that exposure of MCF-7 and MDAMB-231 breast 

cancer cell lines to certain cigarette carcinogens caused stimulation and up-regulation of 

cycloxygenase2, prostaglandin E2, platelet activating factor (PAF), and TNF-alfa [86, 

90, 92, 93]. 

 

Table 2 Summary of in-vitro studies of different cell lines exposed to cigarette smoke 

extracts. 

Cell lines Exposure  

(concentrations, 

duration) 

Assay performed  Results Ref. 

MCF10A -Reference 

cigarette 1R4F. 

-Concentrations of 

CSC: 

0.25,0.5,1,2,5,10,25

,50 μg/ml 

-Duration: 72hr 

1-MTT  

2-Flow cytometry 

3-Western blot  

4-Anchorage 

independent growth 

1-Decreased metabolic activity.  

2-Arrest at S-G2/M phase 

3-Significant increase in 

expression of: PCNA, gadd45, and 

Bcl-xL proteins, and moderately 

increase in: p53, p21, and Bcl-2 

protein levels.    

4-Increase in number of colonies 

with 10 to 25 μg/ml in 

concentration.  

[86] 

MCF10A 

MCF12A 

MCF-7 

-Reference 

cigarette 1R3F. 

-Concentrations: 

CSE 0.25%, 0.5%, 

1%. CSC: 10 or 25 
μg/ml   
-Duration: 9, 18, 

21, 37, and 72 

weeks (depending 

on the assay).  

 

1-Anchorage 

independent cell 

growth  

2-Migration  

3-Invasion  

4-Western blot  

 

1-MCF10A: increase in colony 

formation after 37 weeks.  

MCF12A: increase in colony 

formation 4 to 5 folds after 18 

weeks.  

MCF-7: increase in colony 

formation rapidly (after 9 weeks) 

with 0.5% CSE.  

2-MCF10A: increase in migration 

ability after 37 and 72 weeks. With 

3.1 fold increase for 0.5% CSE, 

and 3.6 fold for 1% CSE.  

MCF12A: increase in migration 

ability after 18 week of treatment 

with 10 and 25 μg/ml CSC.  

[89] 
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3-MCF-7: increase in invasive 

capability after 9 week exposure to 

0.25%, 0.50% CSE.  

4-Decrease in E-cadherin 

expression and increase in 

vimenten expression after 21 

weeks treatment of MCF10A and 

MCF-7 cells.  

 

MCF10A 

-Reference 

cigarette:1R4F 

-Concentrations of 

CSC: 10, 25, 50 
μg/ml   

-Duration: 30hrs, 

72 hrs 

 

1-Western blot 

2-AP lesion assay 

 

1-Overexpression of APC  

2-Accumulation of AP lesions 

 

[84] 

MDAMB

-231 

MCF-7 

 

- CSE from Murty 

Pharmaceuticals  

-Concentration: 20 

μg/ml   

-Duration: 24, 48 hr 

1-Cell motility 1-Increased motility in MDAMB-

231 breast cancer cell line.  

[90] 

Breast 

tumor, 

and their 

histologi

cally 

normal 

adjacent 

tissues 

(obtained 

from 

cancer 

patients)   

-Tissue obtained 

from smoker 

patients 

1-32P-postlabeling 

assay 

1-Detection of tobacco related 

DNA adducts.  

[30, 

81] 

A549 

SAEC 

-Marlboro red 

cigarette 

-Concentrations: 

2.5, 5, 10, 25% for 

A549, and 0.5, 

2.5% for SAEC cell 

line.  

-Duration: 12, 

24hrs  

1-MTT  

2-Trypan blue 

 

1-Decreased metabolic activity 

2-Decrease cell viability  

[88] 

A459 -Reference 

cigarette: 2R4F 

-Amount used: 

8.9mg TPM per 

cigarette  

-Duration: time 

interval between 5 

and 20min.  

1-

Immunocytochemical 

detection of ɣH2AX.  

1-Increase in the expression of 

ɣH2AX 

[85] 

SV-

HUC-1 

-Reference 

cigarette: 3R4F 

1- MTT  

2-Flow cytometry 

1-Increase in metabolic activity 

from 0.05 to 0.5% concentration, 

[87] 
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-Concentrations of 

CSE 0.05, 0.1, 

0.25, 0.5, 0.75, 1, 2, 

4% 

-Duration: 7 days 

then a decrease in the viability was 

observed.  

2-Trigger cell cycle progression 

from G1 to S phase at 0.05 to 0.5% 

concentrations. 

 

Abbreviations: 

  CSC: cigarette smoke condensate                 

  CSE: cigarette smoke extract 

  APC: adenomatous polyposis coli  

  AP: apurinic/ apyrimidinic 

 

2. Waterpipe smoke 

In comparison to cigarette smoke, less studies were conducted with waterpipe 

smoke, the majority being with lung cells, and only one with breast cells (Tables 3 and 

4). 

 

a. Genotoxicity 

A study performed a western blot assay to determine the levels of 

phosphorylated histone 3 in A549 and ECV-304 cell lines [44], while another used 

53BPI/ɣH2AX staining assay on A549, H460, and BEAS-2B cell lines to determine the 

levels of 53BPI and ɣH2AX [94]. Both showed an increase in the expression of 

phosphorylated histone 3, 53BPI, and ɣH2AX all of which are biomarkers of DNA 

damage. 
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b. Cytotoxicity 

Few studies were done on lung epithelial cell lines to determine the cytotoxic 

effect of waterpipe smoke with results showing that waterpipe smoke induces growth 

inhibition and decreases cell viability. These results were obtained from trypan blue 

assay on A549, ECV-304, H460, and BEAS-2B cell lines [44, 94, 95]. Another marker 

that determines the cytotoxic effect of waterpipe smoke is the ‘cell cycle progression’. 

As such, two studies have performed flow cytometry assay on A549 and observed, after 

exposure of cells to waterpipe extracts, a cell cycle arrest at G0/G1 phase [44, 95] 

 

c. Epithelial mesenchymal transition 

A study showed that waterpipe smoke promotes epithelial mesenchymal 

transition by downregulating the expression of E-cadherin and upregulating that of FAK 

in BT20 and MCF-7 cell lines, hence indicating that waterpipe smoke stimulates the 

invasion and migration ability of these cells. This study also concluded that the events 

are mostly related to the activation of ERK1/2 signaling pathways [96]. 

 

d. Migration and invasion 

A study was conducted to determine the effect of waterpipe smoke on the ability 

of the breast cells (MCF-7 and BT20) to migrate and invade, through matrigel invasion 

and wound healing assays. Results showed that waterpipe smoke stimulate the ability of 

the cells to invade and migrate compared to untreated control cells [96]. 
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Table 3 Summary of in-vitro studies of different cell lines exposed to waterpipe smoke 

extract. 

Cell lines Exposure (concentrations, 

duration) 

Assay performed Results Ref.  

MCF-7 

BT20 

-Waterpipe smoke: 

Aleppo Method  

-Final concentration: 200 

μg/ml 

-Duration: 48hr, 3, and 8 

days (depending on the 

assay)   

1- Invasion and 

migration assay 

2-Clonogenic cell 

assay 

3- Western blot 

 

1- Increase cell invasion and 

migration ability in both cell 

lines.  

2-Enhancement of colony 

formation.  

3- Downregulation of E-

cadherin expression, 

upregulation of FAK 

expression, and increase in the 

Erk1/Erk2 phosphorylated 

form.  

[96] 

A549 

ECV-304 

-Waterpipe smoke: Beirut 

Method  

-Concentration: 0.5, 1, 3, 

4, 6, 8mg/ml 

-Duration: 24hr, or 3 

consecutive days 

(repeated exposure)  

1- Trypan blue  

2-Flow cytometry  

3-Western blot  

1-Decrease in viability of 

A549 cells  

2-Cell cycle arrest at G0/G1 

for A549 and ECV-304 

3-Expression of 

phosphorylated histone 3 on 

single exposure for A549, and 

increase in expression of p53, 

phosphor-p53, p21.  

[44] 

A549 -Waterpipe smoke: Puff 

topography  

-Concentration: 4mg/ml 

-Duration: 3 consecutive 

days (repeated exposure)  

1-Trypan blue  

2-Flow cytometry  

1-Decreased cell viability 

2-Cell cycle arrest at G0/G1  

[95] 

A549 

H460 

BEAS-

2B 

-Waterpipe smoke: was 

prepared using IREADY 

LIC smoking machine 

that stimulates human 

smoking. Briefly, they 

used 17.5g double apple 

flavor tobacco 

(mou'assal), two pieces of 

quick lighting charcoal 

briquettes, 5s puff period, 

and 15s inter-puff interval 

for 80 puff cycles.  

-Concentration: 0.5, 1, 

2% 

-Duration: 7 days 

1-Trypan blue 

2-53BPI/ɣH2AX 

staining  

3-Western blot 

4-Confocal 

microscopy 

1-Decreased cell viability  

2-Increase in 53BPI and 

ɣH2AX expression  

3-Increase in p21 expression  

4-Accumulation of p21 and 

p53 in the nuclei  

[94] 
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Table 4 Summary of in-vitro studies of different cell lines exposed to waterpipe or 

cigarette smoke extracts. 

Cell 

lines 

Exp-

osure 

Concentra-

tions and 

duration 

Cell 

viab-

ility 

Cell 

cycle 

arrest 

Apo-

ptosis 

Colony 

format-

ion 

Mig-

ration 

Inva-

sion 

Gen-

otoxi

-city 

Ref.  

 

 

 

 

MCF

10A 

Ref-

erence 

cigarette 

1R4F. 

CSC  

Concentrat-

ions: 

0.25,0.5,1,

2,5,10,25,5

0 μg/ml 

-Duration: 

72hr 

↓ 

 

↑ S-

G2/M 

phase 

 ↑    [86] 

Ref-

erence 

cigarette 

1R3F. 

CSC 

and 

CSE  

Concentrati

ons: CSE 

0.25%, 

0.5%, 1%. 

CSC: 10 or 

25 μg/ml   

-Duration: 

9, 18, 21, 

37, and 72 

weeks 

(depending 

on the 

assay).  

   ↑ ↑   [89] 

Ref-

erence 

cigarette

:1R4F 

CSC  

Concentrat-

ions: 10, 

25, 50 

μg/ml   

Duration: 

30hrs, 72 

hrs 

      ↑ [84] 

 

 

 

 

MCF

-7 

Ref-

erence 

cigarette 

1R3F. 

CSE  

 

Concentrat-

ions: CSE 

0.25%, 

0.5%, 1%. 

CSC: 10 or 

25 μg/ml   

Duration: 

9, 18, 21, 

37, and 72 

weeks 

(depending 

on the 

assay).  

   ↑  ↑  [89] 

CSE 

from 

Murty 

Pharmac

euticals  

Concentrati

on: 20 

μg/ml   

Duration: 

24, 48 hrs 

    No 

chang

-e  

  [90] 
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Water-

pipe 

smoke: 

Aleppo 

Method  

  

Final 

concentrat-

ion: 200 

μg/ml 

Duration: 

48hr, 3, 

and 8 days 

(depending 

on the 

assay)   

   ↑ ↑ ↑  [96] 

MCF

12A 

 

Ref-

erence 

cigarette 

1R3F. 

CSC 

and 

CSE   

Concentrat-

ions: CSE 

0.25%, 

0.5%, 1%. 

CSC: 10 or 

25 μg/ml   

Duration: 

9, 18, 21, 

37, and 72 

weeks 

(depending 

on the 

assay).  

   ↑ ↑   [89] 

MD

AMB

-231 

CSE 

from 

Murty 

Pharmac

euticals 

Concentrat-

ion: 20 

μg/ml   

Duration: 

24, 48 hr 

    ↑   [90] 

 

 

 

 

A549 

 

Marl-

boro red 

cigarette  

Concentrat-

ions: 2.5, 5, 

10, 25% -

Duration: 

12, 24hrs 

↓  ↑     [88] 

Ref-

erence 

cigarette

: 2R4F  

Amount 

used: 

8.9mg 

TPM per 

cigarette  

Duration: 

time 

interval 

between 5 

and 20min. 

      ↑ [85] 

Water-

pipe 

smoke: 

Beirut 

Method   

Concentrat-

ion: 0.5, 1, 

3, 4, 6, 

8mg/ml 

Duration: 

24hr, or 3 

consecutive 

days 

↓ ↑  

G0/ 

G1 

phase 

No 

chan-

ge 

    [44] 
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(repeated 

exposure) 

Water-

pipe 

smoke: 

Puff 

topogra

phy   

Concentrat-

ion: 

4mg/ml 

Duration: 3 

consecutive 

days 

(repeated 

exposure) 

↓ ↑  

G0/ 

G1 

phase 

     [95] 

Water-

pipe 

smoke 

Concentrat-

ion: 0.5, 1, 

2% 

Duration: 7 

days 

↓      ↑ [94] 

SAE

C 

Marl-

boro red 

cigarette 

  

 

Concentrat-

ions: 0.5, 

2.5% -

Duration: 

12, 24hrs 

↓  ↑      [88] 

 

SV-

HUC

-1 

Ref-

erence 

cigarette

: 3R4F 

CSE  

Concentrat-

ions: 0.05, 

0.1, 0.25, 

0.5% 

Duration: 7 

days 

↑ ↓ 

G1 to 

S 

phase 

      

[87] 

Concentrat-

ions of 

CSE 0.75, 

1, 2, 4% 

Duration: 7 

days 

↓       

BT20 Water-

pipe 

smoke: 

Aleppo 

Method  

  

 Final 

concentrat-

ion: 200 

μg/ml  

Duration: 

48hr, 3, 

and 8 days 

(depending 

on the 

assay)   

   ↑ ↑ ↑  [96] 

ECV

-304 

Water-

pipe 

smoke: 

Beirut 

Method   

Concentrat-

ion: 0.5, 1, 

3, 4, 6, 

8mg/ml 

Duration: 

24hr, or 3 

consecutive 

days 

(repeated 

exposure) 

↓       [44] 



 

 40 

H460 

 

Water-

pipe 

smoke 

 

Concentrat-

ion: 0.5, 1, 

2% 

Duration: 7 

days 

↓      ↑ [94] 

BEA

S-2B 

Water-

pipe 

smoke 

 

Concentrat-

ion: 0.5, 1, 

2% 

Duration: 7 

days 

↓       [94] 
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D. DNA methylation 

The word epigenetics means “addition to changes in genetic sequence”, and can 

be described as a modification in the DNA that alters gene activity without affecting its’ 

sequence  [97]. The mechanisms of epigenetics involve DNA methylation, histone 

acetylation, and non-coding RNA [97]. These mechanisms naturally occur in cells and 

are sometimes required for organism’s functions; however, any improper change can 

result in illness and serious diseases. Epigenetic mechanisms have been linked to many 

diseases and behaviors including cancer, respiratory and cardiovascular diseases, 

cognitive dysfunction, neurobehavioral illness and so much more [97]. One of the 

causes behind the development of epigenetic aberrations are related to exposure to 

different toxic substances such as hormones, radioactivity, heavy metals, bacteria, 

viruses, and most notably tobacco smoke including PAH compounds [97]. 

 

1. DNA methylation definition 

The most studied type of epigenetic mechanisms is DNA methylation. DNA 

methylation involves the addition of a methyl group at cytosine (C5 position) to become 

5-methylcytosine; the cytosines being located in CpG islands consisting of repetitive 

CpG dinucleotides. The added methyl group inhibits the transcription factors from 

binding to DNA, thus silencing gene expression. DNA methylation is a normal process 

that plays a key role in human development. As such during development, each 

differentiated cell obtains a unique DNA methylation pattern resulting in a specific gene 

transcription for each tissue [98]. Examples of the normal processes whereby DNA 

methylation occurs include X-chromosome inactivation, suppression of repetitive 

element transcription, and genome imprinting [99].  
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2. DNA methylation and enzymes 

DNA methylation is catalyzed by DNA methyltransferase (DNMT) enzymes as 

they covalently add a methyl group at C5 of the cytosine ring [100]. The DNMT family 

consists of many enzymes including DNMT1, DNMT2, DNMT3A, DNMT3B, and 

DNMT3L. DNMT1 is responsible for the maintenance of DNA methylation sites since, 

during the DNA replication phase (S phase), the enzyme copies the sites of DNA 

methylation to daughter strands [101], while the main function of DNMT3A and 

DNMT3B is related to the de novo methylation during development [102]. Although 

the function of these enzymes was initially accepted as such, further recent research 

suggested that each type of enzyme can be involved in both development and 

maintenance. DNMT3L participates in the de novo DNA methylation; it cooperates 

with DNMT3A and DNMT3B by increasing their capability to bind to the methyl group 

of the donor, S-adenosyl-L-methionine, and triggers their activity inside the body [103]. 

 

 3. DNA methylation and cancer 

Any alteration in the DNA methylation process can lead to the development of 

diseases especially cancer. Cancer has mainly been linked to DNA hypo- or 

hypermethylation at critical sites, as no evidence was shown related to any deficiency in 

the DNMT enzyme family [99, 104]. Hypomethylation usually occurs at satellites and 

retrotransposons sites that are normally heavily methylated [99], thus creating a 

genomic instability environment with the activation of oncogenes. In contrast, 

hypermethylation usually occurs at the promoter of tumor suppressor genes [99].  
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 4. DNA methylation and breast cancer 

There are several epidemiological studies that determined the differences in 

global and candidate genes methylation between breast cancer patients and healthy 

controls.  

 

a. Global DNA methylation 

Several studies were conducted to determine the global DNA methylation in 

breast cancer patients and showed conflicting results. Theses either evaluated the 

percentage of methylation using the luminometric methylation assay (LUMA) or the 

concentration of 5-methyldeoxycytosine (5- mdC) using the liquid chromatography-

mass spectrometry (LC-MS), or by quantifying the DNA methylation in repetitive 

elements such as in LINE-1, Alu, and Sat2. The three studies that were done using the 

LUMA assay obtained different results, as one showed an increase in DNA methylation 

[105], another showed a decrease [106], and the third showed no significant change in 

the methylation between normal and breast cancer subjects [107]. Another study was 

done by Choi JY et al. [108] and showed that 5-mdC levels were significantly lower in 

breast cancer patients. Regarding LINE-1 methylation, nine studies showed no 

significant difference between control and breast cancer cases [106, 108-113]. With 

respect to the other two types of repetitive elements, Alu and Sat2, two studies were 

done with  contradictory results as one showed hypomethylation pattern in both [109], 

while the other showed no significant difference between control and breast cancer 

cases [111].  
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b. Candidate gene DNA methylation 

A number of studies evaluated the extent of methylation in breast cancer tissue 

and peripheral blood in several genes involved in cell cycle regulation (p16, p14, p15, 

CCDN2, DAPK), DNA repair (MGMT, Hmlh1, BRCA1/2), transformation (GSTP1), 

adhesion and metastasis (CDH1, CDH13, e-CADHERIN, TIMP-3), and signal 

transduction (RARbeta2, APC, ER beta) [114]. Some showed that the hypermethylation 

of certain tumor suppressive genes is a signature and diagnostic marker for breast 

cancer development. For example, Hu et al. [115] showed that the hypermethylation of 

p16, which is responsible for cell growth regulation, in the plasma of breast cancer 

patients was associated with nodal metastasis. Also, others showed that certain genes 

were found to be hypermethylated in breast cancer as they were involved in DNA repair 

(BRCA1, hMLH1, HMSH2) [116, 117], antiproliferative effect (RARβ2) [118], cell 

adhesion (E-cadherin) [119], and inhibition of protease activity ( TIMP-3) [120], since 

silencing of the cell adhesion and inhibition of protease activity genes promotes 

metastasis. In addition, two studies were done to assess the diagnosis of breast cancer 

through serum DNA methylation of certain genes. For instance, Hoque et al. [121] and 

Dulaimi el al. [122] showed high sensitivity for the differential DNA methylation of 

RAR-β2, APC, GSTP1, DAPK, and RASSF1A genes in breast cancer patients.  

In contrast, other studies showed a hypomethylation pattern of genes associated 

with breast cancer cell lines such as uPA, and S100A4. The uPA is a serine protease 

that is responsible for metastasis and invasion; it was found to be highly active in 

MDAMB-231 breast cancer cell line while methylated (hence inactive) in MCF-7 [123, 

124]. Also, the expression of S100A4, a calcium binding protein, was higher in MCF-7 
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cell line secondary to hypomethylation thus enhancing the ability of the cell to become 

mobile and invasive [125].  

 

5. DNA methylation and environmental exposure 

There are two different ways whereby environmental exposure might lead to 

epigenetic changes, especially changes in methylation patterns of target genes. The first 

one illustrated in Figure 4, proposes a transcriptional change whereby epigenetic 

reprogramming leads to either hypo- or hypermethylation of the promoter gene region 

[126, 127]. For example, and as shown in Figure 4A, an environmental exposure causes 

the activation of transcription factors, as a mechanism of adaptation, and the inhibition 

of DNMT activity, thus the target gene becomes hypomethylated. The opposite can 

occur as illustrated in Figure 4B whereby environmental exposure inhibits the 

transcription factors, thus the DNMT enzymes act on the promoter region of the target 

gene leading to hypermethylation. The other way proposes the idea that a certain 

environmental exposure can cause DNA damage, and any DNA damage or genetic 

mutations can lead to epigenetic changes [126]. 



 

 46 

 

 

Figure 4 The effect of environmental exposure on DNA methylation, with (A) the 

effect that leads to hypomethylation of the promoter region and (B) the 

hypermethylation pattern [127]. 

 

 

6. DNA methylation and tobacco smoke 

Tobacco smoking is one of the exposures that follows the two above described 

mechanisms of epigenetic induced changes. First, tobacco smoke carcinogens lead to 

the formation of DNA adducts and mutations and thereby DNA damage, this is 

accompanied by the development of cancer, as it was illustrated in Figure 1. Second 

they can modify the transcription of several genes with the most compelling evidence 

for hypomethylation of the aryl hydrocarbon receptor repressor (AhRR) gene, thus 

repressing the aryl hydrocarbon receptor (AhR) pathway [126].  

Two very first studies were done on a sample of young African Americans, one 

with participants with an average age of 19 years and the other with slightly older 
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participants of 22 years of average age [128, 129]. Both studies indicated that the most 

significant association with smoking is related to a hypomethylation in a region of 

interest within the AhRR gene with probe ID cg05575921, with a false discovery rate 

corrected P value of less than 0.002. Interestingly, when comparing both studies, one 

can conclude that the demethylation of that area increased with longer duration of 

smoking, since in the 19 year old population the methylation status of the gene changed 

by 6%, while in the 22 years old population the demethylation increased to 11%.  

More recently, a study was conducted on one of the largest European cohorts 

(European Prospective Investigation into Cancer and Nutrition) to differentiate DNA 

methylation sites between smokers and nonsmokers to elucidate specific biomarkers for 

the exposure to tobacco smoke [130]. The study analyzed around 748 CpG sites that 

were differently methylated between the two groups (smokers and non-smokers). The 

748 CpGs were divided into 450 hypomethylated and 298 hypermethylated sites. Five 

sites were characterized with more than 5% difference (hypo or hyper) between both 

groups. The five hypomethylated sites were AhRR (cg05575921-the same one shown 

above, and cg23576855), ALPPL2 (cg21566642), F2RL3 (cg03636183), and IER3 

(cg06126421), while the five hypermethylated sites were ZNF385D (cg03274391, 

cg23480021, cg23126342), MYO1G (cg12803068), and ZNF385D (cg15693572). 

Additionally, 12 noval CpG sites were identified with more than 3% difference between 

both groups. Five of the 12 were hypomethylated (ZNF577, LPAR6, PTBP3, WWC3, 

and PRDM1), whereas 7 out of 12 genes were hypermethylated (TSPAN4, TMEM136, 

DPH5, RCAN1, MIR5189, MCF2L, and SORBS1). It was shown that the most 

significant gene with the highest mean methylation difference (17.6%) was the 

hypomethylation of the AhRR (cg05575921) gene shown above.   
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To our knowledge, no epidemiological blood-based study was performed on 

waterpipe smoking. We are currently conducting a pilot study in collaboration with the 

WHO-IARC on previously collected samples and data from the Greater Beirut cohort 

[131]. The study aims to identify and validate the differentially methylated genes 

related to cigarette-only vs. waterpipe-only. In the first year of the study, a whole 

genome DNA methylation was performed on the peripheral blood of three groups of 

healthy participants: 32 never smokers, 32 cigarette smokers, and 32 waterpipe 

smokers, whereby healthy controls were included in the study to exclude any bias 

related to DNA methylation with a certain disease. The obtained differentially 

methylated regions (DMR) were filtered based on having at least one CpG site of deltaβ 

value with a minimum of 3%, and for each DMR not less than two-third of the probes 

having more than or equal to 3% of deltaβ value. With respect to cigarette smokers 

compared to never smokers, 562 DMRs were obtained based on the criteria, and 321 for 

waterpipe smokers. Interestingly, only 24 DMRs were common between cigarette and 

waterpipe smokers. 

The focus in the analysis was then done on the top probes with the highest 

effective size reflecting the most significant changes in the DNA methylation levels for 

each cigarette and waterpipe smokers. Results showed that the most significant levels of 

methylation changes in cigarette-only smoke was with cg05575921 of the AhRR gene 

(the same ROI discussed above and hence validated)  with -22.58 hypomethylation 

effect size value. While in the waterpipe-only smokers the cg06201514 (MYT1L) was 

hypermethylated with an effect size of 11.1.  
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This is the only epigenome study data available to date, and in the current 

proposal, we will be focusing on cg05575921 of the AhRR and cg06201514 of the 

MYT1L gene. 

 

7. DNA methylation, tobacco smoke and breast cancer 

To our knowledge there is one epigenome-wide association study that links the 

changes in the level of methylation of target genes with cigarette smoke in breast cancer 

and healthy participants, but none is yet available for waterpipe smoke. This study was 

done on DNA taken from peripheral white blood cells of healthy individuals at the time 

of the collection, but subsequently developed breast cancer with an average lag time of 

4.6 years [132]. Changes in the levels of methylation in relation with the smoking 

intensity was observed significantly with AhRR, 2q37, and 6p21 loci. Interestingly, the 

most significant ROI associated with smoking and the case-control participants was 

again, the hypomethylation of the AhRR gene with probe ID cg05575921 with as beta 

value of 0.84 in subjects who never smoked compared to 0.68 in current smokers [132]. 

Therefore, hypomethylation of cg05575921 in the AhRR gene appears to be a molecular 

biomarker for cigarette smoking exposure, but still needs further investigation on 

whether it is also associated with breast cancer development. 

 

8. AhRR 

AhRR (aryl hydrocarbon receptor repressor) is a transrepression protein that 

inhibits the AhR (aryl hydrocarbon receptor) pathway [133]. The AhR is a protein that 

is involved in several cellular responses, as it regulates the expression of proteins that 

are responsible for cell growth and apoptosis, and the transcription of genes that encode 
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for drug metabolizing enzymes [133]. AhR is found in the cytoplasm in its inactive 

form. When stimulated by its exogenous ligands such as PAH, it dimerizes with AhR 

nuclear translocator (ARNT), and the complex binds to the dioxin-responsive elements 

(DRE) whereby the transcription of the genes related to the AhR pathways are 

upregulated [133, 134]. Note that AhR regulates the transcription of its own suppressor 

the AhRR, hence the negative feedback loop [133]. Figure 5 represents the AhRR 

structure [135].The negative feedback loop is referred to the ability of the AhRR protein 

to compete and dimerize with ARNT and repress the transcription of genes related to 

the AhR signaling pathways. Figure 6 illustrates the  AhR genomic pathway [135], and 

Figure 7 illustrates the physiological and pathological effect of AhR activation [135]. 

The AhR pathway is responsible for the transcription of detoxifying enzymes, as shown 

in Figure 7 under the physiologic effect of the pathway. So when AhRR is 

overexpressed due to hypomethylation, the AhR pathway and the activation of 

detoxifying enzymes is inhibited, thus leading to toxic carcinogen accumulation in the 

body which causes the development and progression of cancer.   

 

Figure 5 Representation of the AhRR gene [135]. 
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Figure 6 The AhR genomic pathway [135]. 

 

 

 
Figure 7 The physiological and pathological effects of AhR activation [135]. 

 

 

  



 

 52 

AhR can have either proliferative or anti-proliferative effects, and this depends 

on cell type, timing of the cell cycle with the expression of RelA or pRb (players in cell 

cycle that interact with AhR), and the developmental period [135]. For example, in AhR 

knock out (KO) mouse, it was shown that the growth rate in the embryonic fibroblast 

slows down and the cells arrest at G2/M phase [136]. In addition in human hepatoma 

cells, the AhR-siRNA resulted in a block of the cell cycle at G1 phase and a decrease in 

cyclins D1 and E [137]. Moreover in the MCF-7 cell line, the RelA subunit of the NF-

kB interacts with AhR and activates the transcription of the c-myc, which is a proto-

oncogene [138]. On the other hand, in non-proliferative hepatoma cells and in the fetal 

thymus, the AhR stimulated the transcription of p27kip1 which is a tumor suppressor 

gene [139, 140]. Also, the AhR interacted with pRb whereby the complex binds to E2F 

and stops cell cycle progression [141].   

 

 9. MYT1L 

MYT1L (myelin transcription factor 1-like) belongs to the zinc finger 

transcriptional factor protein family which forms two clusters of C2HC zinc fingers 

[142]. This family is suggested to be involved in the transcriptional activity (both 

repression and activation), as Myt causes repression of transcription by interacting with 

Sin3 and histone deacetylase, while MYT1L is generally involved in transcriptional 

activation of the known consensus site. The St18 (suppressor of tumorigenicity 18) is 

one of the family members that was found to be a tumor suppressor in breast cancer 

[143]. MYT1L was found in high levels in the human fetal brain indicating that it has a 

role in the differentiation and development of neurons [144]. Also, MYT1L was found 

to be involved in reprogramming fibroblasts and other somatic cells to activate the 
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neuronal cell program, thus playing a role in converting non-neuronal cells in humans to 

neurons [145]. These studies hence suggest that the proteins involved in this family 

might have a role in carcinogenesis and neuronal development.  

The MYT1L protein consists of 3 domains separated by two clusters of zinc 

finger with a third one found near the amino termini, as shown in Figure 8 [146]. The 

carboxyl terminal domain is highly conserved in contrast to the amino terminal and the 

middle domain interacts with the co-repressors.  MYT1L binds to the AAAGTTT 

consensus site, and it binds more strongly when the sequence is found in two copies that 

are separated by nine nucleotides called the DR9 motif. In an in vitro study done on 

Hela and A549 cell lines, MYT1L expression lead to activation of DR9-TATA reporter 

through the N-terminal domain which has the transcriptional activation function in the 

protein [146].  

 

Figure 8 Structure of the MYT1L protein [146]. 

 

 A2BP1 is a tumor suppressor gene which is involved in controlling the terminal 

differentiation in neuronal stem cells, and its expression was found to be positively 

correlated with the MYT1L transcription factor in glioblastoma [147]. As a matter of 

fact, a study demonstrated that two of the promoter sequences related to A2BP1 were 

activated by enforced MYT1L expression, as MYT1L has four distinct binding sites in 

the two A2BP1 promoter sequences [147]. Also, MYT1L was found to have binding 

sites on 258 genes that are responsible for biological functions like cellular assembly 



 

 54 

and organization, metabolism, and nervous system development [147]. MYT1L was 

shown to be deleted with A2BP1 in 5% of glioblastoma samples, this shows that 

MYT1L-A2BP1 axis is responsible for the terminal differentiation program, and its 

neutralization led to the development of gliomagenesis [147].  

Another in-vitro study was done to determine the role of MYT1L in 

tumorigenesis [148]. And since the MYT1L transcriptional factor was found to be 

abundant in the human brain, the human brain tumor cell lines M059K and M059J were 

used in that study. The M059K cell line consists of normal DNA-dependent protein 

kinase (DNAPK), which is involved in DNA repair and is overexpressed in human 

breast cancer as well, in contrast to the M059J cell line that is deprived from DNAPK 

function. In this study in both cell lines, the miRNA-141 which was previously shown 

to suppress cell proliferation and induce apoptosis in breast cancer and MYT1L 

expression were tested. In M059K, the ectopic expression of miRNA-141 caused a 

decrease in the expression of MYT1L and cell proliferation, whereas the inhibition of 

miRNA-141 promoted cell proliferation. In contrast in M059J cell line, miRNA-141 

caused inhibition of cell proliferation, as it induced cell cycle arrest at S-phase when it 

is overexpressed, and at G1 phase when it is inhibited. This suggests that miRNA-141 

might exhibit a dual role of tumor suppressor or oncogene. It was also shown in cell line 

and glioma tissue samples that down-regulation of the miRNA-141 caused up-

regulation of MYT1L indicating that there is an inverse correlation between them [148].  

 

10. DNA methylation in cell lines upon exposure to smoke extract 

Several studies were conducted to determine the DNA methylation changes 

upon exposure to cigarette smoke on different cell lines and time points of exposure. 
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Most of the investigations applied the candidate gene ROI approach with only one 

performing whole methylome analysis. 

In one study, the authors analyzed the differential methylation of an area in the 

candidate gene synuclein-ɣ oncogene between two lung cancer cell lines H292 and 

A549 [149]. Results showed that exposure of A549 to CSE at different concentrations 

for 3 days induced a significant concentration dependent increase in the level of 

synclein-ɣ mRNA, and this was associated with demethylation. Also, a study was done 

on human oral keratinocytes using CSE exposure to determine the level of methylation 

changes of the tumor suppressor gene Nischarin (NISCH).Upon exposure to CSE for 

one week (round 1) at passage 3 and then re-exposure for another week (round 2) after 

passaging (at passage 4), CSE induced hypermethylation of the NISCH gene [150]. 

Moreover, studies were done on human bladder and urothelial cells to determine the 

level of DNA methylation changes. T-24 human bladder cancer cells were exposed for 

3 days at different concentrations to detect the changes in the level of methylation for 

WWOX tumor suppressor gene [151]. Results showed a strong association between the 

increase in concentration and duration of CSE exposure and decrease in WWOX 

mRNA expression coupled with an increase in methylation levels of the gene. In 

addition, treatment of immortalized human urothelial cells with CSE for a long duration 

resulted in a decrease in the level of methylation for RUNX3 and IGF2-H19 loci [152]. 

Also another study was done to compare cells (LL29, Hs.888, and NL-20) DNA 

methylation of several genes (DAPK, ECAD, MGMT, and RASSFIA) upon exposure to 

low and high concentrations of cigarette smoke [153]. Results showed that fibroblast 

cell lines (LL29 and Hs888) methylation status did not significantly change; whereas in 

NL-20 lung cells, ECAD was significantly hypermethylated at both concentrations and 
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MGMT was hypomethylated only at high concentrations of exposure. In the same 

study, NL-20 lung cells were also chronically exposed to cigarette smoke, and showed a 

change of methylation status for RASSF1A from hypomethylated at short term 

exposure (72hr) to hypermethylated after 28 days of exposure; hence iterating the 

impact of exposure duration on differential methylation.       

As noted above, only one study did genome-wide DNA-methylation at different 

time points (6, 10, and 15 months) on human bronchial epithelial cells to detect 

epigenomic changes with chronic exposure to cigarette smoke [154]. Interestingly, 

different methylation results in different genes appeared at each of the time-points, and 

AhRR hypomethylation did not appear in any of the affected genes.   

Therefore, it looks that the epigenetic effects of cigarette smoke are cell line and 

time dependent. Of note that no such studies were performed with breast cell lines, and 

all smoke extract exposures entailed cigarette smoke with no waterpipe exposure to 

date. 
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CHAPTER II 

AIMS 

The available epidemiological association studies showed that long term 

exposure to tobacco smoke is associated with breast cancer. Moreover, several 

epidemiological studies were done to determine the methylation alterations associated 

with cigarette, but none with waterpipe smoke. Also, many studies were done using 

cigarette smoke on different cell lines including breast cell lines, but only one with 

waterpipe smoke none of which evaluated the methylation effects of the different 

exposures. Accordingly, we were initially planning on comparing the methylation 

effects of cigarette smoke to that of waterpipe smoke on breast cancer cell lines MCF-7 

and MDAMB-231, upon chronic exposure with low, non-cytotoxic, carcinogenic doses 

of smoke extract. Nevertheless, and due to the many challenges that we faced regarding 

the recurrent and extended lockdowns coupled with COVID-19 sicknesses, we decided 

to start with acute exposure at high, cytotoxic doses with the objective to identify 

epigenetic markers associated with the cytotoxic and genotoxic effects of waterpipe and 

cigarette smoke extract in breast cancer cell lines. The following are the two study aims: 

Aim 1: To determine the genotoxic and potentially enhanced carcinogenic 

effects of cytotoxic cigarette and waterpipe smoke in MCF-7 and MDAMB-231 

breast cancer cell lines. IC20 and IC50 concentrations will be determined with MTT 

assay followed by targeted trypan blue assay and cell cycle assay.  Genotoxicity will be 

evaluated with the ƔH2AX assay. Potential for enhanced carcinogenicity will be 

evaluated by looking at change in morphology, cell migration and EMT markers  
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Aim 2: To compare the differential methylation of the AhRR and MYT1L 

regions of interest in both waterpipe and cigarette smoke in breast cancer cell lines 

using direct bisulfite sequencing. 

In the future, and in collaboration with the WHO IARC, we plan to perform 

whole methylome analysis to identify novel differentially methylated regions of 

interest, and to analyze the pathways behind the functional changes related to the gene 

differential methylation and breast cancer.  
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CHAPTER III 

METHODS 

A. Cell lines and media 

Two breast cancer cell lines were used: the MCF-7, a hormone positive breast 

cell type, and MDAMB-231, a triple negative hormone breast cell type. Dulbecco’s 

Modified Eagle Medium (DMEM) was used for both cell lines as media, and completed 

with 10% fetal bovin serum (FBS), 1% sodium pyruvate, and 1% penicillin with 

streptomycin.  

 

B.  Protocol for smoking 

1. Waterpipe extract 

Waterpipe constituents were collected according to the standard smoking 

protocol (Beirut Method) [41], whereby the average of the different smoking parameters 

was taken according to the mean result from 52 smokers that covered costumers of a 

café near the American University of Beirut reflecting more the sizeable fraction of 

young users [41]. The average waterpipe smoking parameters comprise of 530ml puff 

volume, 2.6s puff duration, 17s interpuff interval, and 171 puff frequency. The tobacco 

used in the waterpipe consists of 10g two apple flavor the brand used is Nakhla Egypt, 

and an aluminum foil (of 9*9cm  perforated with 18 hole) is placed on top of it 

separating it from charcoal [40, 41]. A single 33mm cylindrical briquette charcoal three 

king brand of 5-6g weight was placed on top of the aluminum. At the 105 puff, a new 

half briquette charcoal was added [40]. The total particulate matter that results after 

smoking is collected in laboratory filter papers. The filters were weighted before and 
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after the collection of TPM. The filters were squeezed with DMEM using syringe, 

collected in a tube. After that, 10% FBS, 1% sodium pyruvate and penicillin/ 

streptomycin were added to the final volume of extraction, and the tube was stored in 

the freezer at -20 degree Celsius (not more than one month) until the day of treatment. 

 

  2. Cigarette smoke extract 

Constituents of the 3R4F cigarette smoke, from University of Kentucky, were 

collected on filters using the International Organization of Standardization protocol. 

Briefly, the parameters of the protocol consist of 35ml puff volume, 2s puff duration, 

60s puff frequency, and 200ml/min air velocity. Constituents of the filters were 

collected with the same process as that for waterpipe smoke.  

 

C. Cell metabolic activity assay 

The cell metabolic activity was determined using MTT assay. The MTT reagent, 

obtained from Sigma Aldrich USA, refers to 3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide, which is a yellow tetrazolium salt that is reduced by 

NAD(P)H-dependent oxidoreductase enzyme, found in the mitochondria, to become 

purple formazan crystals reflecting a metabolically active cell. 

MCF-7 and MDAMB-231 cell lines were treated with waterpipe and cigarette 

smoke extracts at different concentrations to determine the IC20 and IC50 of each 

tobacco product, and media alone was used as a control. Each concentration was used in 

triplicates for each cell line in 96 well plate for 24, 48, and 72hr. After each endpoint 

the treatment was removed and MTT reagent was added (25 μl MTT and 100μl media). 

The cells were incubated with MTT reagent for 4 hours, and then the formed crystals 
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were dissolved by adding 100 μl DMSO. The absorbance of the colored solution was 

measured at 595nm. Of note that these data were presented by Miss Carole Abdel 

Karim, a previous MS candidate in the lab. 

 

D. Cytotoxicity 

1. Trypan blue 

Trypan blue staining differentiates live from dead cells. Trypan blue stain cannot 

penetrate an intact membrane, it rather passes through the formed porous membrane of 

dead cells and enters the cytoplasm, and thus it stains the dead cells blue.  

Cells were treated with the 24 hour IC20 and IC50 of each waterpipe and 

cigarette smoke extract for 24 and 48 hours, as cells were cultured in 6 well plates in 

duplicates for each condition. After trypsinization and removal of trypsin and media, 

cells were mixed with 2 ml PBS. A volume of 0.1 μl of cells was removed and mixed 

with 0.1 μl trypan blue to have 10x dilution factor. Counting at the four squares of the 

hemacytometer was done (live and dead cells), and the following equation was used to 

determine the number of live and dead cells: (number of cells counted (live or 

dead)/number of squares counted) x dilution factor (with PBS) x dilution factor with 

trypan blue stain. Mean results were calculated from three trials.  Of note that these data 

were presented by Miss Carole Abdel Karim, a previous MS candidate in the lab.  

 

   2. Flow cytometry 

Cells were harvested, collected in 15ml tube for each treatment, and washed 

with 1x PBS. Then cells were centrifuged at 15000rpm for 5 min, the supernatant was 

discarded, and cells were fixed with PBS and ethanol for storage. After that, cells were 
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centrifuged, washed with PBS, and re-centrifuged. Finally, PBS and PI (Propidium 

Iodide) were added for sample reading using Guava. The analysis was done using 

FlowJo software.  

 

E. Genotoxicity 

Genotoxicity refers to a direct damage in the DNA. The toxic effect on DNA 

when exposed to a certain carcinogenic starts with DNA double-strand breaks. This 

event is followed by the induction of histone H2A phosphorylation on Ser-139 to 

become ɣH2AX [155]. The formation of ɣH2AX is a marker of DNA damage that 

might be followed by DNA repair. ƔH2AX plays a critical role in DNA damage 

response as it stimulates cell cycle checkpoints and repair proteins [156]. For example, 

ɣH2AX interacts with mediators of DNA damage checkpoint protein 1 (MDC1), 53BP1 

and BRCA1 to initiate DNA damage signaling and repair mechanism [157].  

The ɣH2AX assay was used to determine the genotoxic effect of waterpipe and 

cigarette smoke. Briefly, cells were incubated for 24hours with each condition (the 

24hrs IC20 and IC50) for waterpipe and cigarette smoke in duplicates in 6 well plates 

and coverslips with a well for positive control (H2O2), and a well for negative control, 

whereby cells in this well are not exposed to the primary antibody. After treatment, cells 

were fixed with formaldehyde, washed with PBS (tween can be added depending on 

cell type like in MCF-7, but not in MDAMB-231), and permeabilized with 0.5% triton. 

Primary antibody was then added to the cells except for negative control, followed by 

fluochrome-conjugated secondary antibody. Then, on a coverslip slides the gold 

antifade reagent was added with DAPI. After that, images were taken using zenn 

software on confocal microscope. DAPI, primary and secondary antibodies were 
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obtained from Cell Signaling Technology Company, headquartered in Danvers, 

Massachusetts, USA.  

 

F. Morphology 

We observed under the microscope at 40X magnification any phenotypic 

changes for each condition and cell line, with both time points: 24 and 48 hours. 

 

G. EMT markers 

The mRNA expression of EMT markers was evaluated by real-time PCR. First, 

RNA extraction from cell pellets was done by adding trizol, chloroform, isopropanol, 

Dnase buffer, and Dnase enzyme in this order with centrifugation steps as described in 

the Trizol-based RNA extraction protocol using DNase treatment and removal kit 

(Invitrogen, USA). Then, isolated RNA samples were read on the nano-drop 

spectrophotometer for quantity and quality.  They were also run on gel for quality 

ascertainment followed by reverse transcription into cDNA using the high-capacity 

reverse transcription kit from Applied Biosystems, USA. RT-PCR followed with a 

starting concentration of 12.5ng/ml. The RT-PCR mix consisted of Sybr green master 

mix (Bio-Line sensifast, USA) and primers (E-cadherin and CDH-1 as epithelial 

markers, vimentin and SNAIL as mesenchymal markers and GAPDH as internal 

control) (Table 5). 8 μl of that mix were added to 2 μl of the samples in triplicates in a 

384 well plate. A standard curve was prepared using one of the samples with a serial 

dilution of 1/5 ratio (starting from 0.5ng/ml to reach 125ng/ml). A melting temperature 

of 60 degrees Celsius was used for all. 
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Relative gene expression was estimated using the threshold cycle of the sample 

and GAPDH with the following equation used: 2^ (Ct of GAPDH)/2^ (Ct of the 

sample).  

 

Table 5 Forward and Reverse primers for the epithelial and mesenchymal markers. 

Marker type 
Primer 

Sequence 

Epithelial 

markers 

Forward Reverse 

E-cadherin 
F: 

CAGAAAGTTTTCCACCAAAG 

R: 

AAATGTGAGCAATTCTGCTT 

CDH-1 
F: 

TTCTGCTGCTCTTGCTGTTT 

R: 

TGGCTCAAGTCAAAGTCCT 

Mesenchymal 

markers 

Vimentin 
F: 

AGGTGGACCAGCTAACCAAC 

R: 

TCTCCTCCTGCAATTTCTCC 

SNAIL 
F: 

AAGATGCACATCCGAAGCCA 

R: 

CTTCTCGCCAGTGTGGGTC 

Internal 

control GAPDH 
F: 

GAAGGTGAAGGTCGGAGTC 

R: 

GAAGATGGTGATGGGATTTC 

 

H. Migration 

MCF-7 and MDAMB-231 were seeded in a 6 well plate to reach 100% 

confluency and in duplicates for each condition control, WPE IC20, CSE IC20. Then a 

scratch was manually done in the well using a white tip.  The distance travelled at 8 and 

24 hours was measured systematically with horizontal lines and averaged using the 

perfect screen ruler software. 
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I. DNA methylation 

1. DNA collection and isolation 

DNA isolation for MCF-7 and MDAMB-231 cell lines was done for all 

conditions as duplicates, after cells being cultured for 48hr, harvested with trypsin, 

washed with PBS, and then centrifuged leaving the pellet to snap freeze using liquid 

nitrogen. After that cell pellets were stored at -80 degree Celsius. Pellets were treated 

with FG2 and protease (to break down cell membrane of proteins), FG1 (to dissolve cell 

membrane), isopropanol (to precipitate DNA), ethanol, and FG3 (to dissolve DNA) 

(Flexigene DNA kit by Qiagen, Germany). The concentrations of isolated DNAs were 

read on nano-drop spectrophotometer. 

 

2. Bisulfite conversion 

DNA samples were treated with modification reagent, binding buffer, 

desulfonation and elution buffer (thermoscientific, Lithuana, EpiJET Bisulfite 

Conversion Kit). By this, the unmethylated cytosine in the DNA sequence was 

converted into uracil, while the methylated cytosine stayed the same. Bisulfite 

converted DNA samples were stored at -20 degree Celsius until analysis.  

 

 3. Primer design 

The genome browser gateway of the human population of the human assembly 

Feb.2009 (GRCh37/hg19) was used in order to design primers for the two regions of 

interest: MYT1L and AhRR. For the MYT1L gene the region of interest (cg06201514) is 

located on chr2:1,817,409bp, so we chose to start with chr2:1,817,351bp with the 

addition of 500bp upstream and 509bp downstream. The sequence (positive strand), 
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which was given by the genome browser gateway, was taken to be used for primer 

design for bisulfite sequence PCR (BSP) using the methprimer application 

(urogene.org, website). The chosen primers and their characteristics are shown in 

Figure 9. 

 

 

Figure 9 The forward and reverse bisulfite sequence primers covering the region of 

interest of the MYT1L gene.   

 

For the AhRR gene, the ROI cg05575921 is located on chr5:373,878bp, and the 

sequence that was taken for primer design was the addition of 112bp downstream and 

237bp upstream from the site of ROI. The chosen primers and their characteristics are 

shown in Figure 10.   

 

  

Figure 10 The forward and reverse bisulfite sequence primers covering the region of 

interest of the AhRR gene. 

 

 4. Polymerase chain reaction 

PCR mixture consisted of HRM master mix (Thermo Fisher Scientific, 

Lithuana), forward and reverse primers for AhRR or MYT1L genes as applicable, and 

nuclease free water. Different 96 well plates were used for each AhRR and MYT1L PCR 

reactions, since the melting temperature for AhRR was best at 58 degree Celsius and 57 



 

 67 

degree Celsius for the MYT1L. 2μl of each sample was prepared in 96 well plate as 

duplicate, and 18 μl of the mix was added to each sample, thus making the total volume 

in each well 20μl. After that, PCR samples were purified by either gel extraction kit or 

PCR cleanup kit (Sigma-Aldrich, USA).  

The purification method was selected based on the DNA PCR product quality 

that can be defined by 1) checking the NTC and 2) making sure that the melting curve 

of the sample is above threshold to reflect a good DNA PCR product. Accordingly, 

samples that had a melting curve reflecting poor DNA quality product were purified by 

gel extraction technique in order to double check and see the band reflecting PCR 

product quality before preparing and sending them for sequencing , while samples with 

good melting curve (good DNA quality product) were purified using PCR cleanup kit.  

In the gel extraction technique, chosen samples were loaded on gel using 4μl loading 

dye at a voltage of 100 for 40 minutes. Then bands were cut, gel solubilizing solution 

was added, and samples were heated at 55 degree Celsius to dissolve the band. After 

that, isopropanol was added to each dissolved band tube with a volume equivalent to the 

band weight of the sample. The samples with isopropanol were then removed to a 

column tube that was prepared using column preparation solution, and centrifuged. 

Washing buffer was then added, centrifuged, and finally elution buffer was added to 

elute the DNA in 1.5ml eppendorf tube and stored at -20 degree Celsius until 

sequencing.  

Concerning the PCR cleanup kit, the column binding tube was prepared using 

the column preparation solution. The binding solution was added to the PCR product 

samples and transferred to the column binding tube, then centrifuged. Washing solution 
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was added, centrifuged, and finally the elution buffer was added to elute the PCR 

sample DNA that was stored at -20 degree Celsius until sequencing.  

5μl of each purified sample was added to 1μl of loading dye and run on agarose 

gel to see whether there is a dark band reflecting the quality of the DNA.   

 

5. Sanger sequencing 

When ready to be sent to the Sanger sequencer, 10 or 14μl (depending on 

purified product quality) of the  AhRR and MYT1L purified products (control, WPS and 

CS IC20, IC50 of three trials for the MCF-7 and MDAMB-231 cell lines) were mixed 

with 2μl of forward primers AhRR or MYT1L and 4μl of nuclease free water. The 

samples were stored at -20 degree Celsius until the day of sequencing.   

 

6. ESME analysis 

After checking the quality of the Sanger sequencing output, these were entered 

to the ESME software [158] for analysis, as the software gives the percentages of 

methylation at each CpG covered by the sequenced band for each sample.  
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CHAPTER IV 

RESULTS 

A. Cell metabolic activity 

The MTT results of MCF-7 cell line showed that the IC20 was 6.5mg/ml and 

IC50 9.5mg/ml after 24 hours of exposure for waterpipe smoke, and for the cigarette 

0.5mg/ml and 0.7mg/ml respectively. While for the MDAMB-231 the IC20 and IC50 of 

the waterpipe smoke after 24 hours were 8.5mg/ml and 13mg/ml, respectively. And for 

the cigarette smoke the IC20 and IC50 were 0.7mg/ml and 1mg/ml, respectively. These 

effects were also time dependent with lower IC20 and IC50 at 48 and 72 hours (Figure 

11 and 12). The rest of the experiments were performed using the IC20 and IC50 values 

of the 24 hour exposure. Of note that these data were presented by Miss Carole Abdel 

Karim, a previous MS candidate in the lab.  
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(A)                                                                    (B)  

Figure 11 The effect of different concentrations of waterpipe (A) and cigarette smoke 

(B) on the MCF-7 cell metabolic activity on 3 consecutive days. Data are means ± SEM 

of at least three trials.    
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(A)                                                                              (B) 

Figure 12 The effect of different concentrations of waterpipe (A) and cigarette smoke 

(B) on the MDAMB-231 cell metabolic activity on 3 consecutive days. Data are means 

± SEM of at least three trials.    
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B. Trypan blue 

Cell count using trypan blue for the MCF-7 cell line showed that the waterpipe 

extract caused a significant decrease (P-value< 0.05) in the cell viability after 24 hours 

of exposure with respect to the control for the IC50 concentration. There was also a 

statistically significant decrease (P-value< 0.05) between the two exposed 

concentrations with a higher decrease in cell viability upon exposure to the higher 

concentration (Figure 13A). With respect to cigarette smoke extract exposure, there was 

a trend of decrease in cell viability though with no statistical significance (Figure 13B). 

As for the MDAMB-231 cell line, there was a statistical significant decrease in cell 

viability after 24 hours of exposure for both IC20 and IC50 concentrations of waterpipe 

and cigarette smoke extracts with respect to the control, as well as between both 

concentrations with a more pronounced decrease with the IC50 concentration (Figures 

14 A and B).  
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A)               B)       

Figure 13 Effects of different concentrations of waterpipe (A) and cigarette (B) smoke 

extract on MCF-7 cell viability and its percentage with respect to control using trypan 

blue assay.  

Data were compared using One-Way ANOVA followed by Tukey posthoc test.  

*P<0.05 

A)               B)    
 

Figure 14 Effects of different concentrations of waterpipe (A) and cigarette (B) smoke 

extract on MDAMB-231 cell viability and its percentage with respect to control using 

trypan blue assay.  

Data were compared using One-Way ANOVA followed by Tukey posthoc test.  

**P<0.05; *** P<0.001; **** P<0.0001 
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C. Genotoxicity 

The images of the genotoxicity assay for MCF-7 cell line showed that the treated cells 

for 24 hours have more DNA damage relative to the control, as we can observe more 

green dots that represent expression of ɣH2AX reflecting DNA double strand break. 

The effect is also concentration dependent. As for the MDAMB-231 cells, images 

showed that the level of foci increased in exposed cells when compared to controls, but 

further quantitative measurements should be done to determine the intensity of 

difference.  
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Figure 15 Representative images (100X magnification) showing the effects of different 

concentrations of waterpipe and cigarette smoke on DNA damage in MCF-7 cell lines 

using ɣH2AX assay. 
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Figure 16 Representative images (100X magnification) showing the effects of different 

concentrations of waterpipe and cigarette smoke on DNA damage in MDAMB-231 cell 

lines using ɣH2AX assay. 
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D. Flow cytometry 

The flow cytometry results for the MCF-7 cell line (Figure 17) showed that, 

along with the expected increase in cell death (SubG0 and trypan blue results), there is a 

trend of increase in cell cycle arrest at the S phase being statistically significant upon 

exposure to WPE and CSE at IC50 (Figure 18). As for MDAMB-231 (Figure 19), cells 

were significantly arrested in the S phase upon exposure to the CSE IC20 as shown in 

Figure 20.   

 
Figure 17 Representative MCF-7 cell line cell cycle upon exposure to different 

concentrations of WPE and CSE. 
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    A)                        B)               

 

C)                            D)   

 

Figure 18 SubG0 phase (A and B) and Cell cycle distribution (C and D) of MCF-7 cell 

line upon treatment with different concentrations of waterpipe and cigarette smoke 

extract respectively.  

Data were compared using the Chi square and One-way ANOVA as applicable. 

*P<0.05; **<0.001 
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Figure 19 Representative MDAMB-231 cell line cell cycle upon exposure to different 

concentrations of WPE and CSE. 
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A)                          B)  

 

C)              D)  

 

Figure 20 SubG0 phase (A and B) and Cell cycle distribution (C and D) of MDAMB-

231 cell line upon treatment with different concentrations of waterpipe and cigarette 

smoke extract respectively. 

 

 

Data were compared using the Chi square and One-way ANOVA as applicable. 

*P<0.05; **<0.001 
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E. Morphology 

Microscopic images of the MCF-7 cell line showed that, upon exposure to IC20 of 

waterpipe and cigarette smoke extracts, the cells were separating away from each other 

and started to gain more enlarged cell size property. As for the higher concentration 

(IC50), the number of enlarged cells increased with detachment between the cells, as 

shown in Figure 21.  

 

Figure 21 Microscopic images (40X) of the MCF-7 cells upon exposure to WPE and 

CSE IC20 and IC50 compared to control. 
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With respect to MDAMB-231, microscopic images showed that unexposed cells 

were already large in shape, and upon exposure to WPE and CSE IC20, they became 

elongated. With higher concentrations of exposure, the cells then started to shrink in 

size with evidence of apoptosis, as shown in Figure 22.  

 

Figure 22 Microscopic images (40X) of the MDAMB-231 cells upon exposure to WPE 

and CSE IC20 and IC50 compared to control. 

 

F. EMT markers 

Concerning the MCF-7 cell line, the expression of the SNAIL mesenchymal 

marker increased upon WPE and CSE exposure with a significant increase with the 

WPE and CSE IC50 concentration (Figure 23). While, there was a significant decrease 

in the expression vimentin mesenchymal marker in both WPE and CSE of IC20 and 

IC50 concentrations, the expression of vimentin was already low in the MCF7 cell line 

(Figure 24), a finding that is known in the literature for MCF7. And for the epithelial 
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markers, the expression of E-cadherin did not show any change, while that of CDH-1 

showed a trend of decrease upon both exposures to both concentrations (Figure 23).  

With respect to the MDAMB-231, the epithelial markers (E-cadherin and CDH-

1) were not expressed. As for the mesenchymal markers, the SNAIL showed an 

increase in expression in all exposures (WPE IC20, IC50 and CSE IC20, IC50) with a 

significant increase in the WPE IC20 and CSE IC50. In contrast, vimentin expression 

showed a significant but less marked decrease in all exposures.  
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A)    B)   

C)      D)   

Figure 23 The levels of expression for both epithelial (E-cadherin and CDH-1) and 

mesenchymal markers (SNAIL and vimentin) in MCF-7 cell line upon exposure to 

WPE and CSE at IC20 (A and C) and IC50 (B and D). Data were compared to untreated 

controls using Student t-test.  

*P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001 
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A)      B)  

C)   D)  

Figure 24 The Real-Time PCR amplification plots of the epithelial markers E-cadherin 

(A) and CDH-1 (B) and the mesenchymal markers vimentin (C) and SNAIL (D) in 

MCF-7 cell line upon exposure to WPE and CSE at IC20 and IC50.  
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A)           B)  

 

C)             D)      

Figure 25 The levels of expression for both epithelial (E-cadherin and CDH-1) and 

mesenchymal markers (SNAIL and vimentin) in MDAMB-231 cell line upon exposure 

to WPE and CSE at IC20 (A and C) and IC50 (B and D). Data were compared to 

untreated controls using Student t-test.  

*P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001 
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A)   B)   
 

C)    D)  

 

Figure 26 The Real-Time PCR amplification plots of the epithelial markers E-cadherin 

(A) and CDH-1 (B) and the mesenchymal markers vimentin (C) and SNAIL (D) in 

MDAMB-231 cell line upon exposure to WPE and CSE at IC20 and IC50. 
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G. Migration assay 

The results of the scratch assay showed that at 24hrs, both exposures lead to a 

decrease in the distance travelled compared to the control and this was statistically 

significant for MDAMB-231 (Figures 27 and 28).  
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 Control WPE IC20 CSE IC20 

T=0hr 

   

T=8hrs 

   

T=24hrs 

 

 

  

A)    

    

             B)          
 

Figure 27 Representative images of MCF-7 cell line migration upon exposure to WPE 

and CSE IC20 (A) with plots of the distance travelled measured for three trials (B). 

Data were compared using One-way ANOVA followed by Dunnett. 
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 Control WPE IC20 CSE IC20 

T=0hr 

   

T=8hrs 

   

T=24hrs 

   

             A) 

 

         B)           

 

Figure 28 Representative images of MDAMB-231 cell line migration upon exposure to 

WPE and CSE IC20 (A) with plots of the distance travelled measured for three 

trials(B). 

Data were compared using One-way ANOVA followed by Dunnett. 

*P<0.05; *** P<0.001 compared to control  
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H. DNA methylation 

1. Validation of methylation experiments 

In order to check for the validity of the DNA methylation data, we tried the 

primers on peripheral blood samples from a small number of subjects previously 

evaluated from the Greater Beirut Cohort as described above. 

Concerning AhRR as a biomarker for cigarette smoke, Figure 29 shows an 

example of methylation percentages as analyzed by ESME. Comparison between never 

and current cigarette smokers showed that the percentage of methylation at the region of 

interest decreased in current smoker with 58% of methylation compared with 90% of 

methylation in never smoker (Figure 29). In Figure 30 the comparison of peripheral 

blood methylation of current cigarette smokers (N=11) vs. never smokers (N=7) showed 

a significant hypomethylation of AhRR gene in current smokers. These results validate 

that the AhRR ROI is a biomarker for cigarette smokers, specifically hypomethylation at 

the CpG site cg05575921.   
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Figure 29 Representative example of methylation results of the AhRR region of interest, 

which is highlighted in red rectangle, for current cigarette smokers and never smokers.  

 
Figure 30 Comparison of AhRR ROI methylation percentages in peripheral blood of 

never vs. current cigarette smokers (*P<0.05 by Student t-test) 
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With respect to the MYT1L gene, representative individual sequence results at 

the ROI are highlighted in the red rectangle in Figure 31, and Figure 32 represents 

hypermethylation results in waterpipe smokers compared to non-smokers at the site of 

ROI with 3 samples of each group. The data reflect 13.6% of difference, validating 

MYT1L gene as a biomarker for waterpipe smokers. 
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Figure 31 Representative example of methylation results of the MYT1L region of 

interest, which is highlighted in red rectangle, for current waterpipe smokers and never 

smokers. 

 
 

Figure 32 Comparison of MYT1L ROI methylation percentages in peripheral blood of 

never vs. current waterpipe smokers. 
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2. AhRR and MYT1L ROI methylation in MCF-7 and MDAMB-231 cell lines after 

exposure to cigarette and waterpipe smoke 

For the AhRR DNA methylation, no statistically significant change was 

observed for MDAMB-231 with all exposure conditions (Figure 34 A and B). As for 

MCF-7, the percent AhRR methylation was zero for all exposures including control. 

As shown in Figure 33, DNA methylation results for MYT1L in MCF-7 breast 

cancer cell line showed a statistically significant hypermethylation with CSE IC50 with 

respect to control, while no significant changes were seen with WPE and CSE IC20 

exposure. As for the MDAMB-231 cell line, there was a trend of hypermethylation 

especially upon exposure to WPE, though there was some variability and the 

differences were not statistically significant (Figure 34 C and D).  
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 A)                                B)      
Figure 33 The methylation % of MYT1L ROI in MCF-7 cell line 48hrs  after exposure 

to WPE (A) and CSE (B) at IC20 and IC50 concentrations (****P<000.1 with One-

Way ANOVA followed by Tukey posthoc) 

 

  A)                            B)           

C)                            D)           

Figure 34 The methylation % for AhRR (A, B) and MYT1L (C, D) ROI in MDAMB-

231 cell lines 48hrs after exposure with WPE and CSE at IC20 and IC50 

concentrations. 
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CHAPTER V 

DISCUSSION 

According to the 2020 data of the WHO, breast cancer incidence ranked the first 

worldwide and in Lebanon [45, 46]. Also, tobacco smoke is one of the major risk 

factors for breast cancer development [63, 68]. Tobacco constituents are able to form 

DNA adducts, leading to DNA damage and mutations[30] [31]. DNA damage induces 

cell cycle arrest response in order to repair any DNA damage. Moreover, some studies 

showed that tobacco products have the potential to enhance the carcinogenic effects and 

induce the transition of epithelial to mesenchymal making cells more aggressive and 

invasive [89] [96]. Beside the genotoxic and carcinogenic effects, waterpipe and 

cigarette smoke showed to cause epigenetic changes related to tumor suppressor genes 

or genes responsible for expressing detoxifying enzymes in peripheral blood samples 

[132]. Our experiments showed that both WPE and CSE caused DNA damage in MCF-

7 and MDAMB-231 breast cancer cell lines. Also, the DNA damage induced cell cycle 

arrest at S phase for both cell lines. Moreover, the exposure to WPE and CSE caused 

increase in the expression of SNAIL, a mesenchymal marker for the cell transition. 

These changes were not translated into any increase in cell migration ability. Instead, 

there was a decrease in cell migration in the exposed compared to the control at 24hrs 

time point for both cell lines. This may be related to the fact that the increased 

percentage of cell death hindered the mesenchymal property of live cells compared to 

the control that consists of a higher percentage of migrating cells. Also, we may see 

more significant changes with a longer duration of exposure. Moreover, we need to 

perform other EMT markers, since SNAIL expression might have increased in relation 
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to genotoxic stress resistance and anti-apoptotic response, and not necessarily 

mesenchymal transformation. With respect to methylation, results showed that the 

methylation process is highly specific and different between peripheral blood samples 

and cell lines, thus we did not observe any change in the specific waterpipe and 

cigarette smoke methylation markers that we reported in peripheral blood samples.    

Studies showed that cigarette smoke causes a decrease in cell viability upon 

increase in concentration and duration of exposure on different cell lines. For example, 

a study was done on alveolar epithelial cells to determine the effect of cigarette smoke 

on these cells, and results of MTT showed that cigarette smoke causes a concentration 

dependent decrease in cell viability that is reversed by sulforaphane, a natural 

compound that exhibits a cytoprotective effect [159]. Another study was done on 

fibroblasts using CSE and showed time and dose dependent reduction in cell viability 

[160]. Others done on different cell lines such as MCF-10A, A549, and SV-HUC-1 also 

observed with the MTT assay a decrease in cell viability upon exposure to CSE that is 

dose and time dependent [86-88]. Our results showed a decrease in MCF-7 and 

MDAMB-231 cell viability with waterpipe and cigarette smoke that is dose and time 

dependent, similar to the results of other studies on different cell lines. These results 

were validated with the trypan blue assay that showed a decrease in the cell count with 

waterpipe and cigarette exposure in both MCF-7 and MDAMB-231 cell lines.  

Beside the cytotoxic effect, cigarette and waterpipe smoke also exhibit 

genotoxic effect. The reason behind tobacco product being one of the risk factors for the 

development of cancer is because it consists of carcinogenic compounds that cause 

DNA damage. As a matter of fact with our results, ɣH2AX assay showed that both 

cigarette and waterpipe caused DNA damage in MCF-7 compared to control cells in a 
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dose dependent manner. While the MDAMB-231 cells exposed to the IC20 showed 

more DNA damage compared to the control, cells exposed to IC50 concentrations of 

both waterpipe and cigarette smoke extracts showed more genotoxic resistance 

compared to the IC20 exposure illustrated by a lesser percentage of cells with DNA 

damage. This could be related to the higher expression of SNAIL in the IC50 

concentrations which may causes alteration in genotoxic stress response [161]. Of note 

that the MDAMB-231 showed in the unexposed control cells more ɣH2AX foci than 

the unexposed MCF-7 cell line (p53 wild type); this was expected since MDAMB-231 

is a p53 negative cell line that has a longer persistence of ɣH2AX compared to wild 

type p53 cell line whereby the loss of ɣH2AX is faster [162]. Also, in MDAMB-231, 

the number of cells in the field were low and their shape changed upon exposure to 

higher concentrations of (IC50) of WPE and CSE; this may be because the cells were 

stressed with a congruent decrease in cell viability as seen in the MTT and trypan blue 

results. Our results showed that the genotoxic effect caused cell cycle arrest at S phase. 

This S phase cell cycle arrest was also observed by Narayan et al [86] in MCF10A cell 

line treated with cigarette smoke condensate. The authors also showed that the level of 

PCNA (proliferating cell nuclear antigen) which is an accessory factor of DNA 

polymerase that is involved in DNA replication and DNA repair mechanism increased, 

thus reflecting activation of S phase cell cycle arrest and DNA repair mechanism after 

exposure to cigarette carcinogenic constituents [86]. Moreover, a review article reported 

that exposure of cells to B[a]P (benzo[a]pyrene), which is a major constituent of 

tobacco product, caused DNA strand breakage, inhibition in DNA synthesis, and 

induction of S phase cell cycle arrest [163].    
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With respect to the potential carcinogenic effect of WPE and CSE on MCF-7 

and MDAMB-231 cell lines, the EMT markers showed an increase in SNAIL 

expression, a marker for mesenchymal cells, in a dose dependent manner. The 

expression of SNAIL might cause changes in apoptotic response as SNAIL decreases the 

expression of genes that have a role in apoptosis such as apoptotic nuclease DFF40 and 

Mst4 [161]. Also, SNAIL binds to the CDH-1 promoter thus decreasing its expression 

[161], as observed in our results whereby there is a trend of decrease in CDH-1 

expression. Moreover, SNAIL expression decreases the enzymatic activity involved in 

Krebs cycle and the metabolic activity, shown in MDCK cells, thereby decreasing cell 

viability [164]. Our results showed a decrease in the levels of vimentin and this may be 

related to the fact that some cells were stressed upon exposure and hence may have 

initiated apoptosis [88, 165]. Caspases are activated during apoptosis, and vimentin is 

cleaved by several caspases including caspase-3, 7, 6 and 8 [165]. So the level of SNAIL 

may have increased in the live cells that may be resistant to apoptosis compared to the 

control, while the level of vimentin decreased since cell viability and cell count 

decreased in the treatment which might reflect activation of apoptotic program and 

increase in cell death compared to control [88, 165]. This thought requires further 

investigation through performing apoptosis assay. For the wound healing assay, a study 

was done on MCF-7 cell line using WPE as an exposure, and results showed 

enhancement of migration ability of cells compared to the unexposed ones, but the 

starting concentration was low and the duration was 48hrs [96]. Also, another study was 

done to determine the migration ability of MCF10A, MCF12A, and MCF-7 cell line 

upon exposure to low concentration of cigarette smoke for weeks, and results showed 

an enhancement in the migration ability for all tested cell lines [89]. This shows that the 
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cytotoxic concentrations that we exposed our cells to, may have potentially delayed the 

observation of the mesenchymal phenotype. It is thus better if we repeat the 

experiments with lower concentrations of exposure and for a longer duration, or to take 

the alive cells and seed them again with the same number of control cells to specifically 

observe the mesenchymal changes in exposed live cells. Also, performing other EMT 

markers might help us to ascertain whether there is an EMT or not for the 

concentrations and duration that we followed.     

GSK-3β phosphorylates SNAIL for ubiquitination [166], and cigarette smoke 

was shown to increase the phosphorylation of GSK-3β in vitro such as in human 

alveolar epithelial cell line, thus decreasing the level of GSK-3β protein and increasing 

the level of SNAIL [167]. In this same study [167], microscopic images showed that 

CSE caused an increase in interspaces between cells and, upon higher concentrations of 

exposure, cells were shrunken with formation of granules and vacuoles, as shown in our 

results regarding the MCF-7 and MDAMB-231 cell line respectively.  The increase in 

space between exposed cells may be due to either development of mesenchymal 

property or a decrease in the number of cells. Also, inhibition of GSK-3β was shown to 

prolong the ɣH2AX elevation and to cause cell cycle arrest in chondrocytes at the S 

phase [168]. Therefore, the carcinogenic constituents of WPE and CSE in the breast 

cancer cell line might affect the level of GSK-3beta resulting in an increase in the 

expression of SNAIL and prolonging the expression of the DNA damage marker 

(ɣH2AX) that led to cell cycle arrest at S phase [168]. Moving forward, we plan to 

perform western blots to determine the levels of GSK-3β and its phosphorylated form to 

determine whether our results are related to the GSK-3β inactivation pathway.  
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Concerning the DNA methylation changes, our recently conducted pilot study 

with peripheral blood of never smokers vs. current cigarette or waterpipe smokers 

showed that AhRR (cg05575921) hypomethylation and MYT1L (cg06201514) 

hypermethylation are potential markers of cigarette and waterpipe smoking 

respectively. Based on these results, we performed PCR and Sanger sequencing for both 

ROIs on the bisulphite converted DNA of breast cancer cell lines (MCF-7 and 

MDAMB-231) after acute exposure to cytotoxic concentrations of waterpipe and 

cigarette smoke. With respect to the AhRR, results showed that MCF-7 cell line has zero 

percentage of methylation in the control and treated samples, while MDAMB-231 had 

hypermethylation in all samples. In comparison to the literature, a study showed that 

AhRR gene is actually overexpressed in the MCF-7 cell line, hence potentially 

explaining the baseline no methylation (zero %) of the ROI. Therefore, DNA 

methylation changes cannot be observed since the gene is already hypomethylated in 

MCF-7 cell line. No such data are available for the MDAMB-231 cell line. 

Nevertheless, the differences that we saw in the levels of AhRR DNA methylation 

between MCF-7, MDAMB-231, and peripheral blood samples reiterate the point that 

DNA methylation is tissue and biologic sample specific. The same applies to MYT1L 

that, although its peripheral blood hypermethylation was a marker of waterpipe 

smoking, in breast cancer cell lines it was hypermethylated with exposure to both 

waterpipe and cigarette smoking with significant results with cigarette and MCF7, 

though with a lot of variability. These discrepancies are similar to those observed in 

lung cancer cell lines where the baseline levels of synuclein-ɣ mRNA were highly 

detected in H292, in contrast to A549 cell line whereby cigarette smoke exposure for 3 

days lead to hypomethylation of synuclein-ɣ gene with secondary increase in its mRNA 
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level [149]. Also, another study was done to compare cells (LL29, Hs.888, and NL-20) 

DNA methylation of several genes (DAPK, ECAD, MGMT, and RASSFIA) upon 

exposure to low and high concentrations of cigarette smoke [153]. Results showed that 

fibroblast cell lines (LL29 and Hs888) methylation status did not significantly change, 

whereas in NL-20 lung cells, ECAD was significantly hypermethylated at both 

concentrations and MGMT was hypomethylated only at high concentrations of 

exposure. In the same study, NL-20 lung cells were exposed chronically and showed a 

change of methylation status for RASSF1A from hypomethylated at short term 

exposure (72hr) to hypermethylated after 28 days of exposure. These results reflect that 

DNA methylation is highly specific to the cell line and concentration and duration of 

exposure.       

Our results and those of the literature on DNA methylation in cell lines upon 

exposure to smoke extract lead us to conclude that several factors affect DNA 

methylation changes. These include the type of cell line or biological samples, 

concentrations of exposure, and duration of exposure. Accordingly, it is best to perform 

whole methylome analysis after cell line exposure and at different time points being 

acute and chronic.  
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CHAPTER VI 

LIMITATIONS 

The limitations of the work relays on not being able to perform the treatment 

exposure on normal breast cell lines since it requires cholera toxin that we are not 

allowed to ship through the Lebanese border. Also, the cells were exposed to high 

concentrations with acute exposure, therefore cell toxicity may have hindered the 

carcinogenic effect of chronic exposure to cigarette and waterpipe smoke. Moreover, we 

need to determine the differentially methylated regions for the breast cancer cell lines 

MCF-7 and MDAMB-231 exposed to CSE and WPE. 
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CHAPTER VII 

CONCLUSION 

Waterpipe and cigarette smoke are commonly used tobacco products and are 

major risk factors for the development of several types of cancer including breast 

cancer. We tested the potentially genotoxic and carcinogenic effect of WPE and CSE at 

acute cytotoxic concentrations on MCF-7 and MDAMB-231 cell lines. We found that 

cytotoxic exposure caused more DNA damage with cell cycle arrest at the S-phase, and 

triggered the expression of the SNAIL mesenchymal marker in both cell lines.  These 

findings were likely coupled with a change in the shape and behavior of the cells into 

more aggressive ones on microscopy, though the observation might also be related to a 

decrease in the number of cells, hence the lesser migration ability at 24 hours. With 

respect to the epigenetic analyses, no differential effect was seen between exposure and 

control, and the results were different from those previously shown in peripheral blood. 

  



 

 106 

CHAPTER VII 

FUTURE PERSPECTIVES 

 Perform whole DNA genome for the acute CSE and WPE exposure to figure out 

the epigenetic biomarker for MCF-7 and MDAMB-231 breast cancer cell lines. 

 Launch chronic exposure experiments to investigate the DNA methylation 

changes of breast cancer cells on long term.  

 Expose cells to both types of tobacco products in order to see the effect of the 

carcinogenic constituents when combined.  

 Perform experiments, such as western blot, that help us determine the level of 

expression of proteins involved in cell cycle arrest and EMT, such as GSK-3β 

and PCNA.  

 Perform the apoptosis experiment to elicit the big picture about cell viability, 

cell cycle arrest, and cell death.  

 Perform the migration assay in a different way either by prolonging the duration 

of exposure, or expose the cells, count the live ones and re-seed them (same 

number of exposed live cells and the control), in addition to the invasion assay.  

 Attempt to test our hypotheses on normal like breast cells such as the MCF-10A. 

 Perform a quantitative analysis for the genotoxicity assay in order to determine 

the exact percentage difference of DNA damage between the exposed and 

unexposed conditions.  

 Measure the RNA expression of additional EMT markers, such as TWIST1, 

ZEB1, CK7, and EpCAM, to determine the specific marker responsible for any 

EMT changes in MCF-7 and MDAMB-231 exposed to CSE and WPE.  
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