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Abstract 

Lung cancer continues to be the leading cause of cancer-related death in the United 

States. Non-small cell lung cancer (NSCLC) is the predominant form of lung cancer. 

About 80-90% of lung cancers are directly or indirectly traceable to tobacco use. More 

than 60 known carcinogens have been identified in cigarette smoke. NNK is an 

example nitrosamine with highly carcinogenic activities and consistent presence in 

relatively considerable amounts in cigarette smoke. NNK has been shown to have 

lung-selective toxicity and selectively induce lung adenocarcinoma in a variety of 

laboratory animals.  

The development of lung cancer has been extensively investigated and key molecular 

alterations including mutations in several proto-oncogenes and tumor suppressor 

genes, like p53 gene, and such alterations have been associated with the initiation and 

progression of lung cancer. In about 50% of tumors and 60% of lung cancer, p53 is 

mutated and lost its function in promoting genomic stability, cell cycle arrest, 

apoptosis, and DNA repair. Besides mutations, p53 can be inactivated by nucleo-

cytoplasmic transport, which is critical in mediating biological functions like 

transcription and cell cycle regulation.  

CRM1, a well-characterized nuclear export receptor, has been found to play an 

essential role in nuclear export signal (NES)-dependent nuclear export of various 

cancer-associated ‘cargo’ proteins, including p53. Elevated CRM1 protein expression 



Texas Tech University, Chuanwen Lu, August 2014 

x	  

has been identified in various human tumors. The role of CRM1 in association with 

p53 during the development of lung cancer is still not clear and requires further 

investigation to better understand the etiology of lung cancer. Here, we observed that 

CRM1 is over expressed in NNK induced in vitro and in vivo models and tobacco 

smoking patients. In addition, we demonstrated that gene expression changes after 

modulation of CRM1 expression level is strongly associated with normal cell 

proliferation and lung carcinogenesis. Our study suggested that CRM1 plays an 

important role in lung cancer development.  

Although surgical techniques and combined therapies have improved in the past 40 

years, the relative survival rate for lung cancer remains as low as 15% in the United 

States. Cancer chemotherapy has been used successfully in a variety of circumstances 

involving malignancies. However, its effectiveness is still limited due to drug 

resistance and side effects. Therapies focusing on specific molecule(s)/pathway(s) 

have the potential to overcome these limitations. Our study of combination use of 

Leptomycin B (LMB), CRM1 specific inhibitor, with other drugs by inducing severe 

DNA damage and p53 activation, like Doxorubicin (DOX), significantly increased the 

efficacy of LMB in the inhibition of lung cancer cell proliferation, indicating the 

potential use of LMB by targeting CRM1 in lung cancer treatment. 
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CHAPTER I  

INTRODUCTION 

Lung cancer continues to be the leading cause of cancer death in both men and women 

in the US (Society 2014). Non-small-cell lung cancer (NSCLC) remains the 

predominant form of lung cancer (about 85% of all lung cancers), among which lung 

adenocarcinoma (AC) is the most frequent histologic subtype for all sexes and races 

combined (Cetin, Ettinger et al. 2011). Although the diagnosis and therapy for lung 

cancer were enhanced in the past years, among all cancers, lung cancer still has one of 

the lowest survival outcomes with the fact that more than two-thirds of patients are 

diagnosed at a late stage when curative treatment is not possible (Yasser Bahader and 

Jazieh 2008). Chemotherapeutic drugs have been used successfully in a variety of 

circumstances including malignancies, however, drug resistance and side effects have 

often limited their effectiveness. 

Lung cancer has two main histological types: small cell lung cancer (SCLC) and non-

small cell lung cancer (NSCLC), with proportions of 15% and 85% of all lung cancer 

respectively (Humans 2004, Molina, Yang et al. 2008, Jemal, Siegel et al. 2009). 

Adenocarcinoma (AC) is the most common subtype of NSCLC, which is predominant 

histologic type of lung cancer in both males and females (Devesa, Bray et al. 2005). It 

was suggested that up to 50% of lung cancer cases are adenocarcinoma in the United 

States (Devesa, Bray et al. 2005). In the past 40 years, studies on the development of 
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lung cancer have revealed frequent occurrence of mutations of various pathways, 

where key proto-oncogenes and tumor suppressor genes (like p53 gene) alterations can 

result in the initiation and progression of lung cancer (Langenfeld, Lonardo et al. 1996, 

Boyle, Langenfeld et al. 1999, Stommel, Marchenko et al. 1999, Gao, Mady et al. 

2003, Stabile, Lyker et al. 2006). In addition, the status of gene turn on or off is also 

associated with its subcellular localization in different stages of cancer development 

(Stanley 1995, Herbst, Heymach et al. 2008, Stabile, Rothstein et al. 2008). In 

eukaryotic cells, for instance, nucleo-cytoplasmic transport is critical for normal 

biological functions, such as transcription and cell cycle regulation (Cook, Bono et al. 

2007, Chen, Moore et al. 2011). Chromosome region maintenance 1 (CRM1), a well-

characterized nuclear export receptor, has been found as a conserved gene in 

eukaryotes. CRM1 protein demonstrated a important role in nuclear export signal 

(NES)-dependent nuclear export of various cancer-associated ‘cargo’ proteins (Nigro, 

Baker et al. 1989, Kudo, Khochbin et al. 1997, Xu and Massague 2004, Mutka, Yang 

et al. 2009). This protein has been demonstrated to be involved in nuclear-cytoplasmic 

transport of p53, epidermal growth factor receptor (EGFR), histone deacetylase 5 

(HDAC5), protein kinase 1 (Akt1), survivin, and so on (Nigro, Baker et al. 1989, 

Kudo, Khochbin et al. 1997, Meek 1998, Zhu, Zhou et al. 1998, McVean, Xiao et al. 

2000, Xu and Massague 2004, Stauber, Mann et al. 2007, Mutka, Yang et al. 2009, 

Wu, Chen et al. 2009). Elevated CRM1 protein expression has been identified in 

various human tumors [40-44]. Our recently published in vitro studies using normal 

lung epithelial cells (Chen, Shao et al. 2010) and a bitransgenic mouse model (Chen, 
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Moore et al. 2011) have suggested that CRM1 plays a critical role in lung cancer 

development.   

  

p53, as the ‘guardian of the genome’, plays key roles in cell cycle arrest, DNA repair 

and apoptosis in response to oncogene activation, DNA damage and other stress 

signals. p53 activation in normal cells and tissues can protect them from the toxic 

stress via cell cycle arrest. p53 can accumulate to different levels in response to 

different stress levels. p53 can induce G1, G2 and S phases of the cell cycle arrest and 

provide additional time for the cell to repair genomic damage before entering the DNA 

synthesis and mitosis stages. p53 is also able to mediate other responses, for example, 

p53 can activate the mitochondrial apoptosis pathway and induce cell apoptosis 

(Levine 1997). p53 can induce various activities simultaneously by existing in various 

subpopulations, which might perform different functions (Kim, Giese et al. 2009). 

Loss of p53 function by either mutation or by inactivation has been observed in most 

human tumors (Gao, Mady et al. 2003, Meek 2009).  

  

p53 was inactivated and the p53 gene mutation was found in a wide variety of cancers, 

occurring in ~50% tumors and ~60% of lung cancer (Denissenko, Pao et al. 1996, 

Gao, Mady et al. 2003). Besides p53 mutation, wild-type p53 inactivation is also 

frequently observed in lung cancer patient. p53 is a nuclear-cytoplasmic shuttling  

protein, which is actively shuttling between the nucleus and cytoplasm by transporters 

like CRM1 (Nie, Sasaki et al. 2007). In response to stresses like DNA damage, p53 
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was found accumulated in the nuclear, which results from either inhibiting p53 nuclear 

export or accelerating its nuclear import. The cytoplasmic localization of p53 result in 

a defective p53 stress response, so that p53 could not perform its function of inducing 

apoptosis, DNA damage repair, etc. (Ryan, Phillips et al. 2001).  Studies also 

demonstrated that the functions of p53 on cell cycle arrest and DNA repair could 

result in an increased resistance to radio- or chemo- therapeutic agents while p53 

induced apoptosis could result from severe DNA damage (Kuerbitz, Plunkett et al. 

1992, Clarke, Purdie et al. 1993, Lowe, Ruley et al. 1993). Therefore, drugs inducing 

the nuclear localization of p53 would have a clear therapeutic potential in the 

treatment of cancers, which may be induced by the dysfunctions of p53.  

  

p53 contains the nuclear export signal (NES) region, which can be recognized and 

transported by CRM1 (Kanai, Hanashiro et al. 2007). CRM1 dependent wild-type p53 

nuclear localization can be abrogated by LMB. With LMB treatment, accumulation of 

p53 and p53-dependent transcriptional products in the cellular nucleus present in 

human normal fibroblasts, tumor cell lines with wild-type p53, but not in cells with 

p53 mutant or null (Ohtsubo, Okazaki et al. 1989, Coutavas, Ren et al. 1993, 

Izaurralde, Kutay et al. 1997). LMB is a specific inhibitor of CRM1 function by 

irreversibly binding with the sulfhydryl group of a Cys residue near or within the 

cargo binding domain of CRM1 (alkylating Cys 528) (Ossareh-Nazari, Bachelerie et 

al. 1997, Cook, Bono et al. 2007). The use of LMB could prevent cytoplasmic 
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localization and modulate cancer-specific pathways, including the inactivation of 

important tumor suppressors like p53 (Mutka, Yang et al. 2009).  

 

Wild type p53 protein is often degraded and/or actively transported from the nucleus 

to be inactivate in cancers including neuroblastoma, breast cancer and colorectal 

cancer (Xu and Massague 2004, Foo, Nam et al. 2007). Our previous studies have 

shown that LMB can induce nuclear sequestration of p53 and activate p53-dependent 

transcription by inhibiting CRM1. However, the lung AC cell line A549 (p53 wild 

type) demonstrated more resistance to LMB than other cell lines (p53 mutant or p53 

null) (Shao, Lu et al. 2011). In order to improve the chemotherapeutic effect of LMB 

on A549 cells, we propose a therapeutic strategy combining LMB with other drugs by 

inducing severe DNA damage and p53 activation, which could eventually lead to 

increased function of p53 in apoptosis rather than in DNA repair.  

 

Our SPECIFIC AIMS for this project are:  

 

Aim 1: To evaluate CRM1 expression levels in tobacco induced in vitro, in vivo model 

and lung cancer patients;  

Aim 2: To evaluate the role CRM1 in the development of lung cancer; 

Aim 3: Use CRM1 as a target for lung cancer treatment. 
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Our HYPOTHESES are that: 1) CRM1 expression levels in lung cancer is different 

from normal; 2) CRM1 in association with p53 plays important roles in lung cancer 

development and the mechanisms involved will help understand the lung 

carcinogenesis; 3) Gene and protein expression changes from the in vitro model may 

provide the clues for lung cancer treatment 4) Applying the idea of reactivating p53 by 

blocking CRM1-dependent nuclear export to current combination chemotherapy could 

provide new treatment plans for lung cancer. 
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CHAPTER II                                                                                                           

LITERATURE REVIEW 

 

2.1 Overview of lung cancer 

  

In 2014, about 13% of all cancer diagnoses are lung cancer (224,210 new cases), 

though the incidence rate has been declining since the mid-1980s in men and mid-

2000s in women. Lung cancer continues to be the leading cause of cancer death in 

both men and women in the US, with an estimated 159,260 deaths that account for 

about 27% of all cancer deaths. With about 1.6 million new cases and 1.4 million 

death occurred per year worldwide, lung cancer is also the most common cancer and 

the leading cause of cancer death worldwide. Lung cancer causes more deaths than the 

next three most common cancers combined (colon, breast and prostate) (Society 2014). 

The incidence and mortality rates of lung cancer in men are over 2.5 times higher than 

that of females (Garcia M, Jemal A et al. 2007). However, in the past 30 years, lung 

cancer incidence rates have decreased among men, but have risen among women 

(Jemal, Bray et al. 2011). Especially in the United States, diagnosed lung cancer cases 

and estimated deaths in males (116,000 new cases and 86, 930 deaths in 2014) and in 

females (108,210 new cases and 72, 330 deaths in 2014) are actually very close and 

the difference gap seems to be continue narrowing in the past decades (Society 2014) 

(Figure 2.1). The trends of lung cancer incidence and mortality rates have reflected the 

historical patterns of smoking prevalence. It is worth noting that the reduction in the 
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death rates is largely due to reduction in tobacco use. The fact that the lung cancer 

mortality rate in man is still higher than women can be explained by the time-lag 

between exposure to smoking and the development of cancer (Payne 2005). On the 

other hand, the increased lung cancer in women with a different clinical pattern, whom 

are never smokers with adenocarcinoma histological type, is adding complexity in 

lung cancer etiology (Kiyohara and Ohno 2010). Although smoking is the main cause 

of lung cancer, other factors such as secondhand smoke, environmental exposures to 

radon, asbestos, and other toxins can increase lung cancer risk. Standard treatments for 

lung cancer include radiation therapy, chemotherapy, surgery, laser therapy, 

photodynamic therapy, targeted therapy, cryosurgery, and electrocautery. With all 

these treatments, lung cancer still has one of the lowest survival outcomes of any 

cancer because most patients are diagnosed at a late stage when the best treatment 

time is passed. Even these treatments have been used successfully in a lot of 

malignancies. However, drug resistance and side effects have often limited their 

effectiveness.  

A 
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Figure 2. 1 Trends in age-standardized death rates of cancer and number of leading 

new cancer cases and deaths.  

A) Trends in age-standardized death rates of cancer in males. B) Trends in age-

standardized death rates of cancer in females. C) Number of leading new cancer cases 

and deaths in males and females in 2014 (Reprint with permission) 

  

Worldwide in 2012, 7.58 % of lung cancer cases were diagnosed among people aged 0 

to 49 years, 18.33 % in the 50 to 59 age group, and 74.09 % among those aged 60 

years and over (Ferlay J 2013). The risk for developing lung cancer slowly increases 

every year after age 40 (Thomas 2008, Ferlay J 2013). A significantly higher 

proportion of lung cancer patients are diagnosed at 60 or older in developed countries, 

which generally mirrors the higher life expectancy and different age distribution in the 
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developed countries as compared to the developing countries (Ferlay J 2013). 

Although current smokers have a higher risk of developing lung cancer compared with 

nonsmokers, in particular, male smokers have 20–25 times higher risk and female 

smokers are 10–12 times higher risk as compared to nonsmokers within each age 

group), no clear link between smoking status and age has been determined (Tong, 

Spitz et al. 1996, Thun, Henley et al. 2002, Wakelee, Chang et al. 2007). On the other 

hand, lung cancer is asymptomatic during the early stages, and even they are usually 

nonspecific when symptoms start to appear. Thus, the majority of lung cancer patients 

are diagnosed when the disease has proceeded to the late stage, which also partially 

explained why the majority of lung cancer is diagnosed in older people (>50). In the 

United States during 2003-2009, only 15% of lung cancer cases were diagnosed 

locally compared with 81% for prostate cancer, 84% for melanoma of the skin, 40% 

for colon cancer, 74% for brain cancer, 63% for kidney cancer and 61% for female 

breast cancer. 22% of lung cancer cases were regional, 57% were distant, and 6% 

unstaged when diagnosed (Howlader N 2013). Lung cancer risk is growing with 

ageing, impossible for early diagnosis, and difficult for treatment at advanced stages, 

which results in the unchanged high mortality rate in past several decades. Unlike 

many other types of cancer, in which the survival rates have been greatly improved in 

recent years, the 5-year survival for lung cancer is still low, which is mainly due to 

shortage of early diagnosis and limited treatment plans (Beadsmoore and Screaton 

2003).  
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Lung cancer has been the most common cancer diagnosed for decades. From 

GLOBOCAN 2012, the incidence of lung cancer for both sexes in more developed 

countries was lower than that in less developed countries (758,214 in more developed 

countries vs 1,066,487 in less developed countries). However, if standardized based on 

the differences of population size and age structures, crude rate and age-standardised 

rate (ASR) lung cancer incidence are higher in more developed countries 

(60.9/100,000 and 30.8/100,000, respectively) compared with less developed countries 

(18.4/100,000 and 20.0/100,000, respectively). Furthermore, the more developed 

countries have higher cumulative risk than the less developed countries (3.79 vs 2.20) 

(Ferlay J 2013). Sex-specific incidence rates vary significantly among different 

countries. For example, in male the estimated lung cancer incidence rates range from 

124.7/100,000 in Hungary (Europe has a high incidence rate of 81.4/100,000) to 

0.2/100,000 in Niger (Africa has a low incidence rate of 4.1/100,000). In female, 

Denmark has the highest incidence rate (80.3/100,000), followed by Canada 

(68.9/100,000), Hungary (64.4/100,000), and United States (63.9/100,000), as 

compared to a range of less developed countries with a rate less than 5/100,000 

including Haiti, Mongolia, Sri Lanka, Bangladesh, India, Jordan, Niger and Benin 

(less than 1.6/100,000 in many African countries). Thus, lung cancer is more common 

in developed countries than developing countries (Alberg and Nonemaker 2008, Mutti 

2008), though the variation of accuracy may still be involved when compare between 

different regions. For example, the incidence and mortality data from the more 

developed countries such as United States, France, and the United Kingdom were 
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based on national data collections while those from the less developed countries 

including many Asian countries were mainly based on cancer registries, which many 

not cover whole population. Moreover, in African countries, the data is often based on 

averaging results from neighboring countries. Similar problems are expected for the 

accuracy of mortality data, which requires a comprehensive death registration system.  

  

Lung cancers can be categorized into two main histological types: non-small cell lung 

cancer (NSCLC) and small cell lung cancer (SCLC), with proportions of 15% and 

85% of all lung cancer respectively. SCLCs as the most aggressive form have greater 

potential to metastasis than other types of lung cancer (Humans 2004, Molina, Yang et 

al. 2008, Jemal, Siegel et al. 2009). NSCLCs are a heterogeneous group, which 

contains three common subtypes: adenocarcinoma (AC, 40%), squamous cell 

carcinoma (SCC, 30%), and large cell carcinoma (LCC, 10%) (Vinay Kumar 2004, 

Seike, Kondo et al. 2005, Wistuba 2005). SCLC and SCC are primarily linked to 

smoking and tend to grow to large sizes in the center of the lung while AC and LCC 

tend to form in the periphery of the lung (Yang, Cerhan et al. 2002, Wistuba 2005). 

Recently more evidences have indicated an association between smoking and AC 

(Thun, Lally et al. 1997, Ahrendt, Decker et al. 2001, Brooks, Austin et al. 2005). The 

rapidly increased incidence of AC as compared with other types of lung cancer may 

result from modifications to cigarette design, cigarette composition, and smoking 

behavior. For example, smoke from lower yield, such as low nicotine, low tar, or 

filtered, cigarette smoke tends to be inhaled to the deeper parts of the lung and induces 
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the accumulation of carcinogens to the outer areas of the lungs where ACs are inclined 

to develop. Furthermore, the increased levels of nitrates in cigarette manufacturing 

were also contributed to the increased incidence of AC (Xie, Ugnat et al. 2003, 

Blanchon, Grivaux et al. 2006, Gray 2006).  

  

Generally, the survival of lung cancer is better, but not always, for NSCLC as 

compared to SCLC, for females compared to males, and for younger patients 

compared to older patients (Ramalingam, Pawlish et al. 1998, Visbal, Williams et al. 

2004, Jackman and Johnson 2005, Sakurai, Asamura et al. 2010, Ferlay J 2013, 

Surveillance 2014). The histological type of lung cancer is most related to its clinical 

features. SCLC has the propensity for early metastasis (early occurrence of blood-

borne and lymph metastasis), a short cell doubling time, rapid progression. Thus, most 

patients with SCLC are diagnosed at a late stage, and the prognosis is generally poor 

as relapse and/or disease progression occurs quickly even after a good initical 

response to chemotherapy and radiotherapy (Jackman and Johnson 2005, van 

Meerbeeck, Fennell et al. 2011). The malignancy is the highest of all lung cancer 

types. On the contrary, NSCLC is usually localized when diagnosed and surgically 

resectable. However, prognosis for NSCLS patients is variable, partially due to the 

histological heterogeneity (e.g. AC with a SCC component) (Seike, Kondo et al. 2005, 

Herbst, Heymach et al. 2008). With some improvements in surgical techniques and 

chemotherapy therapies over the years, the 5-year survival rate for patients with lung 

cancer has improved to 17% (2003-2009) as compared to around 14% in the 90s 
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(1999-2002) and around 13% in the 80s (Surveillance 2014). However, lung cancer is 

still one of the most lethal cancers. From 2003 to 2009, only 15% of lung cancers are 

diagnosed at this early stage when tumor is still localized (an invasive malignant 

cancer confined entirely to the origin organ) and the 5-year survival rate reaches as 

high as 53.5% (Surveillance 2014). The majority of lung cancers are diagnosed at a 

more advanced stages with either a regional spread (a malignant cancer that has 

extended from the origin organ to surrounding organs or tissues, and/or including the 

involvement of regional lymph nodes) or distant metastasis (a malignant cancer that 

has spread to parts of the body remote from the origin site either by direct extension or 

by discontinuous metastasis to distant organs, tissues, or via the lymphatic system to 

distant lymph nodes), as the 5-year survival rate is 26.1% for lung cancer at regional 

stage, and the 5-year survival rate is as low as 3.9% for lung cancer at distant stage. 

According to National Cancer Institute, among all types of cancers in 2010, lung 

cancer accounted for the most person-years of life lost (PYLL)—the years of life lost 

because of early death from a particular cause or disease, which is 2.37 million PYLL. 

In comparison, another leading cancer, prostate cancer, accounted for many fewer 

PYLL—approximately 268,000 (Surveillance 2014).  
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2.2 Etiology of lung cancer 

 

2.2.1 Cigarette smoking 

  

Cigarette smoking or exposure to tobacco smoke has long been recognized as a major 

cause of mortality and morbidity, responsible of more than 440,000 premature deaths 

each year in the United States (Surveillance 2014). In fact, the relationship between 

smoking and lung cancer is one of the most extensive study topic in biomedical 

research and it has been thoroughly investigated for years. Strong evidences have 

demonstrated that smoking is the predominant causal factor for lung cancer since 

1950s (Carbone 1992, Hecht 2002, Xie, Ugnat et al. 2003, IARC 2004, Xu and 

Massague 2004, Alberg and Nonemaker 2008, Freedman, Leitzmann et al. 2008). A 

great number of studies have suggested that smokers have up to 30-fold increased risk 

of developing lung cancer as compared to nonsmokers. Epidemiological evidence 

shows a strong association between tobacco smoking and an increased risk of lung 

cancer (Wogan, Hecht et al. 2004, Hecht 2005). Lung cancer risk can increase with the 

increase of duration and intensity of tobacco consumption (Wogan, Hecht et al. 2004, 

Yasser Bahader and Jazieh 2008). Studies have determined about 85-90% of lung 

cancer either direct consumption or indirect exposure of tobacco smoke (Freedman, 

Leitzmann et al. 2008, Yasser Bahader and Jazieh 2008). All forms of tobacco use, 

including cigars, pipes, and chewing tobacco are major risk factors of lung cancer 

(Thomas 2008). Cohort studies demonstrated a similar incidence and mortality rates in 
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both women and men with comparable smoking histories (Bain, Feskanich et al. 2004, 

Freedman, Leitzmann et al. 2008), although some debates suggest that a higher 

susceptibility to tobacco carcinogens in women than men (Khuder 2001, Henschke, 

Yip et al. 2006). Generally tobacco smoking can significantly increases the risk lung 

cancer in all histological types (Wogan, Hecht et al. 2004). The most common type of 

lung cancer that resulted from cigarette smoking is SCC. However, a gradual shift in 

the histology from SCC (more frequent in the 1970s) to AC subtypes (currently more 

frequent) has been noticed, which may result from the change in the way cigarettes are 

manufactured. Starting from 1950s, as the impact of the introduction of low tar 

cigarettes and the filter vents, the adenocarcinoma rates has significantly increased due 

to a deeper inhalation than older, unfiltered cigarettes. Tobacco carcinogens are 

inhaled along the respiratory tract and transported more distally toward the 

bronchoalveolar junction where AC often arises. In addition, current blended 

reconstituted tobacco releases a higher concentration of N-nitrosamines (Tong, Spitz 

et al. 1996, Khuder 2001, Bain, Feskanich et al. 2004, Henschke, Yip et al. 2006, 

Schwartz, Prysak et al. 2007, Sun, Schiller et al. 2007, Freedman, Leitzmann et al. 

2008, Herbst, Heymach et al. 2008, Jemal, Bray et al. 2011). Together with other 

findings, the proportion of AC in all diagnosed lung cancers has increased indicating a 

strong link between AC and smoking (Payne 2005).  

  

As smoking is the predominant cause of lung cancer, the improvements in smoking 

cessation methods and rising anti-tobacco sentiment in the United States significantly 
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reduced the number of cigarette smoking in adults by 57% (which is from 42% to 

18.1%) from 1965-2012, according to Centers for Disease Control and Prevention 

(CDC). However, it estimated that there are still more than 42 million Americans 

currently smoke cigarettes and more than 16 million Americans suffer from smoking 

caused diseases.  

  

Inhaled cigarette smoke contains about 1010 particles/mL, and the particulate-phase 

consists of at least 4000 chemical compounds (Hecht 2002). Table 2.1 summarizes an 

overview of carcinogens in tobacco products; more than 60 known carcinogens have 

been identified in cigarette smoke (Wogan, Hecht et al. 2004). These polycyclic 

aromatic hydrocarbons and nitrosamines which can be activated by cytochrome P450 

enzymes metabolically and bind to DNA leading to DNA adducts. Most of DNA 

adducts can be repaired and detoxified by glutothione-S-tranferases, however, chronic 

DNA adduct formation can result in the activation of oncogenes, such as epidermal 

growth factor receptor (EGFR), ras, myc and/or the mutations in tumor suppressor 

genes such as p53, which is critical for lung cancer initiation. Besides, tobacco smoke 

contains a great number of free radical oxygen that can cause Oxidative damage, for 

example, the oxidation of the DNA nucleobase guanine to form 8-oxoguanine and 

induce gene mutations. During DNA repair, 8-Oxoguanine can be repaired by 8-

oxoguanine DNA N-glycosylase 1 (OGG1). Low OGG1 activity has been indicated to 

associate with the increased the risk of lung cancer among smokers (Chang, Hsiao et 

al. 2009). 
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Table 2. 1 Types of carcinogens in tobacco products  

Tobacco smoke 

Chemical class 

Number of  

compounds‡ 

Representative carcinogens and typical 

amounts in mainstream smoke 

(ng/cigarette) 

PAH||   14 BaP   9 

 
  Dibenz[a,h]anthracene   4 

Nitrosamines   8 NNK   123 

    NNN   179 

Aromatic amines||   12 4-Aminobiphenyl   1.4 

    2-Naphthylamine   10 

Aldehydes   2 Formaldehyde   16,000 

    Acetaldehyde   819,000 

Phenols   2 Catechol   68,000 

Volatile 

hydrocarbons     
3 Benzene   59,000 

 
  1,3-Butadiene   52,000 

Nitro compounds   3 Nitromethane   500 

Other organic 

compounds     
8 Ethylene oxide   7,000 

 
  Acrylonitrile   10,000 

Inorganic 9 Cadmium   132 
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Table 2.1 (Continued) 

  

‡Evaluated by the IARC; sufficient evidence for carcinogenicity in either laboratory 

animals or humans. Some of these carcinogens (two PAHs, three heterocyclic PAH 

analogues and four nitrosamines) have been detected only sporadically in smoke and 

are often below the detection limits of conventional assays.  

compounds     

Total   61   
 

Unburned 
tobacco   
Chemical 
class  

Number of compounds   
Representative carcinogens and 
typical amounts in processed tobacco 
(ng/g)     

PAH   1 BaP   0.4-90   

Nitrosamines   6 NNK   1,890 

    NNN   8,730 

Aldehydes   2 Formaldehyde   
1,600-

7,400   

    Acetaldehyde   
1,400-

7,400   

Inorganic 

compounds   
7 Cadmium   

1,300-

1,6000   

Total   16     
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||Including heterocyclic analogues.  

BaP, benzo[a]pyrene; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; NNN, 

N′-nitrosonornicotine; PAH, polycyclic aromatic hydrocarbons. (Hecht 2003) (Reprint 

with permission). 

 

Individual pulmonary carcinogens contained in cigarette smoke are listed in Table 2.2 

(Hecht 1999). The 20 compounds listed here have been convincingly found to induce 

lung tumors in at least one animal species and have been positively identified in 

cigarette smoke.  

 

Table 2. 2 Pulmonary carcinogens in tobacco smoke  

Carcinogen class 
  

Compound 
  

Amount in  
Mainstream  
Cigarette 
smoke,  
Ng/cigarette 

Sidestream 
/mainstrea
m  
Ratio 
  

Representative  
Lung 
tumoregenicity  
In species 
  

polycyclic aromatic  Benzo[a]pyrene 20–40 2.5–3.5 

Mouse, rat, 

hamster 

hydrocarbans Benzo[b]fluoranthane 4–22 

 

Rat 

 

Benzo[j]fluoranthane 6–21 

 

Rat 

 

Benzo[k]fluoranthane 6–12 

 

Rat 

 

Dibenzo[a,i]pyrene 1.7–3.2 

 

Hamster 

 

Indeno[1,2,3-cd]pyrene 4–20 

 

Rat 

 

Dibenz[a,h]anthracene 4 

 

Mouse 

 

5-Methylchrysene 0.6 

 

Mouse 
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Asz-arenes Dibenz[a,h]acridine 0.1 

 

Rat 

 

7H-Dibenzo[c,g]carbazole 0.7 

 

Hamster 

N-Nitrosamines N-Nitrosodiethylamine  ND–2.8 <40 Hamster 

 

4-(Methylnitrosamino)-1- 80–770 1–4 

Mouse, rat, 

hamster 

 

(3-pyridyl)-1-butanone 

(NNK) 

   Miscellaneous organic 1,3-Butadiene 20–70 × 103 

 

Mouse 

compounds Ethyl carbamate 20–38 

 

Mouse 

Inorganic compounds Nickel 0–510 13–30 Rat 

 

Chromium 0.2–500 

 

Rat 

 

Cadmium 0–6670 7.2 Rat 

 

Polonium-210 0.03–1.0 pCi 1.0–4.0 Hamster 

 

Arsenic 0–1400 

 

None 

  Hydrazine 24–43   Mouse 

	  
 

From the tables above, polycyclic aromatic hydrocarbons (PAHs) and the tobacco-

specific nitrosamine [4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)] 

indicated major roles in the genotoxic affects of cigarette smoke (Shopland, Eyre et al. 

1991, Cardone, Roy et al. 1998, Hecht 1999, Wingo, Ries et al. 1999). A hypothesis of 

lung cancer development is shown in Figure 2.2 that carcinogens like NNK and PAHs 

require metabolic activation to exert their carcinogenic effects (Hecht 2008)(Reprint 

with permission). 
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Figure 2. 2 Scheme of lung cancer via tobacco smoke carcinogens. PAH = polycyclic 

aromatic hydrocarbons; NNK = 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. 

(Reprinted with permission from (Hecht 2008). Copyright 2014 American Chemical 

Society.) 
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2.2.2 Secondhand or passive smoking 

  

Besides smoking, passive, or second-hand smoke exposure from others; exhausts from 

vehicles; cooking fumes from poorly ventilated kitchens; environmental and 

occupational exposure to radiations or toxicants, have all been implicated in lung 

carcinogenesis. Among which, secondhand tobacco smoking contributes to about 

1.6% of all lung cancers (Boffetta 2006, Molina, Yang et al. 2008). There has been 

evidence that people who are non-smokers but live with a smoker had a relative 1.14 

to 5.20 fold higher risk for lung cancer (Hackshaw, Law et al. 1997, Whitrow, Smith 

et al. 2003). The passive smoking during childhood has 3.6 fold higher risk to develop 

lung cancer in adulthood (Vineis and Grp 2005). 

  

Secondhand smoke (SHS) (also called environmental tobacco smoke, passive smoke, 

and involuntary smoke) is classified as a known carcinogen by different regulatory 

agencies and government authorities, including the U.S. Environmental Protection 

Agency (EPA), the U.S. National Toxicology Program, the U.S. Surgeon General, and 

the International Agency for Research on Cancer (Besaratinia and Pfeifer 2008, Yasser 

Bahader and Jazieh 2008). It has no threshold effect. Even low levels of SHS can be 

harmful. Researches indicate that SHS may also increase the risk of breast cancer, 

nasopharyngeal cancer, and nasal sinus cavity cancer in adults and the risk of 

lymphoma, leukemia, and brain tumors in children (Health and Services 2006). A 

good number of studies have determined the similarities in chemical composition 
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between the SHS and mainstream smoke and the carcinogenicity of SHS which has 

clear exposure-response relationships down to low levels without showing evidence of 

a threshold. In addition, evidence from animal bioassays and genotoxicity tests and 

epidemiological studies from different countries using different designs demonstrates 

the increased risk of consistent exposure of SHS (WHO 2000). SHS is a mixture of 

gases and fine particles including mainstream smoke (less than 15%) that has been 

exhaled or breathed out by the person or people smoking, sidestream smoke (about 

85%) from a burning tobacco product such as a cigarette, cigar, or pipe, and small 

amounts of smoke that escape during puff drawing from the burning cone of the 

tobacco product, and some vapor-phase compounds that diffuse through the wrapping 

materials (e.g., cigarette paper) into the air (Besaratinia and Pfeifer 2008). Among 

over 7,000 chemicals in SHS, hundreds are toxic and about 70 are tumorigenic. 

Aromatic amines (such as 4-aminobiphenyl, 2-naphthylamine), polycyclic aromatic 

hydrocarbons (such as benzo[a]pyrene), and tobacco specific nitrosamines (such as 

NNK, benzene, cadmium, nickel) are the major carcinogenic components (WHO 

2000) in SHS.  

 

2.2.3 Air pollution 

  

Outdoor air pollution has classified as a carcinogen by the International Agency for 

Research on Cancer (IARC). The components of outdoor air pollution as carcinogens, 

including solvents, metals, diesel engine exhaust, dust and particulate matter (PM). 
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The predominant outdoor air pollution is from transportation, industrial and 

agricultural emissions, stationary power generation, and residential heating and/or 

cooking (Lim, Vos et al. 2012). Lung cancer has the most robust association with 

prolonged exposure to air pollution, particularly in terms of particulate matter or 

gaseous components (Pope, Burnett et al. 2002, Pope, Burnett et al. 2011, Turner, 

Krewski et al. 2011). For example, two cohort studies suggested an association 

between fine PM of an aerodynamic diameter ≤ 2.5 µm (PM2.5) and lung cancer 

mortality (Pope, Burnett et al. 2002, Laden, Schwartz et al. 2006). Furthermore, a 

study indicated an association between lung cancer incidence and nitrogen dioxide 

(NO2) in nonsmokers (Vineis, Hoek et al. 2006). Furthermore, a good number of 

studies have demonstrated the associations of lung cancer with nitrogen oxides (NOx) 

and engine exhaust and residence near traffic (Bhatia, Lopipero et al. 1998, Steenland, 

Deddens et al. 1998, Nicolich and Gamble 2001, Nafstad, Haheim et al. 2003, Beelen, 

Hoek et al. 2008, Garshick, Laden et al. 2008, Raaschou-Nielsen, Bak et al. 2010, 

Yorifuji, Kashima et al. 2013). In all, we can see a higher risk for lung cancer with the 

exposure to air pollution, although a good assessment of air pollution exposure might 

be a challenge. Some studies also suggested that smoking status, fruit consumption, 

and/or sex and educational level might influence the effects of air pollution on the risk 

for lung cancer (Steenland, Deddens et al. 1998, Beelen, Hoek et al. 2008).  

 

2.2.4 Occupational exposure 
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A specific occupation or exposure to hazardous materials can lead to occupational 

lung diseases, such as asbestosis (asbestos), pneumoconiosis (coal worker’s black lung 

due to the exposure of coal dust), silicosis (exposure to fine sand as in ceramic 

workers), berylliosis (beryllium), byssinosis (brown lung due to the exposure of raw 

cotton) and etc. (Simonato, Vineis et al. 1988, Scelo, Constantinescu et al. 2004, 

Boffetta, Mannetje et al. 2005, Durusoy, Boffetta et al. 2006, Carel, Olsson et al. 2007, 

Schauer and Linton 2009, Olsson, Fevotte et al. 2010). In fact, the most frequent 

occupational cancer is lung cancer, which is induced by exposure to substances such 

as asbestos, chromates, arsenic, nickel, ionizing radiation, and polynuclear aromatic 

hydrocarbons (PAHs).  

  

The well-known asbestosis is a disease that worsens over time. Asbestos was widely 

used as an insulator and fire retardant until it became known that its microscopic fibers 

can cause disease, including cancer (LaDou 2004, Cullinan and Pearce 2012). An 

estimated 1.3 million employees in construction and general industry exposed to 

asbestos significantly on the job (Safety and Administration 2004). In addition, nearly 

half (48%) of the average individual’s radiation exposure in the United States comes 

from medically related procedures, with most of the remaining radiation exposure 

coming from exposure to radon-222 decay products (Boffetta, Mannetje et al. 2005). 

Furthermore, people who work in the manufacturing of soaps and detergents, paints, 

plastics, inorganic pigments, and synthetic rubber also increased the risk of developing 

lung cancer (Molina, Yang et al. 2008). Other occupational exposure to inorganic 
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arsenic, PAHs, metals, and other occupational carcinogens are also important risk 

factors of lung cancer (Field and Withers 2012).  

 

2.2.5 Other factors 

  

Other factors including family history, radiation therapy to the chest, diet and physical 

conditions suggested a link to lung cancer in many studies. For example, a study 

showed an increased risk of lung cancer in individuals who have a family history of 

the disease (Cote, Liu et al. 2012). People with diabetes might have an increased risk 

of lung cancer (Lee, Jeon et al. 2013). Alcohol, as a possible risk factor for lung 

cancer, been investigated since 1962 (Boffetta 2005). Since then, alcohol consumption 

has been indicated to increase the risk of lung cancer in many studies, but in general, 

its association with lung cancer has been under debate. It is difficult to disentangle the 

effects of alcohol and other factors such as smoking. Besides, the levels of 

consumption and the interaction of alcohol with other dietary factors are also 

important. Nevertheless, more evidence demonstrates that the more people drink, the 

higher their risk. A new study proposed a possible link between heavy alcohol 

consumption with a higher risk of developing lung cancer (Siu, Li et al. 2011).  

 

2.2.6 Lung cancer susceptibility genes 
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Given the fact that 80-90% of lung cancer incidence results from cigarette smoking, it 

is still hard to explain that only 10-15% of all smokers develop lung cancer (Schwartz, 

Prysak et al. 2007), indicating the different individual susceptibility to lung 

carcinogens. Furthermore, the association between family history and an increased 

risk of lung cancer provides more evidence. At the molecular level, the most common 

somatic genetic or epigenetic alterations in lung cancers are p53 mutations (common 

in all forms of lung cancers), KRAS or EGFR mutations (mostly in adenocarcinoma), 

and alterations in the CDKN2A/ARF/RB1 pathway (Gazdar, Franklin et al. 2004). A 

list of most common susceptibility genes in lung cancer are presented in Table 2.3 

(Sher, Dy et al. 2008). Among them, EGFR and KRAS are the two most commonly 

mutated oncogenes, and p53 is the most frequently mutated tumor suppressor gene in 

lung cancer. Molecular alteration may define a subgroup of patients with specific 

clinic pathological features to facilitate the chemotherapy of cancers (Blons, Pallier et 

al. 2008). 

 

Table 2. 3 Molecular abnormalities in SCLC and NSCLC 

Characteristic SCLC NSCLC 

  (%) (%) 

Point mutations 

  K ras NA 30-50 

p53 90 60 

Rb 80-100 20-40 
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c-met 12.5 7 

Increased gene copy number 

  EGFR NA 22-32 

MYC(formerlyc-MYC) 18-30 8-22 

Protein overexpression 

  BCL2 75-95 10-35 

EGFR NA 60-70 

ERBB2(formerly Her2/neu) 0-13 20-40 

GRP 50-75 NA 

CCND1 NA 43 

MYC(formerlyc-MYC) 10-45 10 

c-kit 60-90 <10 

c-met 80-90 90-100 

VEGF 80 75 

 

*EGFR= epidermal grouth factor receptor; GRP=gastrin-releasing prptide; NA= not 

applicable; NSCLC=non-small cell lung cancer; SCLC=small cell lung cancer; 

VEGF=vascular endothelial growth factor. (Reprint with permission) 

 

2.3 Molecular origins and lung cancer 
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2.3.1 EGFR and lung cancer 

  

In cells, epidermal growth factor receptor (EGFR; ErbB-1; HER1 in human) can 

regulate essential cellular functions, such as survival, proliferation, migration, and 

differentiation, and play a key role in the etiology and progression of cancer. EGFR is 

a transmembrane protein with cytoplasmic kinase activity that transduces growth 

factor signaling from the extracellular milieu to the cell. When mutation occurs, the 

kinase activity of EGFR is increased, which lead to hyperactivation of downstream 

pro-survival signaling pathways (Scagliotti, Kortsik et al. 2005). In the United States, 

about 15% of patients with NSCLS have mutations to the EGFR suggesting an 

important therapeutic target for the treatment. The EGFR is a member of the ErbB 

family of receptors and interacts with its three known homologues, HER2/c-neu 

(ErbB-2), Her 3 (ErbB-3) and Her 4 (ErbB-4), in a ligand-dependent fashion to form 

heterodimers (Toschi and Cappuzzo 2007, Raponi, Winkler et al. 2008). These 

receptors are transmembrane tyrosine kinase receptors, which can induce cell 

proliferation and enhance resistance during chemotherapy and radiotherapy. They 

generally include an extracellular ligand-binding domain, an intracellular tyrosine 

kinase domain, and a transmembrane lipophilic domain (Ono and Kuwano 2006). The 

structure enables signals to be transmitted across the membrane and induce cellular 

responses such as proliferation. The signal-transducing tyrosine kinase activity can be 

inactivated when the receptors are in isolation. HER2 is the preferred 

heterodimerization partner for other HER family receptors. HER2-containing 
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heterodimers are the most potent in mediating down-stream signaling activity. Studies 

have discovered the association between EGFR and HER2 receptors and accelerated 

tumor progression and resistance to therapy. HER3 lacks active kinase activity. HER4 

is overexpressed in NSCLC, which may indicate an early biomarker for prognosis due 

to its correlation with lymph node metastasis (Sato, Shames et al. 2007, Rajeswaran, 

Trojan et al. 2008). Once EGFR is activated through binding of its specific ligands 

transforming growth factor α (TGFα), it can regulate important tumorigenic processes, 

including cell proliferation, differentiation, apoptosis, angiogenesis, migration, and 

invasion through its down-stream signaling pathways. (Herbst, Heymach et al. 2008, 

Zhang and Chang 2008).  

 

2.3.2 RAS and lung cancer 

  

RAS oncogene is involved in lung cancer development. There are 3 human RAS 

genes: the HRAS gene (homologous to the oncogene of the Harvey rat sarcoma virus), 

the KRAS2 gene (homologous to the oncogene of the Kirsten rat sarcoma virus) and 

the NRAS gene (first isolated from a human neuroblastoma) (Davis, Malcolm et al. 

1983, Uchiyama, Usami et al. 2003, Kratz, Steinemann et al. 2007). These genes code 

for four highly homologous 21  kDa proteins called p21, which regulates cell growth 

by interacting with multiple effectors, such as mitogen-activated protein kinase 

(MAPK), phosphoinositide 3-kinase (PI3K) and signal transducer and activator of 

transcription (STAT) cascades (Uchiyama, Usami et al. 2003). To be biologically 
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active, RAS proteins must be localised to the inner face of the plasma membrane, 

where they can effectively interact with their upstream activators and downstream 

targets. The RAS gene can be activate through binding to GTP and deactive through 

GTP hydrolysis to GDP. In normal cells, RAS initiates cell proliferation through the 

RAS-dependent kinase cascade and regulate by GTPase activity. In tumor cells, RAS 

mutation can result in loss of the intrinsic GTPase activity and ultimately stimulate 

cell proliferation (Riely, Marks et al. 2009). 

  

About 1/3 of all human cancers carry RAS gene mutations. For lung cancer, RAS is 

frequently mutated in 15-20% of NSCLC, more frequently (20–30%) in 

adenocarcinoma and less frequently (about 7%) in squamous-cell carcinoma 

(Uchiyama, Usami et al. 2003, Riely, Marks et al. 2009). KRAS is the most frequent 

mutations, accounting for 90% of RAS mutations in AC (Uchiyama, Usami et al. 

2003). Moreover, approximately 70% of KRAS mutations are guanine to thymine 

transversion mutations (G!T), including the replacement of normal glycine (GGT) 

with either cysteine (TGT) or valine (GTT), which are more common in 

former/current smokers. Transition mutations (G!A) are more common in lung AC 

patients who never smoked (Mascaux, Iannino et al. 2005, Riely, Marks et al. 2009). 

The RAS mutations frequently found in human malignancies are mainly limited to the 

substitutions of amino acids at positions 12, 13, 59, and 61 (Riely, Marks et al. 2009). 

RAS mutations may lead to the accumulation of RasGTP by impairing intrinsic 

GTPase activity and abolishing GAPs activity, thus constitutively activating RAS 
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signaling to continuously stimulate cell proliferation (Kratz, Steinemann et al. 2007). 

Although K-RAS mutations are one of the most commonly occurring oncogene 

aberrations in human cancer, no specific treatment is currently available. 

 

2.4 Lung cancer treatment 

  

Treatment of lung cancer is based on a number of factors, such as health conditions, 

the histological cell type, and stage of cancer. According to the TNM subsets 

(T=primary tumor, N=regional lymph nodes, M=distant metastasis) in the 

International Staging System for Lung Cancer, the American Joint Committee on 

Cancer and the Union for International Control Cancer revised the stage grouping 

classification as shown in Figure 2.3.  
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Figure 2. 3 Stage groups according to TNM descriptor and subgroups (Reprint with 

permission) (Detterbeck, Boffa et al. 2009) 

  

Surgery is the standard first-line treatment for patients with stage I-II NSCLC, the goal 

is to remove the entire tumor, including a small amount of normal tissue at the margin. 

Surgery for stage III disease is controversial and surgery is very rarely used in cases of 

stage IIIb or stage IV NSCLC. Although surgical resection is most consistent and 

successful option for cure lung cancer, 5-year survival rates were disappointing, as 

many patients developed a recurrent disease, or metastasis relatively soon after 

resection. Thus, chemo- and radio-therapy have been intensely investigated to improve 

cancer treatment in both the preoperative (neoadjuvant/induction) and postoperative 

(adjuvant) settings (Tovey, Witton et al. 2004, Agaku, King et al. 2014). 

Chemotherapy is favorable for palliation in patients with locally advanced and 

metastatic disease, when most lung cancer patients are diagnosed. Adjuvant 

chemotherapy is generally suggested for patients with resected stages IIA through IIIA 

NSCLC. Adjuvant chemotherapy becomes an option for patients with resected lung 

cancer, who has a high risk of relapse, and showed significant survival benefits 

(Pirker, Malayeri et al. 1999, Xu, Rong et al. 2000, Imaizumi and Study Group of 

Adjuvant Chemotherapy for Lung 2005, Detterbeck, Boffa et al. 2009, Bonomi, 

Pilotto et al. 2011, Patel and Wakelee 2011). Currently, adjuvant cisplatin combination 

chemotherapy is recommended for routine use for patients with completely resected 

stages IIA, IIB and IIIA NSCLC, but not for patients with stage I. Guideline of 
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Adjuvant Chemotherapy and Adjuvant Radiation Therapy for Stages IIIIA. Resectable 

NSCLC from Cancer Care Ontario and American Society of Clinical Oncology (CCO-

ASCO) showed that adjuvant radiation therapy seemed to have different effects on 

survival of patients in different stages (Souquet, Chauvin et al. 1995).  

  

Based on histological subtype, for AC and LC of NSCLC, target chemotherapy is 

currently available by determine EGFR mustation and/or Anaplastic lymphoma kinase 

(ALK). If EGFR mutation is positive, Erlotinib or Afatinib, both of which are tyrosine 

kinase inhibitor (TKI) for EGFR, is used for first-line chemotherapy. If ALK test is 

positive, crizotinib as a protein kinase inhibitor is used as the first-line chemotherapy. 

If neither of the tests is positive, the doublet chemotherapy is considered for fist-line 

chemotherapy. For SC, doublet chemotherapy is always considered for first-line 

chemotherapy (Catalano, Poli et al. 2007).  

  

Most of NSCLC cases were diagnosed at stage III (locally advance) or IV (metastasis) 

with chemotherapy usually as the first line therapy. According to current data, 

chemotherapy as doublet regimens combining cisplatin or carboplatin with paclitaxel, 

vinorelbine, docetaxel, gemcitabine, or irinotecan is the optimum first-line treatment 

for patients with NSCLC and good performance (Johnson, Fehrenbacher et al. 2004, 

Sandler, Gray et al. 2006, Pisters, Evans et al. 2007, Network 2014). Bevacizumab is a 

recombinant humanized monoclonal antibody against vascular endothelial growth 

factor (VEGF). It is the first antiangiogenic agent approved for the treatment on 
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patients with NSCLC as the first-line treatment in combination with standard doublet 

chemotherapy of patients. The benefit of adding bevacizumab to standard 

chemotherapy regimens has been shown to prolong survival, but increase treatment-

related deaths (Ciuleanu, Stelmakh et al. 2012, Ramlau, Gorbunova et al. 2012). 

Another monoclonal antibody targeted for VEGF is Afibercept, which is under further 

investigation in phase III trial, although FDA has approved its use in combination use 

with 5-fluorouracil, folinic acid and irinotecan to treat adults with metastatic colorectal 

cancer in 2012 (Mita, Mita et al. 2008, O'Donnell, Faivre et al. 2008). 

  

After failure of first-line treatment, single-agent regimens of either docetaxel or 

pemetrexed are among the recommended treatment for second-line therapy. For the 

patients with EGFR mutation, erlotinib or afatinib is recommended as second-line 

therapy (Engelman and Janne 2008, Mita, Mita et al. 2008). In the third-line therapy, 

the treatment options include docetaxel, pemetrexed, erlotinib or gemcitabine, if not 

given previously. For patients experience the failure of third-line treatment, the 

National Comprehensive Cance Network (NCCN) recommends best supportive care 

or enrollment in a clinical trial.  

  

Other targeted chemotherapies are also under investigated. For example, the inhibitor 

for mTOR, which is in the downstream of PI3K and Akt in signaling pathways and 

plays an important role in cell growth and proliferation, has been developed and 

examined in phase I and II trial. Some data has been disappointing, but the conclusion 
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is still early with the ongoing novel mTOR inhibitors discovery (Roth, Dobbelstein et 

al. 1998, Woods and Vousden 2001, Engelman and Janne 2008). Furthermore, HDAC 

inhibitors and platinum-based chemotherapy have suggested synergetic effects in 

laboratory observations and require further investigations (Geyer, Yu et al. 2000).  

  

There are limitations of current treatments. Although platinum-based chemotherapy 

offers symptomatic relief and modest improvements in survival, the cost is obvious as 

the current nonspecific, nonselective treatment results in significant toxicity to the 

patient; therefore, more effective and less toxic agents are needed (Mattaj and 

Englmeier 1998, Fried and Kutay 2003). Moreover, although therapeutic agents EGFR 

TKIs has been promising, one of the biggest problem in clinical is the ultimate 

resistance in most patients, either primary (initially refractory to treatment) or acquired 

(initially respond to treatment but subsequently lose response). The toxicity of EGFR 

inhibitors is also another subject that cannot be ignored (Weis 1998). In addition, all 

these targeted therapies are restricted to use in only certain subpopulations of patients 

with NSCLC, together with many different side effects of all these chemotherapies 

significantly limit its use for lung cancer treatment. 

  

With the growing list of these targeted therapies, a number of new challenges arise, for 

instance, studies are necessary to determine rational combinations of these agents. 

Synergetic effects may not always be predicted as previous experience of combining 

cytotoxic agent with targeted therapies, a large number preclinical and clinical 
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validations are needed. Besides the combination chemotherapies, efforts like 

Biomarker-Integrated Approaches of Targeted Therapy for Lung Cancer Elimination 

(BATTLE) are still necessary to determine specific biomarkers that prove effective 

and predict response to targeted therapies. Despite recent advances in NSCLC, there 

are still challenges in solving the problems like the unmet medical needs, inconsistent 

responses, multiple resistance, and unsatisfied safety and tolerability profiles.  

 

2.5 p53 and lung cancer 

 

p53, as the ‘guardian of the genome’, plays key roles in  cell cycle arrest, senescence 

and apoptosis in response to oncogene activation, DNA damage and other stress 

signals. Loss of p53 function by either mutation or by inactivation has been observed 

in most human tumors. The tumor suppressor gene p53 (TP53), located on 

chromosome 17p13.1 (Hollstein, Sidransky et al. 1991), encodes a 53-kd 

multifunctional DNA sequence-specific nuclear phosphoprotein (Stanley 1995). The 

p53 cDNA comprises 11 exons which consist of about 1200-bp coding for 393 amino 

acids (Zakut-Houri, Bienz-Tadmor et al. 1985). p53 domains contain the 

transcription activation domain, prolinerich region, core domain, nuclear localization 

signal-containing region, oligomerisation domain and C-terminal basic domain (Figure 

2.4) (Soussi and Beroud 2001). 
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Figure 2. 4 Schematic representation of the p53 protein. a) The functional domains, b) 

regions of sequence conservation, and c) structural domains. L1, L2, and L3 indicate 

loops, and LSH indicates a loop–sheet–helix structure. Tetrahedrally coordinated zinc 

is necessary for DNA binding.	  (Reprint with permission) 

  

The five domains which include domain I (codons 13-19 in exon 2), domain II 

(codons 117-142 in exon 4 and 5), domain III (codons 171-181 in exon 5), domain IV 

(codons 234-258 in exon 7), and domain V (codons 270-286 in exon 8) have been 

highly conserved during evolution (Soussi, Caron de Fromentel et al. 1990).  

  

p53 regulates cell cycle and facilitates DNA repair pathways through either 

transcriptional or non-transcriptional mechanisms. For example, in response to 

genotoxic stress, the level of p53 protein increases and subsequently induces either a 
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transient cell cycle arrest at the G1/S checkpoint to allow DNA repair or allows 

apoptosis if the DNA could not be repaired (Kastan, Zhan et al. 1992, Vogelstein and 

Kinzler 1992, Midgley and Lane 1997, Bargonetti and Manfredi 2002). A schematic 

diagram of p53’s diverse roles as ‘‘guardian of the genome’’ is shown in Figure 2.5 

(Kim, Giese et al. 2009).  

 

Figure 2. 5 Diverse roles of p53 in its function as “guardian of the genome” (Reprint 

with permission).  

  

Activating a p53-dependent cell cycle arrest in normal cells can protect them from the 

toxic stress. Depending on stress levels, p53 can accumulate to different levels. p53 

can directly participate in repair processes by binding to DNA and resolving abnormal 

DNA structures, through its exonuclease activity and/or induce a transcriptional. p53 

can induce the cell cycle arrest at G1, G2, and/or S phases. p53 induced G1 and G2 
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cell cycle arrest can provide additional time for the cell to repair genomic damage 

before entering S (DNA synthesis) and M (cell mitosis) phase. The arrested cells can 

be released back into the proliferating pool through biochemical functions of p53 

mediated DNA repair. Furthermore, p53 is able to mediate nontranscriptional 

responses such as apoptosis induction by direct activation of the mitochondrial 

apoptosis pathway. Different subpopulations of p53 might perform different functions 

and different p53 activities might be performed simultaneously (Kim, Giese et al. 

2009).  

  

The best known down-stream target of p53, p21waf1/Cip1 is a cyclin-dependent 

kinase (CDK) inhibitor (CKI). Binding with CDK, p21 can slow down the movement 

of cyclin-CDK2 or CDK4 complexes and control the cell cycle at G1 (Missero and 

Dotto 1996, Abbas and Dutta 2009). p21 also serve as an indicator for the p53 

activation due to its strong association with in p53 in response to stress stimuli (Abbas 

and Dutta 2009).  

  

p53 plays important roles in monitoring cellular stress and to induce apoptosis in 

response. p53 is involved in two distinct apoptotic signaling pathways that result in the 

activation of the aspartate-specific cysteine proteases (caspases) that mediate 

apoptosis. The extrinsic pathway includes the engagement of a tumor necrosis factor 

receptor (TNF-R) and the formation of the death-inducing-signaling-complex (DISC), 

which leads to a cascade of activation of caspases and then induce apoptosis (Haupt, 
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Berger et al. 2003). The intrinsic pathway is induced by DNA damage and followed 

by association with mitochondrial depolarization and release of cytochrome c from the 

mitochondrial intermembrane space into the cytoplasm. A apoptosome complex of 

Cytochrome c, apoptotic protease-activating factor 1 (APAF-1), and procaspase-9 is 

formed and activates caspase-9, which promotes activation of caspase-3, caspase-6 and 

caspase-7 that leads to apoptosis. The important function of p53 is summarized in 

Figure 2.6 (Perfettini, Kroemer et al. 2004, Brown, Lain et al. 2009). 

 

Figure 2. 6 The p53 pathway. p53 is activated by environmental stress such as UV 

irradiation, DNA damaged caused other factors, or in response to MDM induction. 

p53 has major function to induce growth arrest, appotosis, and it can also help to 

prevent angiogenesis etc. (Reprint with permission) 
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2.5.1 Inactivation of p53  

  

In many tumours p53 is inactivated and the p53 gene mutation was found in a wide 

variety of human cancers, occuring in ~50% tumors and ~60% of lung cancer 

(Denissenko, Pao et al. 1996, Gao, Mady et al. 2003). Mutation of p53 has been 

frequently reported in both SCLC (75%) and NSCLC (50%), but AC exhibit p53 

mutations less frequently than other histological types (Wakamatsu, Devereux et al. 

2007). p53 mutation mostly happen in the DNA binding domain. It was reported that 

more than 90% of the mutations are found in exons 5-8 (the core DNA-binding 

domain), with ‘hot spots’ at codons 156, 157, 158, 175, 245, 248, 249, 273, and 282 

(Denissenko, Pao et al. 1996, Gao, Mady et al. 2003).  

  

The link between smoking and mutation patterns of p53 has been investigated for lung 

cancers. p53 mutations are more common in smokers with NSCLC and the patterns of 

p53 mutations are significantly different in lung cancer arising in smokers and non-

smokers (Sun, Schiller et al. 2007). In spontaneous as well as chemically induced 

mouse lung tumors, p53 is not commonly mutated, and it is a late event if it is 

mutated. The frequency of p53 mutations appear to vary between the different 

histological types of lung cancer with highest in SCC and lowest in AC (Bennett, 

Hussain et al. 1999). In addition, the defects in p53 pathways may be associated with 

tumor resistance to therapy (Rajaseger, Lim et al. 2009). Together, future development 
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of strategies to augment normal p53 function would become an important research 

target in lung cancer treatment.  

 

2.5.2 Regulation of p53 

  

As a potent inhibitor of cell growth, p53 function is strictly regulated to allow cell 

normal growth. This is achieved through mechanisms including the regulation of p53 

transcription, p53 protein stability, subcellular localization and activity of p53 (Vega, 

Sevilla et al. 2004).  

  

The post-translational modifications (PTMs) of p53 include phosphorylation, 

ribosylation acetylation, ubiquitylation, sumoylation, neddylation, methylation, and 

glycosylation(Bode and Dong 2004). Among them, phosphorylation is the most 

common protein modification occurring in mammalian cells, which plays a crucial 

role in regulating the biological activities of proteins through a reversible mechanism 

with protein kinases (phosphorylate proteins) and phosphatases (remove phosphates). 

p53 contains more than 16 different phosphorylation sites. Detected 

phosphorylation/dephosphorylation sites include serines (Ser, S) 6, 9, 15, 18, 20, 33, 

37 and 46, and threonines (Thr, T) 18, 55 and 81 in the amino-terminal domain, Ser 

315, 376, 378 and 392 in the carboxy-terminal domain, and Ser 149, Thr 150 and 155 

in the central core (Figure 2.7) (Sluss, Gannon et al. , Bode and Dong 2004). 

Activation of p53 in response to cell damage or disturbance of physiology in normal 
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healthy individuals can result in cell cycle arrest or apoptotic cell death.  

 

Figure 2. 7 Phosphorylation sites of human p53. (Florea and Busselberg 2011) 

(Reprint with permission) 

  

p53 contains a core DNA binding domain, an N-terminal transactivation domain, and 

a C-terminal multifunctional regulatory domain (Jimenez, Khan et al. 1999). Most 

post-translational modifications happen in the highly conserved residues of both N- 

and C-terminal domains. Many post-translational modifications within the C- terminus 

of p53 demonstrated an enhanced p53 sequence-specific DNA binding and its 

transcriptional activities, such as phosphorylation, poly(ADP-ribosyl)ation, 
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sumoylation, acetylation, and methylation, in response to different stress (Jimenez, 

Khan et al. 1999, Chuikov, Kurash et al. 2004, Scoumanne and Chen 2008). For 

example, poly-ADP-ribosylation plays a critical role for Poly(ADP-ribose) polymerase 

(PARP-1) in DNA repair has been predicted (Wieler, Gagne et al. 2003). PARP-1 is a 

multifunctional and highly conserved enzyme, which binds to the breaks during DNA 

damage. It associates with chromatin and catalyzes the transfer of ADP-ribose units 

from NAD+ to protein-bound poly- ADP-ribose. PARP-1 and p53 interactions in 

response to stress have been observed in a number of cell lines (Agarwal, Agarwal et 

al. 1997). In response to DNA damage, p53 is covalently poly(ADP-ribosyl)ated and 

results in apoptosis (Agarwal, Agarwal et al. 1997). The ability of PARP-1 to interact 

with and ADP-ribosylate p53 suggests a functional relationship between these two 

proteins. An intriguing model of PARP-1 as a DNA damage sensor regulating p53 

function is shown in Figure 2.8 (Agarwal, Agarwal et al. 1997).  
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Figure 2. 8 A model for regulation of p53 by PARP. Mechanism of P53 activation in 

response to DNA damage or arrest of DNA synthesis is shown in this Figure. 

Elevation of the level of P53 due to stimulus- dependent stabilization is partially 

dependent on PARP. (reprint with permission) 

  

Another key regulator of p53, MDM2, can inhibit the transcriptional activity of p53 

and target p53 for degradation. MDM2 functions as an E3 ligase that involved in the 

conjugation of ubiquitin to p53 for degradation by the proteasome. It is an 

autoregulatory feedback loop that MDM2 is a transcriptional target of p53 and 

increased p53 activity induces increased expression of MDM2, which negative 

regulate p53 expression. In response to stress, p53 is induced while MDM2 is 

inhibited through different pathways including PTMs of p53, inhibition of MDM2 

function, and regulation of p53 subcellular localization (Wagstaff and Jans 2009).  

 

2.5.3 p53 subcellular localization 

  

p53 wild-type has been determined in many kinds of tumors, indicating p53 function 

may be regulated by other factors, such as subcellular localization (Ryan, Phillips et 

al. 2001, Uldrijan, Kotala et al. 2002). Constitutive cytoplasmic localization of wild-

type p53 has been reported in colorectal adenocarninoma, inflammatory breast 

carcinoma, hepatocellular carcinoma, undifferentiated neuroblastoma, and 

retinoblastoma (Schlamp, Poulsen et al. 1997), and is linked to tumor metastasis and 



Texas Tech University, Chuanwen Lu, August 2014 
 

49	  

poor survival (Sun, Carstensen et al. 1992, Stenmarkaskmalm, Stal et al. 1994). A 

study has demonstrated that p53 cytoplasmic sequestration by hepatitis B virus HBx 

protein can induce uncontrolled cell proliferation (Utama, Shen et al. 2006). In fact, a 

lot of tumor suppressor proteins like p53 need to be nucleus localized to perform their 

functions in response to difference stresses (Turner and Sullivan 2008). Like p53, 

MDM2 can shuttle between the nucleus and the cytoplasm, and ubiquitin ligase 

activity of MDM2 is essential for the export of p53 from the nucleus. The dual role of 

MDM2’s E3 ligase is critical in regulating the stability of p53 by allowing nuclear 

export as well as targeting p53 to the proteasome. Therefore, cytoplasmic 

sequestration of p53 is clearly an important mechanism of inactivating p53 (Stade, 

Ford et al. 1997, Dong, Biswas et al. 2009). 

  

In normal or unstressed cells, p53 subcellular distribution is variable and depends on 

different phase of the cell cycle. It was suggested that p53 is predominantly in the 

nuclear from approximately mid G1 to the G1/S transition, then increasingly exported 

to the cytoplasm as the cell progresses through the cell cycle (Ryan, Phillips et al. 

2001). In response to various cytotoxic and genotoxic stresses, p53 was found 

accumulated in the nuclear, which results from either inhibiting p53 nuclear export or 

accelerating its nuclear import. The cytoplasmic localization of p53 result in a 

defective p53 stress response and p53 could not perform its function of inducing 

apoptosis, DNA damage repair, etc. (Ryan, Phillips et al. 2001).  Therefore, drugs in 
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restoring the nuclear localization of p53 may lead to a new therapeutic potential in the 

treatment of cancers with p53 wild type. 

 

2.6 Nuclear-cytoplasmic shuttling 

  

DNA synthesis, RNA transcription and translation and protein modification occur 

within distinct subcellular locations. Although small molecules can diffuse passively 

across membrane bound organelles, transport of macromolecules (>40-65kDa) 

between compartments require specific, energy-driven mechanisms (Gorlich and 

Mattaj 1996). Nuclear-cytoplasmic shuttling is an exceedingly complex process 

consisting of macromolecular trafficking with proteins and RNAs traveling through 

nuclear pores that serve as tunnels through the nuclear envelope (NE). Although 

proteins are produced in the cytoplasm, those that participate in nuclear functions must 

be translocated into the nucleus.  

 

2.6.1 Nuclear pore complex (NPC) 

  

The NPC is one of the largest macromolecular structures in the cell (125 kDa) and 

consists of a combination of approximately 30 proteins called nucleoporins (Nups) 

embedded between the inner and the outer nuclear membrane in the NE lipid bilayer. 

Each nuclear pore contains more than 100 nucleoporins (Kau, Way et al. 2004). For 

large molecules such as proteins and RNAs, specific nucleocytoplasmic transport 
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receptors and nucleoportins are required (Macaulay and Forbes 1996, Alber, 

Dokudovskaya et al. 2007, Cook, Bono et al. 2007). Different species or cell types 

have different numbers of nuclear pore complexes. There are on average 2000 nuclear 

pore complexes in the NE of a vertebrate cell. The structure of the nuclear complex is 

shown in Figure 2.9. The entire nuclear pore complex (NPC) is about 120 nm in 

diameter and its functional diameter is about 9 nm (Alber, Dokudovskaya et al. 2007). 

It only allows small molecules (<40kDa) such as water to traffic freely between the 

nucleus and cytoplasm. Its singular structure includes of a central transporter region, a 

surrounding spoke-like Nup ring, cytoplasmic and nuclear-side Nup rings, cytoplasmic 

and nuclear fibrils and a nuclear basket region (Pante and Aebi 1994). Each NPC can 

mediate the transport of thousands of macromolecules, either bidirectionally or 

uniderectionally, depending on the specificity of a class of transport proteins known as 

Karyopherins (Cook, Bono et al. 2007). Karyopherins are divided in three different 

groups depending on the directionality of their transport (i.e., exportins transport 

substrates from nucleus to cytoplasm, importins from cytoplasm to nucleus and 

transportins engage in bidirectional movement) and, together with the small GTPase 

molecule Ran, provide the regulatory specificity of nucleocytoplasmic 

macromolecular transport (Mattaj and Englmeier 1998, Fried and Kutay 2003). Each 

importin and exportin recognizes a distinct class of transport cargoes and has the 

ability to bind a particular subset of nuclear pore proteins (Weis 1998).  



Texas Tech University, Chuanwen Lu, August 2014 
 

52	  

 

Figure 2. 9 The structure of nuclear-pore complex. The nuclear-pore complex, which 

is ~200 nm in length, is made up of nucleoporins. Cytoplasmic filaments extend into 

the cytoplasm and are anchored to a cytoplasmic ring at the plasma membrane. The 

pore’s inner ring is part of the pore’s basket-like structure, which extends into the 

nucleus. The ribosome, which is ~150 Å, is shown for size comparison (Kau, Way et 

al. 2004). (Reprint with permission) 

 

2.6.2 Protein import and export 

  

Macromolecules nuclear-cytoplasmic transport requires the nuclear transport 

receptors.  Nuclear transport receptors could bind to cognate sequences on their 

transport cargoes. They are also referred to as karyopherins including importins and 

exportins. Table 2.6.1 shows the important importins and exportins. Nuclear transport 
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receptors also interact with certain nucleoporins, mediating the translocation of 

transport complexes through the NPC (Pemberton and Paschal 2005).  

 

Table 2. 4 Importins and exportins 

Human Cargo Yeast Cargo 

Importi-β1 Many cargoes, cargoes with basic 

 

Many cargoes 

including those  

 

NLSs via karyopherin α, UsnRNPs  Kap95 with basic NLS via 

 

via snurportin 

 

karyopherin α 

Karyopherin-β2 

hnRNPA1, histones,ribosomal 

proteins Kap104 Nab2, Hrp1 

Transportin 

SR1 SR proteins 

Mtr10/Kap 

111 Npl3,Hrb1 

Transportin 

SR2 HuR 

  

Importin 4 Histones, ribosomal proteins Kap123 

Ribosomal 

proteins,histones 

Importin 5 Histones, ribosomal proteins Kap121 

Ribosomal 

proteins,histones 

   

Pho4, others 

Importin 9 Histones, ribosomal proteins Kap114 TBP,histones, Nap1p 

Importin 7 HIV RTC, Glucocorticoid receptor Nmd5/Kap119 TFIIS, Hof1, others 
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ribosomal proteins 

  

  

Sxml/Kap108 

Lhp1, ribosomal 

proteins 

Importin 8 SRP 19 

  Importin 11 UbcM2, rpL12 

  

  

Kap122 TFIIA 

Export 

   

Crm1 Leucine rich NES cargoes Crm1 

Leucine rich NES 

cargoes 

Exportin-t Trna Los1 tRNA 

CAS Karyopherin α Cse1 Karyopherin α 

Exportin 4 Eif-5A 

  Exportin 5 microRNA precursors 

  Exportin 6 Profilin, actin 

  Exportin 7 p50Rho-GAP, 14-3-38 

  Import/Export 

   

Importin 13 

Rbm8, Ubc9, Pax6(import), Eif-

1A(export) 

  

  

Msn5 

Pho4, others 

including 

   

phosphorylated 

proteins 
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Members of the karyopherin-β family from human and yeast are shown, and 

orthologues as well as examples of their characterized cargoes are grouped. ‘‘Essential 

gene’’ indicates the phenotype of the yeast gene deletion. Dotted lines indicate 

orthologues have not been identified. Although Nmd5/Kap119 and Sxm1/Kap108 are 

shown as orthologues of Importin 7, these proteins show a similar level of sequence 

relatedness to Importin 8.  

 

Nuclear import requires nuclear localization signals (NLS), which is an amino acid 

sequence that acting like a 'tag' on the exposed surface of a protein. Typically, this 

sequence consists of short sequences of positively charged lysines or arginines. Same 

NLS may found in different nuclear localized proteins. The classical scheme of NLS-

protein importin is shown in Figure 2.10 (Kau, Way et al. 2004). NLS sequence is 

recogenized by importin-α and followed by binding to importin-β, forming the 

   

(import), Replication 

protein, 

   

A complex(export) 

Uncharactarized 

   RanBP6 undefined 

  RanBP17 undefined 

      kap120 undefined 
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importinβ-importinα-protein complex, which can be diffuse through the nuclear pore. 

Importins cycle back to cytoplasm for another import. 

 

Figure 2. 10 Scheme for nuclear import. Karyopherin-α (α; green) recognizes proteins 

that contain a nuclear localization signal (NLS; blue) and forms a complex. This 

complex then binds to karyopherin-β (β; orange), and is translocated through the 

nuclear pores into the nucleus (green shaded area). After entering the nucleus, the 

NLS-containing protein is dissociated by RanGTP (red). A high concentration of 

RanGTP is maintained in the nucleus by RanGEF, which converts RanGDP to 

RanGTP. Karyopherin-β and RanGTP are recycled back out though the pore to the 

cytoplasm, where RanGTP is hydrolysed to RanGDP. Karyopherin-α is carried out of 

the nucleus by the nuclear export receptor CAS (yellow). This export involves 

complex formation with RanGTP, and then CAS is transported back into the nucleus 

through the pore. (Reprint with permission) 
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In a similar fashion exportins are involved in export of nuclear protein via nuclear 

export signals (NESs) (Figure 2.11) (Gorlich and Mattaj 1996, Petosa, Schoehn et al. 

2004). Any protein containing a nuclear export signal (NES) can bind in the nucleus 

with an exportin such as CRM1and RanGTP. The complex can then diffuse to the 

cytoplasm and then release NES-protein. A nuclear export signal (NES) is a short 

amino acid sequence containing 5-6 hydrophobic residues in a protein. Exportins bind 

cooperatively with RanGTP in the nucleus and release it following hydrolysis of 

RAN-bound GTP in the cytoplasm. For example, CRM1 or Exportin 1 exports 

leucine-rich NES proteins and exportin-t exports tRNA (Weis 1998, Wagstaff and 

Jans 2009). 

 

 

Figure 2. 11 Classic NES-mediated nuclear transport across the NPC (Reprint with 

permission). Cargoes that contain a NES bind to CRM1 and RanGTP before they are 

exported out of the nucleus. In the cytoplasm, hydrolysis of RanGTP to RanGDP by 
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RanGAP promotes complex dissociation. CRM1 is then transported back into the 

nucleus, where it can reassociate with a NES containing protein and RanGTP to start 

the process over. 

 

2.6.3 Chromosome maintenance region 1 (CRM1)  

  

The ubiquitous exportin Chromosome Region Maintenance-1 (CRM1) is involved in 

the transport of many proteins and RNA molecules from nucleus to cytoplasm (Stade, 

Ford et al. 1997). CRM1 protein contains a N-terminal region CRIME domain, which 

is a highly conserved central region involved in RanGTP-dependent NES recognition. 

CRM1 also contains a stable fragment in the C-terminal region spanning 328 residues 

(amino acids 707-1034, CRMCTR), including the Ran binding loop and the central 

region critical for cooperatively. CRM1 has a broad substrate range. In the nucleus, 

CRM1 binds to RanGTP and to its cargo via its NES. This interaction results in CRM1 

conformational changes that could increase its affinity for RanGTP and its cargo 

molecule more than 500-fold (Dong, Biswas et al. 2009). The ternary complex then 

moves across the NPC, presumably fueled in part by RanGTP gradient, and reaches 

the cytoplasm where RanGAP causes hydrolysis of RanGTP to RanGDP (Coutavas, 

Ren et al. 1993). The generation of RanGDP favors the dissociation of the export 

complex into its components, releasing the cargo molecule in the cytoplasm. RanGDP 

and CRM1 are then translocated back into the nucleus where RanGDP is 

phosphorylated to RanGTP through its interaction with RCC1, binds CRM1 and 
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begins a new export cycle (Ohtsubo, Okazaki et al. 1989, Izaurralde, Kutay et al. 

1997). It was suggested that CRM1 was a cell-cycle regulated gene with its expression 

constant through the cycle, and that human CRM1 (hCRM1) was mainly located in the 

nuclear envelope, followed by the nucleus and cytoplasm. The S. pombe CRM1 

protein played an essential role in NES-dependent nuclear export  (such as the export 

of p53, MEK1, NF-AT, NF-κB, SMAD4, and adenomatous polyposis coli (APC)), but 

not in NLS-dependent nuclear import of proteins (Kudo, Khochbin et al. 1997).  

  

As CRM1 is an important regulator of subcellular localization of key molecules, 

CRM1 has been shown to interact with many cancer-related proteins including 

enzymes, cell cycle regulators, and oncogene and tumor suppressor gene including 

p53 (Mutka, Yang et al. 2009). CRM1 has been suggested to involve directly or 

indirectly in the nuclear export of proteins, such as p53, NF-κB, p21, and survivin 

(Hay, Vuillard et al. 1999, Alt, Gladden et al. 2002, Kanai, Hanashiro et al. 2007, 

Stauber, Mann et al. 2007, Wu, Chen et al. 2009). 

 

p53 

p53 is  a multifunctional tumor suppressor involved in cell cycle regulation, DNA 

damage repair and cellular commitment to programmed cell death (Vogelstein, Lane 

et al. 2000). This protein has been shown to be aberrantly expressed in approximately 

50% of all human malignancies, making it one of the most common and important 

biochemical abnormalities in neoplastic transformation. Normally, p53 levels are 
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tightly regulated by sequestration in the cytoplasm and proteasome-dependent 

degradation, which results in very low levels in the nucleus (Cai and Liu 2008). Thus, 

the function and regulation of p53 depends on its nucleocytoplasmic trafficking and 

subcellular localization, this process being mediated by its interactions with CRM1 

(Freedman and Levine 1998). Using a bi-transgenic mouse lung cancer model, Chen et 

al demonstrated a direct correlation between CRM1 expression and nuclear 

accumulation of p53 in lung tumors (Chen, Moore et al. 2011). Interestingly, 

overexpression of Ki-rasG12C resulted in down regulation of CRM1 and p53 nuclear 

accumulation, further supporting the role of CRM1 in p53 nuclear export. Finally, the 

existence of a reciprocal regulatory loop where p53 acts as a repressor of CRM1 

transcription and CRM1 controls p53 nuclear levels and availability has been 

demonstrated, underscoring the importance of CRM1 in p53 homeostasis (van der 

Watt and Leaner 2011). 

 

NF-κB and IκB  

NF-κB plays critical roles in inflammation, immune response and neoplastic 

transformation (DiDonato, Mercurio et al. 2012). In the cytoplasm, NF-κB interacts 

with IκB (a regulatory protein of NF-κB and serves as a cytosolic anchor for NF-κB 

transcription factor) inhibiting nuclear translocation of NF-κB (Yamamoto and 

Gaynor 2001). Rather than serving as a static cytosolic anchoring protein, IκB is a 

dynamic protein that can also bind NF-κB in the nucleus, disrupts its association with 

DNA, and cause its export to the cytosol. When NF-κB signaling pathways are 
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activated (i.e., proinflammatory cytokines), phosphorylation of IκB by IκB kinase 

(IKK) occurs, resulting in its polyubiquitination and immediate proteosomal 

degradation (Siebenlist, Franzoso et al. 1994). Once IκB is destroyed, NF-κB enters 

the nucleus and initiates transcription of its target genes. IκB contains an NES in its 

amino terminus and has been shown to accumulate in the nucleus of cells treated with 

the CRM1 inhibitor LMB (Hay, Vuillard et al. 1999). Thus, shuttling of IκB between 

the nucleus and cytoplasm occurs via a CRM1-dependent mechanism. Although other 

mechanisms exist that dictate NF-κB nuclear translocation (i.e., phosphorylation, 

SUMOlyation, etc.), IκBB compartmentalization by CRM1-mediated nuclear export 

represents the most important regulatory step of this transcription factor (Hay, 

Vuillard et al. 1999).  

 

p21 

p21 is a p53-regulated CDK inhibitor involved in cell cycle regulation in response to 

DNA damage. p21 expression increases in response to p53 activation, causing cell 

cycle arrest in response to oncogenic and/or genotoxic stimuli (Bunz, Dutriaux et al. 

1998). We and others have shown that p21 levels increased dramatically in cells 

treated with the CRM1 inhibitor, LMB (Shao, Lu et al. 2011, Lu, Shao et al. 2012). 

This indicates CRM1 regulates nuclear levels of p21, and therefore its function, by 

promoting its nuclear export. Interestingly, Alt et al have demonstrated that nuclear 

p21 can block CRM1-mediated cytoplasmic translocation of cyclin D suggesting a 

dual function for p21 in cell cycle regulation (Alt, Gladden et al. 2002). Thus, p21 
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appears to regulate cell cycle progression by at least two mechanisms, namely 

inhibition of CDK function, resulting in cell cycle arrest, and inhibition of cyclin 

D/CRM1 interaction, with consequent blockade of cyclin D nuclear export, increase 

cyclin D nuclear levels and enhaced CDK/cyclin D complex formation. These 

seemingly disparate findings suggest cell cycle regulation by p21 depends on the very 

delicate molecular balance determined by its nuclear concentration.  

 

Survivin 

Survivin is a protein involved in regulation of cell division or apoptosis dependent on 

its nuclear or cytoplasmic compartmentalization (Altieri 2003, Lens, Vader et al. 

2006). Survivin possesses two NES and its nuclear export depends clearly on CRM1 

function (Rodriguez, Span et al. 2002, Knauer, Bier et al. 2006). In the nucleus, 

survivin is predominantly associated with a complex of proteins, comprised of Aurora 

B kinases, Borealin, and others, involved in centromere and mitotic spindle regulation 

(Klein, Nigg et al. 2006). CRM1 interacts with this complex via survivin and 

facilitates its transport to the centromeric region. In the cytoplasm, survivin functions 

as an inhibitor of apoptosis and its nuclear export is required for its tumor-promoting 

effects (Stauber, Mann et al. 2007). Moreover, inhibition of CRM1 function results in 

survivin’s nuclear localization, increased susceptibility to chemotherapy and radiation 

and, ultimately, cell death (Knauer, Kramer et al. 2007). 
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2.6.4 CRM1 and cancer 

 

Higher CRM1 expression was reported in different cancer human population (Noske, 

Weichert et al. 2008, Shen, Wang et al. 2009), such as cervical cancer (van der Watt, 

Maske et al. 2008), pancreatic cancer (Chang, Hsiao et al. 2009, Shen, Wang et al. 

2009). Cytoplasmic CRM1 expression was correlated with advanced stage and poorly 

differentiated tumors, and nuclear CRM1 was related to poor overall survival (Yao, 

Dong et al. 2009). Evidence suggests that overexpression of CRM1 may serve as a 

surrogate marker for tumor aggressiveness and poor prognosis in patients with a 

variety of cancers (Table 2.5). 

 

Cervical cancer  

Cervical cancer cell lines have been shown to overexpress CRM1 compared to normal 

cervical tissues (van der Watt, Maske et al. 2009). These investigators recently 

demonstrated that enhanced CRM1 expression in cancer cells is related to increased 

promoter activity (Watt and Leaner 2010, van der Watt and Leaner 2011). 

Furthermore, inhibition of CRM1 expression using siRNA resulted in decreased 

proliferation and apoptosis in cervical cancer cell lines, but not in cells derived from 

normal cervical tissues. Overall levels of the tumor suppressors p53, p27, p21 and p18 

also increased significantly in CRM1 siRNA treated cervical cancer cells, suggesting 

CRM1-mediated nuclear export of these regulatory proteins is important in 

determining their nuclear levels and tumor suppressing function (van der Watt, Maske 
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et al. 2009). Thus, it appears CRM1 over expression may play a fundamental role in 

cervical cancer biology.  

 

Glioma    

Using Western blot analysis and immunohistochemistry, Shen and collaborators 

demonstrated high expression of CRM1 in human glioma specimens (Shen, Wang et 

al. 2009). Seventy tumor samples and matched normal brain tissues were examined 

and nuclear overexpression of CRM1 was found in 80% of the glioma specimens. In 

this study, CRM1 overexpression had a strong correlation with tumor grade, poor 

overall survival and high cytoplasmic levels of phosphorylated p27 tumor suppressor 

protein. Nuclear p27 levels were low in glioma specimens compared to normal tissues, 

suggesting that increased CRM1-mediated p27 export is important in the development 

and progression of human gliomas and patient’s clinical outcomes. 

 

Hematologic malignancies 

An elegant study by Tai et al has recently demonstrated that CRM1 gene expression is 

significantly increased in plasma cells from multiple myeloma (MM) and plasma cell 

leukemia vs. normal plasma cells or those derived from patients with more benign 

plasma cell dyscrasias such as monoclonal gammopathy of unknown significance or 

smoldering multiple myeloma (Tai, Landesman et al. 2012). In this study, CRM1 

downregulation by shCRM1 lentiviruses significantly decreased MM cell viability 

regardless of drug sensitivity and p53 status, demonstrating a clear relationship 
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between CRM1 overexpression and MM biology. Interestingly, these investigators 

also demonstrated that inhibition of CRM1 interfered with osteoclastogenesis and 

bone resorption via blockade of RANKL-induced NFκB activation in osteoclast 

precursor cells, without impacting osteoblasts and BMSCs (Tai, Landesman et al. 

2012). Importantly, specific pharmacological inhibition of CRM1 (see below) was 

also shown to suppress MM cell growth, diminished MM cell-induced osteolysis, and 

prolonged survival of SCID mice with diffuse human MM (Tai, Landesman et al. 

2012). Zhang et al have recently demonstrated CRM1 is highly expressed in mantle 

cell lymphoma (MCL) cells and is associated with regulating growth and survival 

mechanisms through NF-κB survival pathway, independent of p53 status (Zhang, 

Wang et al. 2013). In a study by Kojima et al, CRM1 expression was determined in 

511 AML patients and CRM1 expression showed to be an adverse prognostic factor 

for AML patients (Kojima, Kornblau et al. 2013). These results clearly point to a 

major role of CRM1 dysregulation in the pathobiology of certain hematologic 

malignancies, including MM, MCL and AML.  

 

Osteosarcomas 

Yao et al studied CRM1 expression in 57 osteosarcoma specimens, using Western blot 

analysis, and found that overexpression of this exportin correlated with tumor grade, 

increased tumor size and survival (Yao, Dong et al. 2009). Since there are no 

biological markers that predict prognosis or clinical outcomes in patients with this 
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disease, these data suggest that aberrant overexpression of CRM1 may become a 

useful indicator of disease aggressiveness in patients with osteosarcoma. 

 

Ovarian cancer 

Overexpression of CRM1 has also been demonstrated in ovarian cancer tissues and 

cell lines. Noske et al analyzed 88 ovarian cancer tissue samples from biopsies and 

demonstrated high levels of CRM1 protein expression in both tumors and ovarian 

cancer cell lines (Noske, Weichert et al. 2008). In this study CRM1 protein levels were 

associated with advanced tumor stage, cell proliferation and poor prognosis in this 

disease, suggesting a role of CRM1 in the biology and prognosis of human ovarian 

cancer. This group also examined expression of NF-κB signaling pathway components 

in 85 ovarian tumor tissues and cell lines, and found a direct correlation between p65 

and CRM1 expression and poor prognosis (Darb-Esfahani, Sinn et al. 2010). 

 

Pancreatic cancer 

Using Western blot analysis, Huang et al examined CRM1 protein expression in 69 

pancreatic cancer tissues and 10 normal samples (Huang, Yue et al. 2009). In this 

study, high levels of CRM1 protein expression were found in cancerous versus normal 

tissues and a significant correlation was established between overexpression of CRM1 

protein and prognostic clinical parameters such as tumor size, lymph node and hepatic 

metastases. Additionally, these investigators showed a decreased progression-free and 
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overall survival in patients whose tumors overexpressed CRM1 protein, suggesting 

this exportin may predict for poor clinical outcome in this disease. 

 

Table 2. 5 Summary of CRM1 overexpression in different cancers 

Type of cancer Proven associations in cell lines/nude mouse models/human 
subjects  

Acute myeloid leukemia CRM1 inhibition induces apoptosis in patient-derived 
CD34(+)/CD38(-) AML, but not in normal progenitor cells (Kojima, 
Kornblau et al. 2013). 

Cervical cancer CRM1-mediated nuclear export of p53, p27, p21 and p18, is 
important in determining their nuclear levels and tumor suppressing 
function (van der Watt, Maske et al. 2009). 

Glioma CRM1 over expression had a strong correlation with tumor grade, 
poor overall survival and high cytoplasmic levels of phosphorylated 
p27 tumor suppressor protein (Shen, Wang et al. 2009). 

Mantle cell lymphoma CRM1 is involved in regulating growth and survival mechanisms 
through the critical NF-κB survival pathway, independent of p53 
status (Zhang, Wang et al. 2013). 

Melanoma CRM1 inhibition was associated with p53 stabilization and pRb and 
survivin modulation (Salas Fragomeni, Chung et al. 2013). 

Multiple myeloma CRM1 down regulation significantly decreased MM cell viability and 
its inhibition interfered with osteoclastogenesis and bone resorption 
via blockade of RANKL-induced NFκB activation in osteoclast 
precursor cells. CRM1 inhibition also suppressed MM cell growth, 
diminished MM cell-induced osteolysis, and prolonged survival of 
SCID mice with diffuse human MM (Tai, Landesman et al. 2012). 

Osteosarcoma Over expression of exportin correlated with tumor grade, increased 
tumor size and survival (Yao, Dong et al. 2009). 

Ovarian cancer CRM1 protein levels were associated with advanced tumor stage, cell 
proliferation and poor prognosis in this disease (Noske, Weichert et al. 
2008). 

Pancreatic cancer 
 

Over expression of CRM1 protein correlated with prognostic clinical 
parameters such as tumor size, lymph node and hepatic metastases.  
Decreased progression-free and overall survival in patients whose 
tumors over expressed CRM1 protein, suggesting this exportin may 
predict for poor clinical outcome (Huang, Yue et al. 2009). 

Renal cell cancer CRM1 inhibition attenuated CRM1 and showed increased 
cytotoxicity in vitro renal cell carcinoma cells, increased apoptosis 
and cell cycle arrest (Inoue, Kauffman et al. 2013). 
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2.6.5 p53 nuclear-cytoplasmic trafficking in cancer 

  

p53 is a nuclear-cytoplasmic shuttling protein, which contains the NES and is 

transported by CRM1 (Kanai, Hanashiro et al. 2007). Nuclear accumulation of p53 

protein is reported to be associated with the grade and stage of bladder cancer, and 

plays important roles in the multistep progression of bladder cancer (Esrig, Elmajian et 

al. 1994). It was also suggested that p53 nuclear accumulation is an early event in lung 

carcinogenesis (Piyathilake, Frost et al. 2003). However, the mechanism involved in 

p53 nuclear accumulation in early stages of carcinogenesis is still unclear. CRM1 

dependent wild-type p53 nuclear localization can be abrogated by LMB. With LMB 

treatment, accumulation of p53 and p53-dependent transcriptional products in the 

cellular nucleus present in human normal fibroblasts, tumor cell lines with wild-type 

p53, but not in cells with p53 mutant or null (Ohtsubo, Okazaki et al. 1989, Coutavas, 

Ren et al. 1993, Izaurralde, Kutay et al. 1997).  

 

2.7 Chemicals or drugs in the study 

 

There are several examples in the study of lung cancer treatment.  

 

Leptomycin B (LMB) 

LMB is a specific and potent inhibitor of CRM1 function by irreversibly binding to a 

Cys residue of the cargo binding domain of CRM1 (alkylating Cys 528) (Ossareh-
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Nazari, Bachelerie et al. 1997, Xu and Massague 2004, Cook, Bono et al. 2007). LMB 

can inhibit the NES-dependent nuclear export in both yeast and mammalian cells by 

interfering the association of CRM1 and NES (Kudo, Wolff et al. 1998). The potential 

of LMB as a novel cancer therapeutic drug has already been examined based on its 

activity of preventing cytoplasmic localization and inactivation of important tumor 

suppressors (such as p53) by blocking CRM1 (Mutka, Yang et al. 2009). p53 protein 

is wild type (WT) but degraded or relocated from the nucleus (cytoplasmic 

sequestration) to be inactivate (Xu and Massague 2004). p53 accumulation in nuclear 

under the condition of DNA damage and other stresses. The nuclear import of p53 

seems to be NLS-depend, and its export is CRM1 mediated (Xu and Massague 2004). 

The relocation of WT p53 to the cytoplasm in cancer cells in a CRM1-dependent 

mechanism could be abrogated by LMB (Foo, Nam et al. 2007).  

 

Doxorubicin (Dox) 

Dox is a widely used chemotherapeutic agent by inducing apoptosis in various cancer 

cells. It can activate p53 and has been used in the treatment of many solid tumors. 

However, Dox has demonstrated drug resistance and cardiotoxic side effects in cancer 

patients (Aas, Børresen et al. 1996, Wang, Konorev et al. 2004, Kojima, Konopleva et 

al. 2005). The combination of Dox with other chemotherapeutic drugs have been 

investigated to reduce the side effects, overcome the resistance, and increase the 

efficacy (Outomuro, Grana et al. 2007).  
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2.8 Summary 

  

Cancer chemotherapy has been used successfully in treating various types of tumors. 

However, its effectiveness has often been limited by drug resistance and side effects 

(Dempke, Suto et al. 2010). The mechanism studies on specific 

molecule(s)/pathway(s) may lead to new therapies that potentially overcome these 

limitations (Dempke, Suto et al. 2010). Leptomycin B (Hallqvist, Wagenius et al.) 

and/or its derivatives, which can efficiently inhibit nuclear export that mediated by 

CRM1, has been identified as a novel class of cancer therapeutics (Adachi and 

Yanagida 1989, Nishi, Yoshida et al. 1994, Kudo, Wolff et al. 1998, Shao, Lu et al. 

2011). CRM1, a well-characterized nuclear export receptor, plays an important role in 

canonical nuclear export signal-dependent nuclear export, including major tumor 

suppressor proteins such as p53, p21, p27, and the inhibitor of NF-κB, namely I-κB 

(Kudo, Wolff et al. 1998, Wang, Budhu et al. 2005). Recent studies have reported that 

CRM1 is expressed at a significantly higher level in cervical cancer (van der Watt, 

Maske et al. 2008) and could serve as a prognostic factor for ovarian cancer (Noske, 

Weichert et al. 2008) and osteosarcoma (Yao, Dong et al. 2009). Our recently 

published in vitro studies using normal lung epithelial cells (Chen, Shao et al. 2010) 

and a bitransgenic mouse model (Chen, Moore et al. 2011) have suggested the 

importance of CRM1 in lung cancer development and a potential molecular target for 

cancer treatment, including lung cancer.  
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LMB, as an inhibitor of CRM1, can prevent cytoplasmic localization and modulate 

cancer-specific pathways. For example, LMB can prevent p53 inactivation by 

inhibiting its nuclear export by CRM1 (Ossareh-Nazari, Bachelerie et al. 1997, Cook, 

Bono et al. 2007, Mutka, Yang et al. 2009). Our recent study showed that lung AC cell 

line A549 (p53 wild type) was more resistant to LMB than other cell lines with the 

p53 mutant or null (Shao, Lu et al. 2011). Some studies have suggested that the 

functions of wild type p53 on cell growth arrest and DNA repair could increase 

resistance to radio- or chemo- therapeutic agents and p53 prone to potentiate apoptosis 

in response to severe DNA damage (Kuerbitz, Plunkett et al. 1992, Clarke, Purdie et 

al. 1993, Lowe, Ruley et al. 1993). Therefore, to sensitize lung cancer cell to the 

chemotherapeutic effect of LMB, we propose a therapeutic strategy combining LMB 

with other drugs by inducing severe DNA damage and p53 activation which could 

eventually lead to increased function of p53 induced apoptosis. 

  

The potential use of LMB as a combination drug and possible functions in treatment 

of lung cancer has not been fully investigated. In this study, cytotoxicity of 

combination treatment on lung cancer cells will be evaluated, followed by screening 

molecular alterations after combination treatment. The possible potent combination 

treatment will be applied to improve current lung cancer therapy. Therefore, the long-

term goal is to use combination of LMB and currently used chemotherapeutic drugs, 

which is effective in p53 induced apoptosis, for the treatment of lung cancer. In this 
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study, we will determine the efficacy of combination use Dox and LMB in inhibiting 

of cancer cell proliferation and the involved molecular mechanisms.	   	  
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CHAPTER III  

CRM1 EXPRESSION IN LUNG CANCER 

 

3.1 Introduction 

 

Lung cancer continues to be the leading cause of cancer deaths worldwide and in the 

United States (Garcia M, Jemal A et al. 2007, Jemal, Siegel et al. 2009). Non-small 

cell lung cancer (NSCLC) remains the predominant form of lung cancer (about 85%) 

(Vinay Kumar 2004, Devesa, Bray et al. 2005). Although some improvements have 

been made in surgical techniques and combined therapies over the last several decades, 

the relative survival rate for lung cancer is still low (Keohavong, Lan et al. 2005). 

Lung cancer remains an extreme lethal disease with 5-year survival rate as low as 15% 

in the United States (Gao, Romkes et al. 2003, Garcia M, Jemal A et al. 2007). 

Unclear molecular mechanisms, lack of early diagnostic biomarkers, and deficiency of 

targeted therapy in lung cancer are some of the major reasons that its incidence, 

diagnosis and prognosis are relatively unchanged.  

 

Evidence shows that 80-90% of lung cancers are directly or indirectly traceable to 

tobacco use (Carbone 1992, Wingo, Ries et al. 1999, Freedman, Leitzmann et al. 2008, 

Gao, Mady et al. 2009). More than 60 known carcinogens have been identified in 

cigarette smoke (Hecht 2002, Wogan, Hecht et al. 2004), among which N-

Nitrosamines play major roles in carcinogenesis (Hecht 2008). NNK [4-
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(methylnitrosamino)-1-(3-pyridyl)-1-butanone] is an important nitrosamine with 

highly carcinogenic activities and consistent presence in relatively considerable 

amounts in cigarette smoke (Carbone 1992, Hecht 1999, Wingo, Ries et al. 1999, 

Hecht 2008). NNK has been shown to have lung-selective toxicity and induce 

primarily lung adenocarcinoma in a variety of laboratory animals (Sozzi, Miozzo et al. 

1995, Hecht 1998, Hecht 1999, Hecht 2002, Wogan, Hecht et al. 2004, Hecht 2008, 

Gao, Mady et al. 2009). The development of lung cancer has been extensively 

investigated in the past forty years (Harrison, Roberts et al. 2004, Lo, Ali-Seyed et al. 

2006, Schwartz, Prysak et al. 2007). Some of these studies, including our previous 

studies (Langenfeld, Lonardo et al. 1996, Boyle, Langenfeld et al. 1999, Stommel, 

Marchenko et al. 1999, Gao, Mady et al. 2003, Stabile, Lyker et al. 2006),] have 

revealed frequent occurrence of mutations in several proto-oncogenes and tumor 

suppressor genes, including p53 gene, and such alterations have been associated with 

the initiation and progression of lung cancer.  

 

In addition to mutations in oncogenes and tumor suppressor genes, accumulated 

evidence has also shown stage-specific gene turn on or off during the process of 

cancer development (Stanley 1995, Herbst, Heymach et al. 2008, Stabile, Rothstein et 

al. 2008). For instance, in eukaryotic cells nucleo-cytoplasmic transport is critical for 

normal biological functions, such as transcription and cell cycle regulation (Cook, 

Bono et al. 2007, Chen, Moore et al. 2011). CRM1, a well-characterized nuclear 

export receptor, was first identified in the yeast Schizosaccharomyces prombe (S. 
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pombe) (Adachi and Yanagida 1989) and has been found as a conserved gene in 

eukaryotes. CRM1 protein mediates nuclear export signal (NES)-dependent nuclear 

export of various cancer-associated ‘cargo’ proteins (Nigro, Baker et al. 1989, Kudo, 

Khochbin et al. 1997, Xu and Massague 2004, Mutka, Yang et al. 2009). This protein 

has been demonstrated to be involved in nuclear-cytoplasmic transport of p53, 

epidermal growth factor receptor (EGFR), histone deacetylase 5 (HDAC5), protein 

kinase 1 (Akt1), survivin, and elevated in various human tumors (Nigro, Baker et al. 

1989, Kudo, Khochbin et al. 1997, Meek 1998, Zhu, Zhou et al. 1998, McVean, Xiao 

et al. 2000, Xu and Massague 2004, Stauber, Mann et al. 2007, Mutka, Yang et al. 

2009, Wu, Chen et al. 2009).  

 

Data from our initial studies have suggested that CRM1 also plays an important role in 

lung cancer development (Hecht 1996, van der Watt, Maske et al. 2009). In order to 

get further insight into the mechanisms by which CRM1 is involved in lung cancer, in 

the present study we have analyzed CRM1 expression in lung tumor tissues from lung 

cancer patients and from NNK-treated mice and in human lung epithelial cells and 

compared the results with p53 protein phosphorylation. 
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3.2 Materials and methods 

 

3.2.1 Cells and cell culture 

 

Human bronchial epithelial cell line BEAS-2B was obtained from American Type 

Culture Collection (ATCC). The flasks/dishes/plates were coated with a mixture of 

0.01 mg/ml fibronectin (Sigma), 0.03 mg/ml PureColTM (Inamed biomaterials), and 

0.01 mg/ml bovine serum albumin (Sigma) dissolved in BEBM at 37°C for at least 2 

hours before use. BEAS-2B cells were cultured in LHC-9 medium (Invitrogen) 

containing 100 U penicillin/mL and 100 µg/mL streptomycin. The cells were then 

incubated at 37°C in 95% air, 5% CO2 atmosphere until they approached 80% 

confluence. 1) For short-term NNK exposure, BEAS-2B cells were treated with 0, 10, 

75, or 150µM NNK for 24 and 72 hours in triplicate as described in our previous study 

(Hecht 1996); 2) BEAS-2BNNK, an in vitro transformed cell model derived from 

BEAS-2B, has been shown to be suitable for studying lung carcinogenesis (Walker 

and Levine 1996, Englmeier, Fornerod et al. 2001). Briefly, this cell line was 

generated by exposure to NNK (15 µM) for 24 h, and then continuously sub-cultured 

for 9 passages. The evidence of transformation was analyzed by changes in anchorage 

independent growth assay.  

 

3.2.2 Tissue specimens and tissue microarray (TMA) 
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Lung cancer tissues consisted of paraffin-embedded lung tumors and included 5 

adenocarcinomas and 5 squamous cell carcinomas. All samples were collected under 

protocols approved by the local Institutional Review Board (IRB). These patients were 

all smokers and consisted of 9 males and 1 female, with an age range of 26-78 years. 

All slides were stained with hematoxylin and eosin and reviewed by the pathologist to 

confirm the histological presence of tumor. This set of samples was used as a training 

set to evaluate CRM1 expression in lung cancer tissues as compared to matched 

adjacent histologically normal tissues.  

 

Tissue microarray from IMGENEX contained 59 lung cancer tissues (IMH-305) or 

their matching normal adjacent tissues (IMH-340). These specimens were obtained 

from 47 males and 12 females with an averaged age of 60.8 years (range 33-81). They 

consisted of 15 adenocarcinomas (7 stage I, 4 stage II, and 4 stage II), 37 squamous 

cell carcinomas (12 stage I, 19 stage II, and 6 stage II), 5 large cell carcinomas (4 

stage I, and 1 stage II), and 2 carcinosarcomas (1 stage I, and 1 stage II). This set of 

samples was used as a testing set to validate the finding of CRM1 expression.  

 

3.2.3 Immunohistochemistry (IHC)  

 

Tissue slides were deparaffinized and antigen retrieval was performed using 10 mM 

sodium citrate buffer (pH 6.0, Sigma) for 30 min at 95°C. After cooling and 

subsequent rinsing in 1× Phosphate-buffered saline (PBS, pH 7.4, Bio-Rad 
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Laboratories), the slides were immersed in normal goat serum (1.5%, Vector 

Laboratories) for 1 h. The CRM1 (1:50 dilution, Santa Cruz Biotechnology) primary 

antibodies were incubated overnight at 4°C. Slides were then washed for 3×3 min with 

1×PBS. Bound antibody was incubated with diluted biotinylated secondary antibody 

(1:2000, Vector Laboratories) for 1 h. After washing with 1×PBS, sections were 

incubated for 30 min with VECTASTAIN® ABC Reagent (Vector Laboratories). 

DAB (Vector Laboratories) was used as the substrate to detect the antibody. Sections 

were then counterstained with hematoxylin.  

 

3.2.4 Immunohistochemical analyses 

 

To evaluate CRM1 expression in samples from the training set, stained lung tissue 

sections were semi-quantified using Image J software at 40× magnification to generate 

an “H score” as described in our previous study (van der Watt, Maske et al. 2009). A 

score of “zero” designates no stain, a score of “three” defines the darkest stain, with 

scores of “one” having weak staining and “two” having intermediate staining. For 

each section, approximately 500 total cells from five randomly selected areas per 

section per subject were assessed for staining intensity and assigned a value from 0 to 

3 for each image. The total H-score for one section was subsequently generated by: H 

score = 0×% cells negative+1×% cells weakly positive+2×% cells moderately 

positive+3×% cells strongly positive, giving a possible range of 0–300. Different from 

the qualitative analysis for the training set, a quantitative measurement of the CRM1 
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staining (range 0-3: “zero” designates no stain, and “three” defines the darkest stain) 

was performed for the testing set of samples from tissue microarray. Two individuals 

blindly examined the slides.  

 

3.2.5 Protein extraction and Western blot analysis   

  

Confluent cells in 100 mm petri dishes were treated with 10, 75, or 150 µM NNK for 

24 h and 72 h in triplicate, and then washed 3 times with 1×Phosphate-buffered saline 

(PBS). A total of 600 ul of lysis RIPA buffer (1×TBS/1% Nonidet P-40/0.5% sodium 

deoxycholate/0.1% SDS/0.004% sodium azide/1% sodium orthovanadate/1% 

PMSF/1×protease inhibitor cocktail solution) was added to each dish and cells were 

lysed gently. The lysates were sonicated and centrifuged at 13,000×g for 5 min at 4°C, 

then supernatant was collected. The protein concentration was measured by the 

Bradford protein assay. Protein samples were separated by 12% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were immobilized 

on a polyvinylidene fluoride (PVDF) transfer membrane. The immobilized proteins 

were blocked with 3% milk solution in 1×PBS containing 0.1% Tween 20 (PBST0.1) 

overnight and then incubated for 1 h with different primary antibodies (anti-CRM1, 

1:1000 dilution (Santa Cruz); anti-phospho-p53 Thr55, 1:250 dilution (Santa Cruz), 

anti-α-Tubulin, 1:5000 dilution (Abcam)). The membrane was then washed with 

PBST0.1 and incubated with donkey anti-rabbit HRP-conjugated IgG (1:2000 in 3% 

milk in PBST0.1) for 1 h at room temperature. The membrane was then washed with 
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PBST0.1 and 1×PBS. The antibody reactivity was finally visualized by ECL and 

exposed to X-ray film (Fujifilm Corporation, Tokyo).  

 

3.2.6 Mouse model and NNK-induced lung tumors 

 

Male FVB/N mice are an intermediately susceptible strain with regard to spontaneous 

lung tumor formation and have been used for studies of NNK-induced lung 

tumorigenesis (Henderson 2000, Nguyen, Holloway et al. 2012). Mice were each 

given two intra-peritoneal injections each of 3 mg NNK per week (NNK-treated group 

1, n = 8) or 0.9% saline (vehicle control group, n=8). From each group, mice were 

sacrificed at 32-weeks after the last NNK- or saline-treatment. Lung tissues were fresh 

frozen or formalin-fixed and paraffin-embedded. 

 

3.2.7 Isolation of total RNA 

 

Total RNA was isolated from BEAS-2B, BEAS-2B NNK, and BEAS-2BCRM1+ cells 

using an RNeasy® plus mini kit (Qiagen) following the manufacturer protocol. Briefly, 

cells were lysed, homogenized, removed genomic DNA, and purified. The RNA was 

finally eluted by RNase-free water and stored at -80°C until use. A NanoDrop 1000 

Spectrophotometer was used to determine the the yield of extracted total RNA by 

measuring absorbance (optical density, OD) at 260 nm (Thermo Scientific). The 

quality and purity of total RNA were evaluated by agarose gel electrophoresis. All 
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total RNA samples used for qRT-PCR experiments were integrity and had OD 

A260/A280 ratios between 1.9-2.1 (Tang 2013). 

 

3.2.8 Quantitative real-time PCR (qRT-PCR) 

 

Following the manufacturer’s protocol, one-Step RT-PCR kit with SYBR green was 

used to amplify the RNA (75 ng) (BioRad). Briefly, single-step RT-PCR 

amplifications were performed in 96-well optical reaction plates using iCycler (Bio-

Rad) programmed for reverse transcription at 50 °C for 15 min, denaturation and RT 

enzyme inactivation at 95 °C for 5 min, followed by 40 cycles of 10 s denaturation at 

95 °C and 30 s annealing and extension at 60 °C. The primers sequences used for 

GAPDH (116 bp) and CRM1 (198bp) are 5’-GGTGGTCTCCTCTGACTTCAACA-3’ 

(Forward) and 5’-GTTGCTGTAGCCAAATTCGTT GT-3’ (Reverse), and 5’-

GGAACCAGTGCGAAGGAATA-3’ (Forward) and 5’-

TTTCGCTGGTCCTACTTGCT-3’ (Reverse), respectively. Specificity of PCR 

products was also verified by melt curve analysis between 55 and 95 °C with 0.5 °C of 

temperature increments. Threshold cycle number (Ct value) was analyzed using 

iCycler IQ optical system software (Bio-Rad). The Ct value of CRM1 was normalized 

to the Ct value of GAPDH from same sample and the fold change in the expression 

was calculated by using the ΔΔCt method. Amplification reaction for each sample was 

performed in triplicates. Non-template control was also included in each experiment. 
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3.2.9 Soft agar colony assay (Anchorage independent growth assay) 

 

BEAS-2B, and BEAS-2B NNK cells were suspended at 5×104 cells/mL in growth 

medium containing 0.35% agar. Cell suspension (1 mL) was added to a 6-well tissue 

culture plate pre-coated with 0.7% solid agar (2 mL). After 10 days of incubation, the 

number of colonies/microscope area (6 randomly selected areas/well) was counted and 

their sizes were analyzed using cell staining (0.005% Crystal Violet) by microscope. 

Lung adenocarcinoma cell line A549 was used as positive control. This experiment 

was done in triplicate. 

 

3.2.10 p53 mutation analyses 

 

Polymerase chain reaction-single strand conformation polymorphism (PCR-SSCP) 

analysis and sequencing were performed to detect p53 mutations in exons 5 to 8 using 

the reagents, primers and conditions previously described (Boyle, Langenfeld et al. 

1999, Gao, Mady et al. 2003). 

 

3.2.11 Statistical analysis  

 

Band intensity western blot was measured by the Quantity One software (Bio-Rad) 

and normalized by the intensity of the housekeeping gene, α-Tubulin. Student t test 

was used to compare the difference of colony number and size and analyze the 

difference of RNA and protein expression levels. ANOVA or χ2 test was used to 
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investigate the associations between CRM1 expression and clinical factors (age, 

gender, tumor stage, and histology). All analyses were performed using the SPSS 18.0 

software. Differences with p<0.05 were considered significant. 
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3.3 Results 

 

3.3.1 CRM1 expression in NNK-treated lung epithelial cells 

 

In order to investigate the effects of a lung carcinogen on the expression of CRM1 in 

vitro, BEAS-2B cells were treated with NNK (BEAS-2BNNK). After a growth nine 

passages soft agar colony assay shows a significant increase in both colony number 

and colony size as compared with vehicle-treated BEAS-2B cells (Figure 3.1). 

Furthermore, the transformed cells show a significant increased CRM1 expression 

both at the CRM1 mRNA (2.6 fold) and CRM1 protein levels as compared to vehicle-

treated cells BEAS-2B cells (Figure 3.2) (P<0.05).  

 

3.3.2 CRM1 expression in lung tumors from lung cancer patients and from mice 

treated with NNK  

 

IHC of CRM1 was first performed on a training set of 10 lung tumor tissues from 

smokers (5 adenocarcinoma and 5 squamous cell carcinoma) and 10 matched tumor-

adjacent histologically normal lung tissues (Figure 3.3). CRM1 expression level was 

significantly higher in lung tumor tissues (H score: 139.9±11.7), compared with 

matched normal tissues (H score: 83.9±11.8) (P=0.006, paired t test). To validate this 

result further, CRM1 expression was performed using microarray on a testing set of 59 

lung tumor tissues and their matched adjacent histologically normal tissues. CRM1 
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expression level was significantly higher in tumor tissues, compared with the matched 

normal tissues (2.3±0.7 in cancer vs. 0.7±0.5 in normal, P<0.001, paired t test). 

Therefore, CRM1 is over-expressed in lung tumor tissues of both adenocarcinoma and 

squamous cell carcinoma, the two major histologic subtypes of lung cancer from 

smokers. For comparison, lung adenocarcinoma is the only lung tumor subtype found 

in FBV/N mice treated with NNK under the conditions described in methods. IHC 

analysis was performed for eight of such lung tumors and matched histologically 

normal tissues surrounding the tumor. The data showed an increased CRM1 

expression in the tumor tissue, compared with normal tissues in all eight cases. 

Therefore, CRM1 is overexpressed in lung tumors from both lung cancer patients from 

mice treated with the tobacco smoke carcinogen NNK.  

 

3.3.3 CRM1 expression and p53 phosphorylation in lung tumors from NNK-

treated mice and in NNK-treated lung epithelial cells  

 

CRM1 plays an important role in the transport of tumor suppressor and oncogene 

proteins, including p53, from the cell nucleus into the cytoplasm (Kanai, Hanashiro et 

al. 2007). We first evaluated p53 phosphorylation at Thr55 that has been reported to 

be involved in p53 interaction with CRM1 and p53 transport to the cytoplasm (Huang, 

Yue et al. 2009). We determined that p53 mutations were not detected in the lung 

adenocarcinoma from NNK-treated mice used in this study as the occurrence of such 

mutations would lead to accumulation of nonfunctional mutant p53 in these tissues. 
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IHC analysis showed a significant increase in phosphorylated-Thr55 p53 (p-Thr55 p53) 

in lung tumors from NNK-treated mice, compared with tumor-surrounding 

histologically normal lung tissues (Figure 3.4). Second, we performed an in vitro 

study to evaluate the expression levels of both p-Thr55 p53 and CRM1 in BEAS-2B 

cells at different time points following treatment with NNK (at 0, 10, 75 and 150 µM). 

Control BEAS-2B cells without treatment or treated with vehicle showed a low level 

of both proteins. Treatment of BEAS-2B cells with NNK resulted in changes in both 

p-Thr55 p53 and CRM1 expression levels in two phases. During the first 24 h and 72 

h following NNK treatment both the expression of both proteins gradually decreased, 

as compared to the matched control BEAS-2B cells treated with vehicle. Furthermore, 

this decrease was dependent on the doses of NNK (Figure 3.5). At later time points 

after treatment with 10 µM NNK p-Thr55 p53 expression level began to increase and 

reached 2.5- to 3.5-fold the protein level in the control of cells treated with vehicle 

(Figure 3.6). At these same time points, CRM1 also increased but to a lesser extent, 

compared with p-Thr55 p53, by between 50% and 75% over the protein level in the 

control cells groups. Finally, when the NNK-treated cells at the 10-week time point 

were assessed by soft agar colony assay transformed cell colonies appeared (Figure 

3.1). These cells over-expressed both p-Thr55 p53 and CRM1 (Figure 3.2). 

 

 

  



Texas Tech University, Chuanwen Lu, August 2014 
 

87	  

3.4 Discussion 

 

In this study, we demonstrated that CRM1 were frequently overexpressed in both 

adenocarcinoma and squamous cells carcinoma, the two major subtypes of lung 

tumors from lung cancer patients, suggesting that that CRM1 overexpression is 

involved in lung carcinogenesis. Similar results were observed in lung 

adenocarcinoma from NNK-treated mice. Furthermore, our data showed that CRM1 

overexpression in lung epithelial cell lines BEAS-2B following treatment with NNK 

or transfection with CRM1 vector was associated with cellular transformation, 

suggesting that up-regulation of CRM1 is likely one important pathway to NNK-

induced cellular transformation.  

 

Increased CRM1 expression has been reported previously in other tumor types, 

including cervical (van der Watt, Maske et al. 2008), ovarian (Noske, Weichert et al. 

2008), and pancreatic (Outomuro, Grana et al. 2007), glioma (Komlodi-Pasztor, 

Trostel et al. 2009), and osteosarcoma (Yao, Dong et al. 2009) cancers and was 

associated with a negative prognosis. To our knowledge, this is the first study showing 

the CRM1 overexpression in lung cancer. CRM1 has been reported to be involved in 

nuclear-cytoplasmic transport of various cancer-associated ‘cargo’ proteins, such as 

p53, and other proteins, including p21, p27, epidermal growth factor receptor (EGFR), 

histone deacetylase 5 (HDAC5), protein kinase 1 (Akt1), survivin, (Nigro, Baker et al. 

1989, Hecht 1996, Kudo, Khochbin et al. 1997, Meek 1998, Zhu, Zhou et al. 1998, 
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McVean, Xiao et al. 2000, Xu and Massague 2004, Stauber, Mann et al. 2007, Mutka, 

Yang et al. 2009, Wu, Chen et al. 2009). Constitutive cytoplasmic localization of wild 

type p53 has been reported in various cancers (Schlamp, Poulsen et al. 1997), and has 

been associated with tumor metastasis and poor long-term patient survival (Sun, 

Carstensen et al. 1992, Stenmarkaskmalm, Stal et al. 1994, Turner and Sullivan 2008). 

Therefore, the observed CRM1 overexpression could in turn lead to 

dysfunction/inactivation of tumor suppressor proteins or activation of pro-oncogenes 

by shuttling them out of nucleus to cytoplasm.  

 

The p53 tumor suppressor gene has been found frequently in a mutated form in lung 

tumors, leading to inactive mutant p53 that has been suggested to represent a pathway 

to lung tumor development (Kapoor and Lozano 1998). Another important pathway to 

p53 regulation/deregulation is through post-translational modification, including 

phosphorylation of wild type p53 and a subsequent alteration in its subcellular 

localization and function (Jimenez, Khan et al. 1999, Ryan, Phillips et al. 2001, 

Uldrijan, Kotala et al. 2002, Chuikov, Kurash et al. 2004, Kanai, Hanashiro et al. 2007, 

Scoumanne and Chen 2008). Phosphorylation sites have been identified at multiple 

locations on both N-terminus and C-terminus of p53 (Kaustov, Yi et al. 2006). 

Phosphorylation at some of such sites is critical for the transport of p53 from the 

cytoplasm into the nuclear to assume its diverse functions. For instance, the 

phosphorylation at Thr55 is required for MDM2 to promote the CRM1 and p53 

interaction and the export of p53 to the cytoplasm, leading to p53 degradation and a 
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decrease in G1 arrest of the cell cycle, while inhibition of Thr55 phosphorylation 

restored the p53 nuclear localization (Klein, Nigg et al. 2006, Lavin and Gueven 2006).  

 

We demonstrated that Thr55 of p53 protein was phosphorylated not only in lung 

tumors from NNK-treated mice but also in BEAS-2B cells that were transformed 

following either NNK-treatment or transfection with CRM1 vector. Furthermore, these 

tumors and transformed cells showed CRM1 overexpression, suggesting a mechanism 

of lung carcinogenesis involving CRM1 overexpression and inactivation p53 by post-

translational phosphorylation of Thr55 in lung carcinogenesis.  

 

Data from our in vitro studies using BEAS-2B cells showed a biphasic response of the 

cells to NNK. The initial phase of decrease in CRM1 expression in NNK-treated cells 

observed in this study confirms data from our previous study (Hecht 1996). 

Furthermore, we show that p-Thr55 p53 expression is also decreased during this initial 

phase that may correspond to an adaptive response for cellular repair of NNK-induced 

DNA damage. Indeed, we have previously reported that following treatment of BEAS-

2B cells with NNK there was an accumulation of p53 in the nucleus and activation of 

p21 that is important for the process of cell cycle arrest to allow repair of DNA 

damage. Therefore, decrease in both CRM1 and p-Thr55 p53 would lead to a decrease 

in export and a nuclear accumulation of p53 during the early phase of NNK-treatment. 

Alternatively, it has been proposed that p53 could suppress CRM1 promoter activity 

by interfering with the transcription factor, nuclear factor Y (Watt and Leaner 2010). 
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These results indicate a shared complex regulatory loop may exist between CRM1 and 

p53. Furthermore, Thr55 phosphorylation may be involved in other p53 functions not 

yet identified as it is located among the amino acid 43–63 residues that correspond to 

the p53 protein domain involved in apoptotic and growth suppression (Simbulan-

Rosenthal, Rosenthal et al. 1999, Simbulan-Rosenthal, Rosenthal et al. 2001). Our 

results suggest that NNK-mediated p53 phosphorylation at Thr55 works in parallel 

with CRM1 expression in modulating cellular transformation. Our recent published 

data on lung cancer cells lines with p53 wild type further validated that inhibition of 

Thr55 phosphorylation sensitizes cancer cells to DNA damage through regulating p53-

CRM1 interaction (Huang, Yue et al. 2009).  

 

In summary, our results suggest that CRM1 overexpression is cooperating with p53 

phosphorylation in cell transformation, a crucial step in lung carcinogenesis. As an 

affirmative, CRM1 may serve as a novel target in clinical protocols for lung cancer 

treatment.   
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Figure 3. 1 Soft agar colony assay in BEAS-2B cells and NNK-transformed BEAS-

2B cells (BEAS-2BNNK) cells (40×). 
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Figure 3. 2 CRM1 expression in BEAS-2B cells and NNK-transformed BEAS-2B 

cells (BEAS-2BNNK) cells. 
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Figure 3. 3 IHC staining of CRM1 in lung adenocarcinoma and matched adjacent 

histologically normal lung tissues from a lung cancer patient (40×). 
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Figure 3. 4 Hematoxylin and eosin staining (A, 40×) and CRM1 and phospho-p53 

(Thr55) protein expression (B) of five cases of lung adenocarcinoma and matched 

adjacent histologically normal lung tissues from controls from NNK-treated mice 
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Figure 3. 5 phospho-p53 (Thr55) expression in BEAS-2B cells treated with NNK or 

vehicle control for 24 and 72 h. 
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Figure 3. 6 CRM1 and phospho-p53 (Thr55) protein expression in BEAS-2B cells 

treated with NNK or vehicle control for 5, 10 and 15 passages.  
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CHAPTER IV  

 CRM1 modulation in human epithelial cells and lung cancer cells 

 

4.1 Introduction 

 

Studies have shown that chromosome maintenance region 1 (CRM1), a nuclear export 

receptor for various cancer-associated ‘cargo’ proteins, played an important role in the 

development in several human cancers and our initial studies suggest that this protein 

may also play an important role in lung cancer development. CRM1 overexpression 

has been shown strong association with the pathogenesis of human cancer (Aas, 

Børresen et al. 1996, Wang, Konorev et al. 2004, Outomuro, Grana et al. 2007, Noske, 

Weichert et al. 2008, Komlodi-Pasztor, Trostel et al. 2009). In addition, CRM1 has 

been shown to interact with many cancer-related proteins including enzymes, cell 

cycle regulators, and oncogene and tumor suppressor gene products. CRM1 can 

recognizes a variety of substrates primarily proteins that carry a leucine-rich NES and 

mediates export of proteins. It is also suggested that CRM1 is involved in transport of 

proteins that lack leucine rich NES such as Snurportin1 and certain U snRNAs via the 

specialized adaptor protein PHAX (Gomez, Wu et al. 2006). Besides being involved in 

nuclear-cytosolic transport, CRM1 has been shown to play a role in centrosome 

duplication and spindle assembly, especially in response to DNA damage.  
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CRM1, as a nuclear exporter, binds to various cargo proteins that include tumor 

suppressor proteins and oncoproteins such as p53, p27, BRCA1, survivin, and 

nucleophosmin. These proteins use CRM1 for nuclear export. Mutations or 

dysregulations of these proteins leads to higher levels in cytosol, which results in 

either excess anti-apoptotic activity (oncoprotein) or inactivation (tumor suppressor). 

For example, tumor suppressor gene p53 has the remarkable function of promote cell 

survival and induce cell apoptosis (Kim, Giese et al. 2009). Since wild-type p53 has 

the power to either target a cell for death or allow it to survive, the regulation of p53 is 

critical in determining the fate of a cell and its susceptibility to tumor development 

(Vega, Sevilla et al. 2004).  

   

The objective of the present study was to evaluate the molecular mechanisms of 

expression of CRM1 in lung cancer carinogenesis, especially related to changes in the 

expression of nucleocytoplasmic shuttling cargo proteins including p53, p21, survivin, 

p53 PTMs, and other factors. 

 

4.2 Materials and methods 

 

4.2.1 Cell culture 

 

BEAS-2B cells were cultured in LHC-9 medium and incubated at 37°C in 95% air, 

5% CO2 atmosphere until they approached 80% confluence. BEAS-2BCRM1+ was 
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generated by CRM1 expression plasmid construct transfection and G418 selection in 

BEAS-2B cells. In brief, CRM1 transfection-ready plasmid DNA and plasmid vector 

(RC206004, OriGene, MD) were each dissolved in water before use. Five hundred ng 

of plasmid were used for transfection of 105 BEAS-2B cells in a 12 well tissue culture 

plate following the protocol from Santa Cruz Biotechnology (sc-29528). Transfected 

cells were then selected by adding 500 µg/mL of G418 (based on cell proliferation 

inhibition assay). The transfected cells were cultured and maintained in culture 

medium containing antibiotic G418. The transfection was confirmed by both 

quantitative real-time PCR (qRT-PCR) and western blot. 

 

A549 cells were cultured in RPMI Medium 1640 (Gibco, CA) medium and incubated 

at 37°C in 95% air, 5% CO2 atmosphere until they approached 80% confluence. To 

generate A549CRM1- cells, the hairpin siRNA template oligonucleotides (CRM1-

shRNA)  (CRM1 top: GATCCH…. and AGCTTAAGAA….) was annealed and 

ligated into the pSilencer 4.1-CMV vector (Ambion, Inc.) and transformed into E.coli. 

Plate the transformed cells on Luria broth (LB) agar plates containing 50 µg/mL 

ampicillin and grow overnight at 37°C. Successful transformation was observed by 

evaluating the number of colonies promptly after overnight growth at 37°C. Purified 

pSilencer 4.1-CMV plasmid were collected and transfected into the A549 cells. Cells 

were cultured and maintained in RPMI 1640 medium containing antibiotic G418 

(1mg/ml). 
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4.2.2 Soft agar colony assay (Anchorage independent growth assay) 

 

BEAS-2B, BEAS-2BCRM1+ cells, A549, and A549CRM1- cells were suspended at 2×104 

cells/mL (A549 and A549CRM1-) or 5×104 cells/mL (BEAS-2B and BEAS-2BCRM1+) in 

growth medium containing 0.35% agar. Cell suspension (1 mL) was added to a 6-well 

tissue culture plate pre-coated with 0.7% solid agar (2 mL). After 10 days of 

incubation, the number of colonies/microscope area (6 randomly selected areas/well) 

was counted and their sizes were analyzed using cell staining (0.005% Crystal Violet) 

by microscope. This experiment was done in triplicate. 

 

4.2.3 Immunocytochemistry (ICC) analysis 

 

BEAS-2B and BEA-2BCRM1+ Cells were cultured with LHC-9 medium in glass 

chamber until ~ 80% confluence. After 24h incubation, cells were rinsed with 1×PBS 

3 times and immediately fixed in ice-cold methanol for 10 min. Cells were washed and 

incubated with 0.25% Triton X-100. Goat serum (1.5%) (Vector Laboratory) was used 

to block unspecific site. CRM1, p53, and phospho-p53 Thr5 antibody (1:50) were 

used as primary antibody and diluted biotinylated secondary antibody (1:2000, Vector 

Laboratory) was applied before color development by VECTASTAIN® ABC Reagent 

(Vector Laboratory) and diaminobenzidine (DAB, Vector Laboratory) solution. Cells 

were dehydrated in gradient alcohol and cleared in xyline and mounted with mounting 
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medium. For ICC analysis, cell numbers were counted for different subcellular 

staining patterns and the proportion of each pattern was calculated. 

 

4.2.4 Isolation of total RNA 

 

Total RNA was isolated from A549, and A549CRM1- cells using an RNeasy® plus mini 

kit (Qiagen) following the manufacturer protocol. Briefly, cells were lysed, 

homogenized, removed genomic DNA, and purified. The RNA was finally eluted by 

RNase-free water and stored at -80°C until use. A NanoDrop 1000 Spectrophotometer 

was used to determine the yield of extracted total RNA by measuring OD at 260 nm 

using a (Thermo Scientific). The quality and purity of total RNA were evaluated by 

agarose gel electrophoresis. All total RNA samples used for qRT-PCR experiments 

were integrity and had OD A260/A280 ratios between 1.9-2.1. 

 

4.2.5 Reverse transcription-PCR  

 

cDNA was prepared using an RT2 PCR array first strand kit (SABiosciences 

Corporation, Frederick, MD) according to manufacturer’s instructions. Briefly, 1 µg of 

total RNA was mixed with 2 µL of 5× gDNA elimination buffer and RNase-free H2O, 

incubated at 42°C for 5 min. The mixture was then incubated with a 10 µL RT 

Cocktail at 42°C for 15 min, and the reaction stopped by heating at 95°C for 5 min to 
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inactivate the reverse transcriptase. The 20 µL cDNA synthesis reaction mixture was 

diluted to 111 µL by adding 91 µL RNase-free H2O and kept on ice for further use. 

 

4.2.6 Array-based SYBR® green RT-PCR 

 

Constitutive gene expression profiling of cancer drug targets was performed using the 

RT2 Profiler™ PCR array (SABiosciences) based on manufacturer’s instructions. The 

gene array profiled the expression of 84 genes including apoptosis, cell cycle, 

transcription factors, and etc. (Figure 4.4). In addition, the array included the controls 

for human genomic DNA contamination, reverse transcription, positive PCR control, 

and 5 housekeeping genes including Beta-2-microglobulin (B2M), hypoxanthine 

phosphoribosyltransferase 1 (HPRT1), ribosomal protein L13A (RPL13A), actin beta 

(ACTB), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). These 5 

housekeeping genes were used in normalizing the relative gene expression for data 

analysis. Briefly, an aliquot of 102 µL diluted cDNA synthesis reaction was mixed 

with an experimental cocktail containing 1,275 µL 2× RT2 SYBR® green/fluorescein 

qPCR master mix (SABiosciences) and 1,173 µL Mili-Q water (18.3 M, pH 6.8) to 

form the PCR master mixture. An aliquot of 25 µL of the mixture (a total of 9.0 ng 

cDNA) was added to each well of the 96-well PCR array. Real-time PCR was 

performed using a two-step cycling program on an CFX96 Touch™ (Bio-Rad 

Laboratories) under the following conditions: 10 min at 95°C (cycle 1) followed by 40 

cycles of 15 s at 95°C and 1 min at 60°C. SYBR® green fluorescence was detected and 
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recorded. The threshold cycle (CT) above the background for each reaction was 

calculated. 

 

4.2.7 Effects of CRM1 knockdown in A549 on protein profile 

 

The gel-based proteomic approach, Two Dimensional-Difference Gel Electrophoresis 

(2D-DIGE), was performed to investigate protein profiles after CRM1 knockdown in 

A549. Briefly, protein extractions for 2D-DIGE were run as previously described 

(Shao, Chen et al. 2011). Protein extractions from A549 and A549CRM1- or BEAS-2B 

and BEAS-2BCRM1+ cells (in duplicate) were reversely labeled with Cy3-N-

hydroxysuccinimide ester (Cy3) and Cy5-N-hydroxysuccinimide ester (Cy5), 

respectively (GE Healthcare). Each CyDye was diluted to 400 pmol/µL with N,N-

dimethylformamide (DMF, Sigma). 50 µg of each sample were combined with 1 µL 

of diluted Cy3 or Cy5. After centrifugation, the mixture was left on ice for 30 min 

without light exposure. Thereafter, the reaction was stopped by the addition of 1 µL of 

10 mM lysine (Sigma) and placement of samples on ice for 10 min in the dark. 

Samples (containing 100 µg proteins) labeled with Cy3 and Cy5, were diluted to 300 

µL by adding 2D rehydration buffer (BioRad) consisting of 8 M urea, 0.5% CHAPS, 

10 mM dithiothreitol (DTT, Bio-Rad), 0.2% biolytes ampholyte, and trace 

bromophenol blue. Samples were then applied to 17-cm immobilized linear pH 3-10 

gradient (IPG) strips (BioRad) for overnight rehydration. Isoelectric focusing was 

conducted at 250 V for 20 min, gradually increased to 10,000 within 2.5 h, and held at 
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10,000 V for a total of 50,000 Voltage hours (Vh). IPG strips were subsequently 

equilibrated with equilibration buffer I (6 M urea, 2% SDS, 375 mM tris-HCl (pH 8.8), 

20% glycerol, 130 mM DTT, and trace bromophenol blue) and buffer II (6 M urea, 

2% SDS, 375 mM Tris-HCl, 20% glycerol, 135 mM iodoacetamide, and trace 

bromophenol blue). Proteins were then separated with 12% SDS-PAGE gels and 

visualized using a Typhoon Trio Imager (GE Healthcare) at excitation wavelengths of 

532 and 633 nm for Cy3 and Cy5, respectively. Images were manipulated and 

analyzed by DeCyder and ImageQuant software (GE Healthcare); protein intensity 

differences were calculated for each spot on every gel.  

 

4.2.8 In vivo tumorigenicity 

 

6–7 week old female athymic nude mice (code 490, Charles River Laboratory) 

weighing about 20 g were kept in Individually Ventilated Cages (IVCs, (Tecniplast 

USA Inc., Exton, PA, USA) under specific pathogen-free (SPF) conditions and given 

free access to irradiated food and autoclaved water. Mice were injected 

subcutaneously via a 27-gauge needle in the posterolateral flank with 5×105 A549 or 

A549CRM1- cells suspended in 0.1mL PBS. Tumors were measured using caliper every 

other day, and their volumes were calculated by the formula: Tumor Volume = 

[(Width)2×Length]/2. 
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4.2.9 Statistical analysis   

 

Data are expressed as mean ± standard error (SE), unless stated. Data from RT-PCR 

were quantified by the RT² Profiler PCR Array Data Analysis Template v4.0 and 

normalized by 5 housekeeping genes (endogenous control). ΔCT was defined as the 

value of subtracting the CT value of endogenous control from the CT value of the 

target mRNA. The fold change among groups could be obtained by ΔΔCT. Band 

intensity western blot was measured by the Quantity One software (Bio-Rad) and 

normalized by the intensity of the housekeeping gene, α-Tubulin. For ICC analysis, 

proportion and chi-square tests were performed to analyze the staining differences. For 

2D-DIGE, image analysis was carried out with DeCyder software (GE Healthcare) 

and ImageMaster software. The spots with more than a two-fold change in reverse-

labeled duplicated experiments as compared with controls, were considered as target 

proteins. All analyses were performed using the SPSS 18.0 software. Differences with 

p<0.05 were considered significant.   
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4.3 Results 

 

4.3.1 CRM1 expression in BEAS-2B, BEA-2BCRM1+, A549, and A549CRM1- cells. 

 

BEAS-2B overexpressing CRM1 (BEAS-2BCRM1+) was generated by transfection of 

the BEAS-2B cells with CRM1 expression plasmid construct and G418 selection. 

Control cells are BEAS-2B cells either without vector transfection or BEAS-2B cells 

transfected with scramble vector. Data from qRT-PCR and western blot analyses 

showed no differences in CRM1 expression levels between the two groups of control 

cells. For comparison, in BEAS-2BCRM1+ cells there was over a 6-fold increase in 

CRM1 expression level, as compared to either group of control BEAS-2B cells 

(Figure 4.1A) (P<0.01). Soft agar colony assay showed an increase in both colony 

number and size in these cells as compared with the control BEAS-2B cell groups 

(Figure 4.1B). In addition, the expression levels of CRM1 in A549 and A549CRM1- 

cells are determined by western blot and the expression level of CRM1 was significant 

decreased in the transfected cells as compared to that of A549 control (Figure 4.2) 

(P<0.01). Soft agar colony assay showed a decrease in both colony number and size in 

A549CRM1- cells as compared with the control A549 cells (Figure 4.2).  

 

4.3.2 The nuclear accumulation of p53 and expression of p-Thr55 p53 in BEAS-

2B and BEA-2BCRM1+ cells. 
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Subcellular localization of p53 was visualized by ICC staining. CRM1 overexpression 

is confirmed in BEAS-2BCRM1+ cells (Figure 4.3 A). The nuclear p53 staining 

decreased from 193.0±15.4% (BEAS-2B control) to 167.3±15.7% (BEA-2BCRM1+) 

(Figure 4.3 B). The nuclear p-Thr55 p53 staining decreased from 190.2±22.9% 

(BEAS-2B control) to 139.0±12.7% (BEA-2BCRM1+) (Figure 4.3 C).   

 

4.3.3 Gene expression alterations  

 

The duplicate samples from each group produced reproducible results. A total of 22 

genes (as measured by CT value) were assigned as undetectable in A549CRM1- group, 

leaving 62 genes detected. In the control group, there are 22 genes assigned as 

undetectable with 68 genes detected. Relative to the control group, the A549CRM1- 

group indicated significantly decreased expression of expression of 62 genes, 

including Aurora kinase B (AURKB), Cell division cycle 25 homolog A (CDK25A), 

Cyclin-dependent kinase 5 (CDK5), Cyclin-dependent kinase 7 (CDK7), Cathepsin S 

(CTSS), Fms-related tyrosine kinase 4 (FLT4), Glutathione S-transferase pi 1 

(GSTP1), Histone deacetylase 1 (HDAC1), Histone deacetylase 11 (HDAC11), 

Histone deacetylase 6 (HDAC6), Hypoxia inducible factor 1, alpha subunit (HIF1A), 

Interferon regulatory factor 5 (IRF5), V-Ki-ras2 Kirsten rat sarcoma viral oncogene 

homolog (KRAS), MDM4, Neuroblastoma RAS viral (v-ras) oncogene homolog 

(NRAS), Polo-like kinase 1 (PLK1), Polo-like kinase 3 (PLK3), Polo-like kinase 4 

(PLK4), Protein kinase C, delta (PRKCD), Protein kinase C, epsilon (PRKCE), 
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Prostaglandin-endoperoxide synthase 2 (PTGS2), Tumor protein p53 (TP53), and 

increased expression of 6 genes including Baculoviral IAP repeat containing 5 

(BIRC5), Cyclin-dependent kinase 8 (CDK8), Heat shock protein 90kDa beta (Grp94), 

member 1 (HSP90B1), Mechanistic target of rapamycin (MTOR), Poly (ADP-ribose) 

polymerase 2 (PARP2), Polo-like kinase 2 (PLK2) (P<0.05, Figure 4.4).  

 

4.3.4 Effects of CRM1 knockdown in A549 on protein profile.  

 

Approximately 1,000 protein spots were detected in protein extractions of cells. 

Duplicate DIGE gels with reverse label were run and showed more than 99% between-

gel reproducibility. From these detected spots, 14 spots showed more than or equal to 

two-fold higher in A549CRM1- cells (Figure 4.5).  

 

4.3.5 In vivo tumorigenicity 

 

Tumors were initially observed within one week. The growth rate of the tumors of 

A549CRM1- group was slower and the sizes of tumors of A549CRM1- group were smaller 

as compared to those of A549 group (Figure 4.6). 
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4.4 Discussions 

 

Our data showed that modulating expression levels of CRM1 in BEAS-2B lung 

normal cells and A549 lung cancer cells could result in morphological and 

proliferative changes in both cell lines, which suggests that regulation of CRM1 is 

likely playing an important role in signaling pathways that involved during the 

development of lung cancer. Our cancer target PCR array data further indicated CRM1 

related possible pathways in lung cancer. Protein profiles were altered in A549 after 

stable CRM1 knockdown. Finally, A549CRM1- cells were less tumorigenic in xenograft 

nude mouse model than A549 cells.  

 

 

CRM1 has been reported to be responsible for the export of the majority of proteins 

that undergo nucleocytoplasmic shuttling and also mediate the export of several U 

snRNAs, of all rRNAs and of a small but significant subset of mRNAs (Cullen 2003). 

In addition, the inhibition of CRM1 might affect the co-factors subcellular 

localization, which is mediated by CRM1, indirectly inducing the reduction of certain 

mRNAs expression level.  For instance, in response to T cell activation, interleukin-2 

(IL-2) mRNA can be stabilized by NF90, which is mostly nuclear localized and 

exported by CRM1 upon activation (Shim, Lim et al. 2002). Thus, the inhibition of 

CRM1 induced decrease of IL-2 mRNA expression is due to the fact of decreased 

export of NF90 instead of direct CRM1-dependent mRNA export. Nevertheless, 
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several mRNAs have found to be exported by CRM1, such as CDK1, PTGS2 (COX-

2) (Jang, Munoz-Najar et al. 2003, Culjkovic, Topisirovic et al. 2006). Besides CRM1, 

other factors including, exportin-t, exportin-5, and nuclear RNA export factor 1 

(NXF1) are also involved in RNA nuclear export (Rodriguez, Dargemont et al. 2004). 

Especially, the fact that NXF1 is the major factor involved in the mRNA nuclear 

export may explain the unchanged genes of our PCR array. On the other hand, 

knockdown of CRM1 in A549 leads to significant decrease of gene expressions of a 

group of genes and these could be resulted from the stability of the mRNA and from 

the decreased CRM1 in this process. However, it is interesting that several genes are 

significantly increased after CRM1 knockdown in A549 cells. For example, gene 

MTOR is encoded for protein MTOR, which is a signaling kinase that affects broad 

aspects of cellular functions, including metabolism, growth, survival, aging, synaptic 

plasticity, immunity, and memory (Zoncu, Efeyan et al. 2011). Nevertheless, further 

studies are needed to better understand the transcriptional changes after CRM1 

knockdown. 

 

The mammalian homologue, MTOR, is a 289 kDa protein with serine/threonine kinase 

activity. Membrane-bound growth factor receptors, such as epidermal growth factor 

receptor (EGFR) and insulin-like growth factor (IGF), can activate 

phosphatidylinositol 3-kinase (PI3-K) and subsequently activate the downstream 

effector Akt, which plays key roles in regulating cell survival, thereby leads to the 

activation of MTOR (Inoki, Li et al. 2003). The MTOR activation promotes increased 
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protein translation and cell growth by phosphorylation activating p70 ribosomal S6 

kinase and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) (Karbowniczek, 

Spittle et al. 2008). These two major substrates initiate eIF4E-mediated cap-dependent 

transcription and translation of a number of proteins mediating various cellular 

functions, such as angiogenesis, cell-cycle control, and apoptosis (Bracho‐Valdés, 

Moreno‐Alvarez et al. 2011). Studies have discovered that MTOR is predominantly 

cytoplasmic to perform its main function in the cytoplasm (Bachmann, Kim et al. 

2006). MTOR can shuttle between the nucleus and the cytoplasm and accumulate in 

the nuclear after LMB treatment (Kim and Chen 2000, Drenan, Liu et al. 2004).  

 

In addition, PARP2, which belongs to the PARP family, like PARP1, is stimulated by 

DNA strand interruptions (Schreiber, Dantzer et al. 2006). In response of DNA 

damage, PARP2 together with PARP1 mediated poly(ADP-ribosyl)ation can incude 

chromatin decondensation around damage sites, recruitment of repair machineries, and 

accelerates DNA damage repair, as DNA damage sensors and signal transducers 

(Yélamos, Schreiber et al. 2008). The PARPs family plays fundamental and vital role 

for PARylation in the maintenance of genome stability. PARP2 shares many of the 

functions of PARP1 in mediating DNA damage response (Ramachandran, Gopisetty et 

al. 2009) and suggest that PARP2 is specialized for later steps of the repair pathway 

and perhaps in the repair of gaps and flap structures (Mortusewicz, Ame et al. 2007, 

Kutuzov, Khodyreva et al. 2013). Furthermore, PARP1 and PARP2 may have other 

different biological functions, for example, genetic disruption of PARP2 only affects 
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spermatogenesis, adipogenesis, and the survival of thymocytes (Dantzer, Mark et al. 

2006, Yelamos, Monreal et al. 2006, Bai, Houten et al. 2007). PARP-1 overexpression 

has been observed in various human tumour types and frequently considered for poor 

prognosis in cancer, while the expression of PARP-2 and its association with disease 

is mainly unknown (Prasad, Thraves et al. 1990, Nosho, Yamamoto et al. 2006, 

Ossovskaya, Koo et al. 2010, Quiles-Perez, Munoz-Gamez et al. 2010). PARylation of 

p53 and NF-κB by PARPs, which prevents and blocks the interaction with the CRM1 

and thus their nuclear export, leads to the accumulation in the nucleus (Zerfaoui, 

Errami et al. 2010). PARP1 and PARP2 are the most abundant members of the family, 

and appear to be the only ones localized to the nucleus. The increased PARP2 

expression level after CRM1 knockdown may due to the decreased expression level of 

CRM1. 

 

CRM1, which is identified as an NES –dependent export receptor, is responsible for 

the export of NES-containing proteins export, such as IRF5, p53, HDACs, and etc. 

(Lin, Yang et al. 2005, Hutten and Kehlenbach 2007, Marks and Neill 2007). Studies 

have demonstrated that MDM4 is capable of blocking p53 degradation by MDM2 and 

retain p53 in the nucleus (Jackson and Berberich 2000). So the decreased p53 might 

also due to the significant decrease of MDM4. In addition, CRM1 knockdown can 

lead to significant decrease of oncogenes such as KRAS, NRAS. However, these 

mRNA level changes may or may not reflect the changes on protein level, as there are 

so many steps between transcription and translation, which provides many different 
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regulatory opportunities. For instance, the translational efficiency of the mRNAs 

might be different with the same mRNA levels. 

 

In this study, we showed that Thr55 of p53 protein was phosphorylated in the 

transfected cells. Together with our previous finding in lung tumors from NNK-treated 

mice, NNK transformed BEAS-2B cells, a possible mechanism of lung carcinogenesis 

involving CRM1 overexpression and inactivation p53 by post-translational 

phosphorylation of Thr55 in lung carcinogenesis is indicated for further investigation. 

In all, we demonstrated in the present study gene expression changes after modulating 

the expression level of CRM1 is strongly associated with normal cell proliferation and 

lung cancer cell carcinogenesis. Findings from this study might provide new insights 

of molecular-mechanism for lung carcinogenesis and potential novel paradigms for 

molecular target therapy in lung cancer treatment.     
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Figure 4. 1 CRM1 and phospho-p53 (Thr55) protein expression (A) and soft agar 

colony assay (B) in BEAS-2B and BEAS-2BCRM1+ cells (40×).  
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Figure 4. 2 Soft agar colony assay (Left) and CRM1 protein expression (right) in 

A549 and A549CRM1- cells (40×). 
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D 

 

Figure 4. 3 ICC staining of CRM1, p53 and p-Thr55 p53 in BEAS-2B and BEAS-

2BCRM1+ cells. Approximately 250 cells per microscopic area (4 areas in total) of each 

cell line were counted. A) The staining patterns of BEAS-2B and BEAS-2BCRM1+ cells 

and 3 different staining (Score 3: strongly staining nuclei; Score 2: moderately 

staining nuclei; Score 1: weakly staining nuclei) of CRM1. B) The staining patterns of 

BEAS-2B and BEAS-2BCRM1+ cells and 3 different staining (Score 3: strongly staining 

nuclei; Score 2: moderately staining nuclei; Score 1: weakly staining nuclei) of p53. C) 

The staining patterns of BEAS-2B and BEAS-2BCRM1+ cells and 3 different staining 

(Score 3: strongly staining nuclei; Score 2: moderately staining nuclei; Score 1: 
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weakly staining nuclei) of p-Thr55 p53. D) The proportions of cells with 3 different 

staining of CRM1, p53, and p-Thr55 p53 in both BEAS-2B and BEAS-2BCRM1+ cells.   
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Figure 4. 4 The changes of cancer target genes between A549 and A549CRM1- groups. 

The heat map demonstrating fold regulation expression data between two groups.  
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Figure 4. 5 2D-DIGE analyses of proteins in A549 and A549CRM1- cells. Proteins of 

A549 were labeled with Cy3 (green channel) and proteins of A549CRM1- cells were 

labeled with Cy5 (red channel). Proteins were separated based on isoelectric point (PI, 

horizontal axis) and molecular weight (MW, vertical axis). Spots labeled with red 

color indicate increased expression after CRM1 knockdown, while spots labeled with 

green color indicate decreased expression after CRM1 knockdown.  
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Figure 4. 6 Xenograft nude mouse model induced by A549 and A549CRM1-. 
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CHAPTER V  

EFFECTS OF COMBINATIN TREATMENT OF LMB AND DOX 

ON PROTEIN EXPRESSION OF CRM1 

 

5.1 Introduction  

 

Lung cancer continues to be the leading cause of cancer death worldwide and in the 

United States (AmericanCancerSociety 2011). Non-small-cell lung cancer (NSCLC) 

remains the predominant form of lung cancer (about 85% of all lung cancers), among 

which lung adenocarcinoma (AC) is the most frequent histologic subtype for all sexes 

and races combined (AmericanCancerSociety 2011). The prognosis of lung cancer is 

very poor, with a 5-year survival rate of less than 15% in the United States. 

Chemotherapy continues to be the most frequent treatment to prolong survival and 

improve quality of life (AmericanCancerSociety 2011).  

 

Cancer chemotherapy has been used successfully in a variety of circumstances 

involving malignancies, however, its effectiveness has often been limited by drug 

resistance and side effects. Therapies focusing on specific molecule(s)/pathway(s) 

have the potential to overcome these limitations (Garcia M, Jemal A et al. 2007). 

Leptomycin B (LMB) and/or its derivatives, which can efficiently inhibit nuclear 

export by specifically inhibiting chromosome region maintenance 1 (CRM1), has been 

recognized as a novel class of cancer therapeutics (Adachi and Yanagida 1989, Kudo, 
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Wolff et al. 1998, Behera 2006, Salas Fragomeni, Chung et al. 2013). CRM1, the best 

characterized nuclear export receptor, plays an essential role in canonical nuclear 

export signal (NES)-dependent nuclear export, including major tumor suppressor 

proteins (TSPs) such as p53, FOXO, pRB, p21, p27, etc., as well as the inhibitor of 

NF-κB, namely I-κB (Kudo, Wolff et al. 1998, Wang, Budhu et al. 2005). Recent 

studies have reported that CRM1 is expressed at a significantly higher level in cervical 

cancer as compared to normal tissue (van der Watt, Maske et al. 2008) and could serve 

as a prognostic factor for ovarian cancer (Noske, Weichert et al. 2008) and 

osteosarcoma (Yao, Dong et al. 2009). Our recently published in vitro studies using 

normal lung epithelial cells (Hecht 1996) and a bitransgenic mouse model (van der 

Watt, Maske et al. 2009) have suggested that CRM1 plays a critical role in lung cancer 

development. In addition, CRM1 was over-expressed in a tobacco carcinogen-induced 

lung AC mouse model, and human lung AC. These findings suggest CRM1 could 

serve as a molecular target for cancer treatment, including lung cancer.  

 

LMB is a highly specific and potent inhibitor of CRM1 function by irreversibly 

binding with the sulfhydryl group of a Cys residue near or within the cargo binding 

domain of CRM1 (alkylating Cys 528) (Cook, Bono et al. 2007, Olivera, Moore et al. 

2012). Thus, LMB could prevent cytoplasmic localization and modulate cancer-

specific pathways, such as the inactivation of important tumor suppressors like p53 

(Mutka, Yang et al. 2009). Our recent study demonstrated that lung AC cell line A549 

(p53 wild type) was more resistant to LMB than other cell lines with the p53 mutant or 
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null (Salas Fragomeni, Chung et al. 2013). It is well known that p53 plays an 

important role in promoting genomic stability, cell cycle arrest, apoptosis, DNA repair, 

and senescence. Studies have suggested that the functions of wild type p53 on cell 

growth arrest and DNA repair could increase resistance to radio- or chemo- 

therapeutic agents; it is also prone to potentiate apoptosis in response to severe DNA 

damage (Kaden, Hites et al. 1979, Rhodes, Paules et al. 1995, Keohavong, Mady et al. 

2001). Therefore, to sensitize lung cancer cell to the chemotherapeutic effect of LMB, 

we herein propose a therapeutic strategy combining LMB with other drugs by 

inducing severe DNA damage and p53 activation which could eventually lead to 

increased function of p53 in apoptosis rather than in DNA repair. Doxorubicin (DOX) 

is a widely used chemotherapeutic agent that induces apoptosis in various cancer cells 

through activation of p53. It has been used in the treatment of a variety of solid tumors. 

However, drug resistance in DOX containing regimens is a major issue which prevents 

better response rates and cures and cardiotoxic side effects have been reported in 

cancer patients treated with DOX (Skvortsova, Skvortsov et al. 2004, Koshiyama, 

Kinezaki et al. 2006, Park, Lee et al. 2006). Individual treatments of DOX resulted in 

a strong resistance in many cancer cell lines including A549, due to several 

mechanisms including drug bioavailability (Vacca, Ribatti et al. 2002, Wang, Reed et 

al. 2004) or NF-κB activation (Boyd, Cowie et al. 2009). If DOX is combined with 

other chemotherapeutic drugs, lower doses may be used to not only reduce side effects, 

but also increase efficacy (Marcu, van Doorn et al. 2003).  
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In this study, we sought to revert drug resistance to DOX and/or LMB in A549 cells 

via different therapeutic regimens of a co-treatment of DOX and LMB, as well as 

evaluate their possible molecular mechanisms. We found that pretreatment of DOX 

with the subsequent treatment of LMB sensitized the drug-resistant A549 cells to the 

chemotherapeutic effect of LMB. These changes might result from the initial 

activation of p53 by DOX treatment and consequently CRM1 function blocking by 

LMB treatment to accumulate activated p53 in the nuclear compartment. Furthermore, 

signaling pathways involving molecules other than p53 might also play important 

roles in promoting therapeutic effects of the combined treatment of DOX and LMB.  
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5.2 Materials and methods 

 

5.2.1 Reagents 

 

Doxorubicin (DOX) and dimethylsulfoxide (DMSO) were purchased from Sigma-

Aldrich Co. LLC, St. Louis, MO. LMB (1mM) was purchased from LC Labs, Woburn, 

MA. The stocks of DOX (10 mg/ mL) and LMB were diluted to the required 

concentration immediately before use with growth media. 3-(4,5-Dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from USB Corporation. 

RPMI-1640 medium, penicillin/streptomycin, and fetal bovine serum (FBS) were 

purchased from Thermo scientific, Logan, UT. Primary antibodies, including p53, 

phospho-p53 (Ser15), phospho-p53 (Thr55), p21, sequestosome 1 (SQSTM1/p62), 

and survivin, were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 

Primary rabbit polyclonal anti-α-tubulin was purchased from Abcam (Cambridge, 

MA). Horseradish peroxidase (HRP)-conjugated donkey anti-rabbit IgG and an 

enhanced chemiluminescence (ECL) kit were purchased from GE Healthcare 

(Piscataway, NJ). Radioimmunoprecipitation assay (RIPA) lysis buffer was purchased 

from Santa Cruz Biotechnology.  

 

5.2.2 Cells and Cell Culture 
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Human lung adenocarcinoma epithelial cell lines A549 and NCI-H358 were obtained 

from American Type Culture Collection (ATCC). The cells were cultured in RPMI-

1640 medium supplemented with 10% fetal bovine serum (FBS), 50 U/mL penicillin, 

and 50 mg/mL streptomycin. The cells were incubated at 37°C in a humidified 

incubator with 95% air and 5% CO2 by volume. Cells were sub-cultured or plated for 

subsequent treatment until they approached approximately 80% confluence.  

 

5.2.3 Cell Viability Assay 

 

Cell viability was evaluated using the MTT assay as previously described (Hecht 

1996). Briefly, cells were plated at 5×103 cells per well in 96-well plates. Based on the 

cytotoxicity of DOX or LMB observed in this study and previous reports,(Kudo, 

Wolff et al. 1998, Lee, Lau et al. 2002, Skvortsova, Skvortsov et al. 2004, Song, Liu et 

al. 2006, Swift, Rephaeli et al. 2006, Salas Fragomeni, Chung et al. 2013) co-

treatment of 0.5 nM LMB and DOX (range of 0-5 µM), named as DOX+LMB (0.5 

nM), or 0.5 µM DOX and LMB (range of 0-10 nM), named as LMB+DOX (0.5 µM), 

were done. The cells were treated with the following: 1) DOX (0-5 µM) alone for 24 

and 48 h; 2) LMB alone (0-10 nM) for 24 and 48 h; 3) co-treatment of 0.5 nM LMB 

and DOX (0-5 µM) simultaneously (DOX+LMB (0.5 nM)) for 24 and 48 h; 4) co-

treatment of 0.5 µM DOX and LMB (0-10 nM) simultaneously (LMB+DOX (0.5 µM)) 

for 24 and 48 h; 5) pretreatment of 0.5 nM LMB for 24 h (pre-LMB) and subsequent 

DOX (0-5 µM) for 48 h (pre-LMB+DOX); and 6) pretreatment of 0.5 µM DOX for 24 
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h (pre-DOX) and subsequent LMB (0-5 nM) for 48 h (pre-DOX+LMB). Ethanol 

(EtOH, 0.1%) was used as the vehicle control for LMB. Three hours before the end of 

each time point, 15 µL of MTT (10 mg/mL) was added to each well and incubated at 

37°C. At each time point, when purple precipitate was clearly visible under the 

microscope, 100 µL of 100% DMSO was added to all wells and cell viability was 

determined by measuring absorbance at 570 nm (reference wavelength = 630 nm) 

using a SpectraMax Plus Spectro-photometer (Molecular Devices, Sunnyvale, CA). 

Six replicates at each concentration and time point were analyzed. Experiments were 

performed independently in triplicate. Vehicle-treated controls and blanks were 

incubated in the same plate under the same conditions. Fractional absorbance was 

calculated by using the following formula: % cell viability = mean absorbance in test 

wells/mean absorbance in control wells × 100.  

 

5.2.4 Analysis of Cell Cycle and Apoptosis by Flow Cytometry 

 

Cells were first given pretreatment of 0.5 µM DOX for 24 h and then were treated 

with LMB for additional 48 h. Therefore, the cells were harvested after a total of 72 h 

of treatment. Based on the cell viability assay, a total of 6 groups of A549 cells with 

different treatments were analyzed, including control, 0.5 µM DOX (pre-DOX), 1 nM 

LMB (LMB1), pre-DOX and 1 nM LMB (pre-DOX+LMB1), 5 nM LMB (LMB5), 

and pre-DOX and 5 nM LMB (pre-DOX+LMB5). For cell cycle analysis, a total of 

200,000 cells from each treatment group were collected and fixed in 70% ethanol for 
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more than 24 h at 4oC.  Cells were stained with Guava Cell Cycle Reagent (Millipore) 

and run on a Guava EasyCyteTM Flow Cytometer (Millipore). A total of 5,000 events 

were counted, and the percentage of cells in the pre-G1, G0/G1, S, and G2/M phases 

of the cell cycle were determined using GuavaSoft software (Millipore). For apoptosis 

analysis, ViaCount assay was performed to determine viable and dead cells. In brief, 

the cell suspension (5 × 105 cells/mL) was mixed with Guava ViaCount reagent 

(Millipore), and the mixture was incubated at room temperature for 5 minute to stain 

cells. The stained cell samples were run on a Guava EasyCyteTM Flow Cytometer 

(Millipore). A total of 5,000 events were counted and data were acquired using Guava 

ViaCount software (Millipore). Each sample was run in triplicate and each experiment 

was repeated three times.  

 

5.2.5 Western Blot 

 

The same 6 treatment groups of A549 cells as described in the flow cytometry were 

analyzed. Cells in each group were lysed in RIPA lysis buffer on ice. The lysates were 

sonicated and then centrifuged at 13,000 × g for 5 min at 4°C to collect the 

supernatant. Protein concentrations were measured using the Bio-Rad Bradford 

protein assay. A total of 30 µg of protein per sample was separated by 12% SDS-

polyacrylamide gel electrophoresis and then transferred to polyvinylidene fluoride 

(PVDF) membranes. The immobilized proteins were then incubated overnight at 4°C 

in blocking buffer containing 3% nonfat dry milk in 1× phosphate buffered saline 
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(PBS) and 0.1% Tween 20 (1× PBST). After blocking, the membranes were probed 

with the primary antibody for 1 h.  Antibody binding was detected with donkey anti-

rabbit IgG-HRP at a dilution of 1:1,000 for 1 h at room temperature. After a brief 

incubation with ECL, the signals on membranes were exposed to X-ray films (Fujifilm 

Corporation, Tokyo). Relative densitometric digital analysis of protein bands were 

determined using Quantity One software (Bio-Rad) and normalized by the intensity of 

the housekeeping gene (α-Tubulin, 1:10,000 dilution) for each sample.  

 

5.2.6 Statistical Analyses 

 

Factorial ANOVA was performed to test the effects of DOX and/or LMB 

concentrations and incubation times on cell viability. Probit analysis was used to 

calculate the 50% inhibitory concentrations (IC50s). For the data obtained from flow 

cytometry, the average cell percentages were calculated and statistical significance 

was determined via one-way ANOVA and post hoc tests. For the protein expression 

levels among control, pre-DOX, LMB1, pre-DOX+LMB1, LMB5, and pre-

DOX+LMB5, one-way ANOVA and Tukey’s post hoc tests were used to compare 

densitometric intensity of individual samples between groups. All analyses were 

performed using SPSS software (SPSS, Inc., Chicago, IL, USA) and differences with 

P < 0.05 were considered statistically significant. 
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5.3 Results 

 

5.3.1 Cytotoxicity of DOX or LMB 

 

The MTT assay was performed to determine cell viability at each time point. As 

shown in Figure 1A and B, both DOX and LMB significantly inhibited cell 

proliferation of A549 in a dose- and time- dependent manner (P < 0.001). The IC50s 

of DOX and LMB at 48 h were 2.2 µM and 10.6 nM, respectively (Table 5.1). 

Similarly, both DOX and LMB significantly inhibited cell proliferation of NCI-H358 

in a dose- and time- dependent manner (P < 0.001, Figure 5.2 A,B). 

 

5.3.2 Cytotoxicity of Co-treatment of DOX and LMB 

 

Similar to DOX or LMB groups, DOX+LMB (0.5 nM) or LMB+DOX (0.5 µM) 

inhibited A549 proliferation in a dose- and time- dependent manner (P < 0.001, Figure 

5.1 A,B). However, the simultaneous treatments of DOX+LMB (0.5 nM) or 

LMB+DOX (0.5 µM) did not change the cytotoxic effects on A549 cells as compared 

to DOX alone or LMB alone at both 24 and 48 h (P > 0.05, Figure 5.1 A,B). The 

IC50s of DOX+LMB (0.5 nM) and LMB+DOX (0.5 µM) at 48 h were 2.1 µM and 

10.4 nM, respectively (Table 5.1). Similarly, the simultaneous treatments of 

DOX+LMB (0.5 nM) or LMB+DOX (0.5 µM) did not change the cytotoxic effects on 
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NCI-H358 cells as compared to DOX alone or LMB alone at both 24 and 48 h (P > 

0.05, Figure 5.2 A,B). 

 

5.3.3 Cytotoxicity of pre-LMB+DOX or pre-DOX+LMB 

 

As shown in Figure 5.1C, pretreatment of 0.5 nM LMB did not boost the cytotoxic 

effects of DOX on A549 cells at 48 h as compared with DOX alone (P > 0.05). The 

IC50s at 48 h of pre-LMB+DOX and DOX alone were 2.8 and 2.2 µM, respectively 

(Table 5.1). However, the pretreatment of 0.5 µM DOX significantly increased the 

cytotoxic effect of LMB on A549 cells at 48 h (P < 0.05, Figure 5.1D). The IC50 at 48 

h of pre-DOX+LMB was 4.4 nM, which was significantly lower than that of LMB 

alone (10.6 nM, P = 0.037, Table 5.1). Furthermore, either pre-LMB or pre-DOX did 

not improve the cytotoxic effects of DOX or LMB on NCI-H358 cells (P > 0.05, 

Figure 5.2C,D).  

 

5.3.4 Effects of DOX and LMB on Cell Cycle and Apoptosis 

 

Cell proliferation inhibition could be the result of either cell cycle arrest or apoptosis, 

thus these two aspects were further examined by flow cytometry analysis of A549 

cells after LMB and DOX treatment. The cell cycle analysis revealed that the 

percentage of cells in pre-G1 were 5.4 ± 2.2, 9.0 ± 2.1, 8.2 ± 2.0, 18.6 ± 7.1, 10.2 ± 4.7, 

and 27.5 ± 2.8 in the control, pre-DOX, LMB1, pre-DOX+LMB1, LMB5, and pre-
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DOX+LMB5, respectively (Table 2). Pre-DOX, LMB1, pre-DOX+LMB1, LMB5, and 

pre-DOX+LMB5 all resulted in a definitive accumulation in the pre-G1 phase versus 

control (P < 0.01, Figure 5.3A and B，Table 5.2). In addition, these phenomena were 

more evident after cells were co-treated with pre-DOX and LMB compared with LMB 

alone (P < 0.01, Table 5.2). Analysis of apoptosis revealed that LMB treatment 

significantly induced cell apoptosis (P < 0.01, Figure 5.3C, Table 5.2). Apoptosis was 

further increased after cells were co-treated with pre-DOX and LMB (P < 0.01, Figure 

5.3C, Table 5.2). The percentage (± SD) of apoptotic cells were 13.2 ± 1.6, 15.8 ± 2.6, 

19.2 ± 2.4, 27.1 ± 0.6, 22.4 ± 4.0, and 29.6 ± 2.1 in the control, pre-DOX, LMB1, pre-

DOX+LMB1, LMB5, and pre-DOX+LMB5, respectively (Figure 5.3C, Table 5.2).  

 

5.3.5 Western Blot Analyses of p53, Phospho-p53 (Ser15), Phospho-p53 (Thr55), 

p21, and Survivin Protein Expression after DOX and LMB Treatment 

 

Expression levels of p53, phospho-p53 (Ser15), and p21 (a downstream target of p53) 

were significantly increased in cells treated with pre-DOX+LMB than those of 

controls and showed a significant dose-response effect (Figure 5.4A). The relative 

protein expression levels of p53 (arbitrary units) were 0.02 ± 0.00, 0.03 ± 0.00, 0.07 ± 

0.00, 0.13 ± 0.03, 0.45 ± 0.01, and 0.44 ± 0.00 in the control, pre-DOX, LMB1, pre-

DOX+LMB1, LMB5, and pre-DOX+LMB5, respectively (Figure 5.4B, P < 0.05, 

LMB1 vs. control; P < 0.001, pre-DOX+LMB1, LMB5, or pre-DOX+LMB5 vs. 

control). The relative protein expression levels of phospho-p53 (Ser15) (arbitrary units) 
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were 0.06 ± 0.00, 0.06 ± 0.00, 0.13 ± 0.03, 0.15 ± 0.01, 0.21 ± 0.01, and 0.77 ± 0.04 in 

the control, pre-DOX, LMB1, pre-DOX+LMB1, LMB5, and pre-DOX+LMB5, 

respectively (Figure 5.4B, P < 0.05, LMB5 vs. control; P < 0.001, pre-DOX+LMB5 vs. 

control). Furthermore, the up-regulation of phospho-p53 (Ser15) in pre-DOX+LMB5 

was significant compared with the LMB5 group (P < 0.01). Relative protein 

expression levels of p21 (arbitrary units) were 0.29 ± 0.08, 0.69 ± 0.01, 0.85 ± 0.09, 

1.07 ± 0.03, 1.14 ± 0.08, and 1.57 ± 0.02 in the control, pre-DOX, LMB1, pre-

DOX+LMB1, LMB5 and pre-DOX+LMB5, respectively (Figure 5.4B, P < 0.001, pre-

DOX, LMB1, pre-DOX+LMB1, LMB5, and pre-DOX+LMB5 vs. control). 

Furthermore, the up-regulation of p21 in pre-DOX+LMB5 was significant (P < 0.05) 

compared with the LMB5 group. 

 

Contrary to p53, phospho-p53 (Ser15), and p21 expression levels, phospho-p53 

(Thr55) and survivin (another downstream target of p53) expression levels were 

significantly and dose dependently decreased in cells treated with pre-DOX+LMB 

compared to those of controls (Figure 5.4A). The relative protein expression levels of 

phospho-p53 (Thr55) (arbitrary units) were 0.67 ± 0.06, 0.56 ± 0.01, 0.65 ± 0.01, 0.57 

± 0.00, 0.56 ± 0.01, and 0.42 ± 0.00 in the control, pre-DOX, LMB1, pre-

DOX+LMB1, LMB5, and pre-DOX+LMB5, respectively (Figure 5.4B, P < 0.05, pre-

DOX+LMB5 vs. control). The relative protein expression levels of survivin (arbitrary 

units) were 0.28 ± 0.02, 0.23 ± 0.03, 0.23 ± 0.05, 0.14 ± 0.01, 0.12 ± 0.05, and 0.08 ± 
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0.00 in the control, pre-DOX, LMB1, pre-DOX+LMB1, LMB5, and pre-DOX+LMB5 

treated groups, respectively (Figure 5.4B, P < 0.05, pre-DOX+LMB5 vs. control). 

 

5.3.6 Effects of DOX and LMB on SQSTM1 Protein Expression. 

 

Western blot analysis revealed that SQSTM1 protein expression level was 

significantly increased in cells treated with pre-DOX+LMB compared to controls 

(Figure 5.5). The relative protein expression levels of SQSTM1 (arbitrary units) were 

0.08 ± 0.01, 0.13 ± 0.06, 0.10 ± 0.02, 0.10 ± 0.02, 0.95 ± 0.02 and 1.09 ± 0.10 in the 

control, pre-DOX, LMB1, pre-DOX+LMB1, LMB5 and pre-DOX+LMB5, 

respectively (Figure 5.5). The up-regulations of SQSTM1 in LMB5 and pre-

DOX+LMB5 treated cells were significant compared with control cells (P < 0.001). In 

addition, SQSTM1 was slightly but not significantly higher in pre-DOX+LMB5 than 

that of LMB5 alone.   
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5.4 Discussions 

 

LMB and/or its derivatives have been recognized as a novel class of cancer 

therapeutics through highly specific and potent inhibition of CRM1, a NES-dependent 

nuclear exporter.(Adachi and Yanagida 1989, Kudo, Wolff et al. 1998, Behera 2006, 

Cook, Bono et al. 2007, Mutka, Yang et al. 2009, Olivera, Moore et al. 2012, Salas 

Fragomeni, Chung et al. 2013) Our previous study found that LMB could significantly 

inhibit cell proliferation of various lung AC cell lines compared to normal lung 

epithelial cells.(Salas Fragomeni, Chung et al. 2013) However, A549 cells (with p53 

wild type) were more resistant to doses that were effective in other lung AC cell lines 

and the IC50 of LMB on A549 was close to that of normal lung epithelial cells.  

Combination chemotherapy could increase the therapeutic efficacy, decrease toxicity 

to normal cells with lower dosage, and minimize or delay the development of drug 

resistance. DOX is another cancer therapeutic drug, however, lung AC cells with p53 

wild type, such as A549 cells, are resistant to this drug.(Wang, Reed et al. 2004) Due 

to DOX’s specific molecular activity including p53 up-regulation and/or activation 

mediated apoptosis,(Lee, Lau et al. 2002, Skvortsova, Skvortsov et al. 2004, 

Koshiyama, Kinezaki et al. 2006) it was used in this study to test its efficiency in 

combination with LMB treatment to sensitize the drug resistance of A549 to the 

chemotherapeutic effect of LMB. Our results for the first time report increased drug 

efficacy from the combined therapy of an initial DOX treatment and subsequent LMB 

treatment in A549 cells, but not in p53 null NCI-H358 lung AC cells. The findings of 
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this study also revealed that simultaneous treatment of LMB and DOX, or 

pretreatment of LMB with subsequent treatment of DOX was not effective in A549 

cells (similar in p53 null NCI-H358 lung AC cells). These results indicate that 

pretreatment with DOX is required for chemotherapeutic inhibition of lung AC cells 

and the interaction between DOX and LMB is highly schedule dependent. 

Furthermore, our results reveal that the molecular mechanisms involving p53 

activation and other signaling protein(s)/pathway(s) could be the pre-requisite trigger 

to the observed effectiveness of combination therapy.   

 

As expected, we found that both DOX and LMB have significant inhibitory effects on 

A549 cells in a dose- and time- dependent manner. The IC50 value of DOX observed 

in this study was comparable to previous reports that showed IC50s of 1-5 µM in 

A549 cells.(Song, Liu et al. 2006, You, Hu et al. 2008) Among the four regimens 

tested, only pre-DOX treatment could boost the cytotoxic effect of LMB, in which the 

IC50 decreased more than 2-fold. The total duration of sequential treatment of pre-

DOX+LMB or pre-LMB+DOX was 72 h that includes 24 h of pretreatment and 

subsequent 48 h of co-exposure. The doses chosen for pre-LMB or pre-DOX did not 

show significant cytotoxic effects to A549 cells at 24-72 h. Nevertheless, the 

sequential treatment data were analyzed by using pre-LMB or pre-DOX as controls 

with their respective durations of exposure to exclude the potential cytotoxic effects 

from pre-LMB or pre-DOX. In addition, co-treatment of LMB and DOX for 72 h did 

not boost the cytotoxic effects of either LMB or DOX for both A549 and H358 cells 
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(data not shown). Results from flow cytometry analysis further validated the 

cytotoxicity data. Both DOX and LMB treatment decreased the fraction of cells in 

G0/G1 and S phases while they increased the fraction of cells in G2/M phases, 

suggesting G2/M arrest of DOX/LMB-treated A549 cells. These observations are 

consistent with previous findings of DOX induced predominant G2 

arrest(Blagosklonny 2002) and LMB producing reversible G1 and G2 arrest.(Yoshida, 

Nishikawa et al. 1990) Interestingly, although the number of cells in G2/M phase was 

not changed in cells treated with pre-DOX and LMB compared to LMB alone, the 

number of cells at pre-G1 phase was significantly increased in A549 cells treated with 

pre-DOX and LMB compared to LMB alone. Furthermore, the number of apoptotic 

cells was also significantly increased in cells treated with pre-DOX and LMB 

compared to LMB alone. Together, these data suggest pre-DOX treatment enhanced or 

facilitated the effect of LMB on mitotic arrest. Individual treatments by DOX itself 

caused predominantly G2/M arrest while pre-DOX and LMB induced predominantly 

apoptosis. In addition, apoptosis increased with increasing concentrations of LMB. 

 

DOX is generally classified as a topoisomerase II inhibitor that induces DNA double-

strand breaks. DOX, although not frequently used in recent lung cancer protocols but 

commonly used to treat other cancers such as leukemias, lymphomas, as well as other 

solid tumors. The cellular response to DNA damage, which includes nuclear 

accumulation of p53, has been studied extensively using DOX.(Swift, Rephaeli et al. 

2006) Thus, the better understanding of the combination effects of DOX with other 
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potential targeted chemotherapies, such as LMB, will lead a significant clinical 

milestone which can eventually overcome drug resistance. Our previous study has also 

suggested that p53 signaling pathway was activated after LMB treatment in A549 

cells.(Salas Fragomeni, Chung et al. 2013) p53 can be activated through post-

translational modifications such as phosphorylation, as well as subcellular localization. 

The phosphorylation sites have been identified at multiple locations on both N-

terminus and C-terminus of p53.(Kaustov, Yi et al. 2006) It is recognized that an early 

critical event in the stabilization and activation of p53 in response to genotoxicity is 

the phosphorylation of Ser15 through activation of ATM in response to DNA 

damage.(Abraham 2001) In the present study, Western blot data demonstrated that 

LMB was very effective in induction of both total p53 and p53 phosphorylation at 

Ser15 compared to the control. In addition, phospho-p53 at Ser15 was increased in 

cells treated with pre-DOX and LMB (5 nM) compared to LMB (5 nM) alone. Nuclear 

export of p53 is mediated by CRM1; this can be abrogated by LMB.(Kudo, Wolff et al. 

1998, Behera 2006, Salas Fragomeni, Chung et al. 2013) Thr55 is an important 

phosphorylation site for p53 function because of its location at the amino acid 43–63 

residues of p53 that contain an apoptotic and growth suppression domain.(Simbulan-

Rosenthal, Rosenthal et al. 1999, Simbulan-Rosenthal, Rosenthal et al. 2001) In other 

studies, inhibition of Thr55 phosphorylation of p53 restored its nuclear localization 

and sensitized cancer cells to DNA damage;(Klein, Nigg et al. 2006) the 

phosphorylation of Thr55 led to p53 degradation and a decrease in G1 arrest of the cell 

cycle.(Lavin and Gueven 2006) The decreased phospho-p53 (Thr55) after pre-DOX 
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and LMB treatment observed in this study was in agreement with these previous 

findings and was further confirmed by data on cell viability and cell cycle/apoptosis. 

Moreover, p53 and phospho-p53 (Ser15) accumulated in the nuclear compartment 

after LMB treatment as determined by western blot analysis using nuclear/cytoplasm 

protein fractions from A549 cells (data not shown). Therefore, our results of p53 

expression suggest that phosphorylation on Ser15 and Thr55 sites of p53 may 

cooperatively regulate the stability of p53 and thereby more effectively activate p53 in 

response to DOX and LMB treatment. The treatment regimen of pretreatment of DOX 

and LMB, but not DOX and LMB simultaneously or pretreatment of LMB and 

subsequent DOX, could induce and activate p53 in the function of apoptosis rather 

than DNA repair that led to the drug sensitization of A549 cells. 

 

The regulation of protein expression of p53 target genes involved in cell growth 

suppression and apoptosis was also observed after DOX and LMB treatment. For 

example, p21, a downstream target of p53, was elevated at the protein level after DOX 

and LMB treatment, especially in cells treated with pre-DOX and LMB. This elevated 

level of p21 could result in hypophosphorylation of the Rb protein, which in turn 

binds with E2F transcription factor and subsequently blocks the cell cycle.(el-Deiry, 

Tokino et al. 1993, Lohr, Moritz et al. 2003) Besides p53, survivin expression was 

significantly repressed after LMB treatment, especially when pretreatment of DOX 

was applied before LMB. Survivin, a member of the inhibitor of apoptosis family of 

proteins, is negatively regulated by wild type p53 and plays an important role in 
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regulation of both apoptosis and cell division.(Li and Altieri 1999) Survivin repression 

caused by DNA damage may decide whether the damaged cells would die before 

DNA repair is accomplished by activating the p53-dependent G2/M checkpoint.(Ikeda, 

Okamoto et al. 2007) Moreover, nuclear export of p21 and survivin is CRM1-

mediated.(Turner and Sullivan 2008) Thus, LMB may directly or indirectly modulate 

the expression of p21 and survivin. Collectively, the elevated level of p21 and 

repression of survivin were consistent with the cytotoxicity, cell cycle/apoptosis, and 

p53 activation after DOX and LMB treatment. The combined therapy of an initial 

DOX treatment (for activation of p53) and subsequent LMB treatment (for blocking 

CRM1 function to increase and accumulate activated steady-state level of p53 in the 

cellular nucleus) might be one reason for the increased effectiveness.  

 

SQSTM1 (p62) had been identified by a proteomic approach using 2D-DIGE and MS 

as a possible new protein(s)/pathway(s) that could be targeted by LMB treatment in 

p53 wild type A549 cells but not p53 null NCI-H358 cells. SQSTM1 was first 

described in 1995 as a phosphotyrosin-independent ligand of the src homology 2 (SH2) 

domain of the lymphoid-specific src family tyrosine kinase p56Ick.(Park, Chung et al. 

1995) SQSTM1 was recently shown to be continuously shuttled between the 

cytoplasm and nucleus at a high rate.(Pankiv, Lamark et al. 2010) This process is 

regulated by several mechanisms, such as self-interaction, polymerization, 

phosphorylation, aggregation, and binding to ubiquitinated targets.(Pankiv, Lamark et 

al. 2010) In fact, nuclear accumulation of SQSTM1 was observed in Hela cells treated 
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with LMB.(Geetha and Wooten 2002) Alternatively, SQSTM1 was shown to be a 

negative regulator of the ras signaling pathway.(Park, Chung et al. 1995) Since A549 

contains K-ras mutation, the increase and nuclear accumulation of SQSTM1 in A549 

cells after LMB treatment might further inactivate functional K-ras that resulted in cell 

growth inhibition. Until recently, the function of SQSTM1 in the nucleus has been 

rarely addressed. It has been suggested that nuclear SQSTM1 could be directly 

associated with chromatin,(Geetha and Wooten 2002) or play a role in regulating gene 

transcription.(Rachubinski, Marcus et al. 1999) SQSTM1 has been reported to interact 

with p53; the accumulation of SQSTM1 could slow the clearance of short lived 

ubiquitin-proteasome system specific substrates, such as p53.(Tasdemir, Chiara Maiuri 

et al. 2008) Nuclear accumulation of proteins as observed in LMB-treated A549 cells, 

especially when pre-DOX was added, suggests that DOX and LMB may lead to 

nuclear sequestration of CRM1 cargo proteins, such as SQSTM1, important in 

regulating cell growth/proliferation/apoptosis.  

 

In summary, the present study found that combination therapy of pretreatment with 

DOX followed by LMB treatment significantly increased the efficacy of LMB through 

p53 and potentially other molecular pathways involving sequestosome 1. Future 

studies of other molecular mechanisms as well as CRM1 

mutations/instability/integrity are necessary to further elucidate the usefulness of LMB 

and/or its derivatives for clinical application. Nevertheless, our data have essential 
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predictive and therapeutic implications that could provide a promising basis for 

preclinical and/or clinical trials on lung cancer treatment. 
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Table 5. 1 Cytotoxicity of DOX and LMB on A549 cells 

Treatment 1 Treatment 2 IC50s 

DOX  at different concentrations (0-5 µM) 

None   2.2 µM 
0.5 nM LMB 
simultaneously   2.1 µM 

0.5 nM LMB 24 h earlier   2.8 µM 

LMB at different concentrations (0-5 nM) 

None 10.6 nM 
0.5 µM DOX 
simultaneously 10.4 nM 

0.5 µM DOX 24 h earlier     4.4 nM 
* 

 

         * P < 0.05 in comparison to LMB alone or LMB+0.5 µM DOX simultaneously  
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Table 5. 2 Effects of DOX and LMB on cell cycle and apoptosis of A549 cells 

 Cell Cycle (%) Apoptosis 

(%)  Pre-G1 G0/G1 S G2/M  

Control 5.4±2.2 74.5±2.9 5.0±0.9 15.1±0.4  13.2±1.6 

Pre-DOX 9.0±2.1 61.6±1.7** 2.5±0.7** 26.9±2.8*

* 

 15.8±2.6 

LMB1 8.2±2.0 66.6±1.5** 2.5±0.1** 22.7±1.0*

* 

 19.2±2.4** 

Pre-

DOX+LMB1 

18.6±7.1**#

# 

57.2±2.8**#

# 

1.2±0.1**

# 

22.9±4.2*

* 

 27.1±0.6**## 

LMB5 10.2±4.7 65.0±1.7** 2.3±0.3** 22.5±2.8*

* 

 22.4±4.0** 

Pre-

DOX+LMB5 

27.5±2.8**#

# 

52.5±1.9**#

# 

1.5±0.2**

# 

18.6±1.3*

# 

 29.6±2.1**## 

 
* P < 0.05 in comparison to control; ** P < 0.01 in comparison to control 
# P < 0.05 in comparison to LMB alone; ## P < 0.01 in comparison to LMB alone 
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Figure 5. 1 Cytotoxic effects of DOX and LMB on A549 cells. A, Cytotoxic effects 

of DOX alone and DOX+LMB on cell viability of A549 cells as determined by the 

MTT assay. Data are expressed as the percentage by comparing to vehicle control for 

DOX and LMB (0.5 nM) for DOX+LMB. Values are represented as means ± SD, n = 

6. B, Cytotoxic effects of LMB alone and LMB+DOX on cell viability of A549 cells 

as determined by the MTT assay. Data are expressed as the percentage by comparing 

to vehicle control for LMB and DOX (0.5 µM) for LMB+DOX. Values are means ± 

SD, n = 6. C, Cytotoxic effects of DOX alone and pre-LMB+DOX on cell viability of 

A549 cells at 48 h as determined by the MTT assay. Data are expressed as the 
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percentage by comparing to vehicle control for DOX and pre-LMB for pre-

LMB+DOX. Values are means ± SD, n = 6. D, Cytotoxic effects of LMB alone and 

pre-DOX+LMB on cell viability of A549 cells at 48 h as determined by the MTT 

assay. Data are expressed as the percentage by comparing to vehicle control for LMB 

and pre-DOX for pre-DOX+LMB. Values are means ± SD, n = 6. Experiments 

performed in triplicate yielded similar results. 
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D 

 

 

Figure 5. 2 Cytotoxic effects of DOX and LMB on NCI-H358 cells. A, Cytotoxic 

effects of DOX alone and DOX+LMB on cell viability of NCI-H358 cells as 

determined by the MTT assay. Data are expressed as the percentage by comparing to 

vehicle control for DOX and LMB (0.5 nM) for DOX+LMB. Values are represented 

as means ± SD, n = 6. B, Cytotoxic effects of LMB alone and LMB+DOX on cell 

viability of NCI-H358 cells as determined by the MTT assay. Data are expressed as 

the percentage by comparing to vehicle control for LMB and DOX (0.5 µM) for 

LMB+DOX. Values are means ± SD, n = 6. C, Cytotoxic effects of DOX alone and 

pre-LMB+DOX on cell viability of NCI-H358 cells at 48 h as determined by the MTT 
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assay. Data are expressed as the percentage by comparing to vehicle control for DOX 

and pre-LMB for pre-LMB+DOX. Values are means ± SD, n = 6. D, Cytotoxic effects 

of LMB alone and pre-DOX+LMB on cell viability of NCI-H358 cells at 48 h as 

determined by the MTT assay. Data are expressed as the percentage by comparing to 

vehicle control for LMB and pre-DOX for pre-DOX+LMB. Values are means ± SD, n 

= 6. Experiments performed in triplicate yielded similar results. 

 

  



Texas Tech University, Chuanwen Lu, August 2014 
 

160	  

A 

                                                                       

 

 

  



Texas Tech University, Chuanwen Lu, August 2014 
 

161	  

 

 

  

0.0	  

20.0	  

40.0	  

60.0	  

80.0	  

100.0	  

	  G2/M	  	  

	  S	  	  	  	  

G0/G1	  	  

pre-‐G1	  	  

Pe
rc
en
ta
ge
	  (%

)	  



Texas Tech University, Chuanwen Lu, August 2014 
 

162	  

B 

 

Figure 5. 3 Flow cytometry analyses of cell cycle and apoptosis in A549 cells after 

DOX and LMB treatment. A, Representative histograms of cell cycle analyses in 

DOX and LMB-treated A549 cells. Control, pre-DOX, LMB1, pre-DOX+LMB1, 

LMB5, and pre-DOX+LMB5 were harvested and labeled with Guava Cell Cycle 

Reagent (Millipore) and analyzed by flow cytometry (pre-G1, G0/G1, S, and G2/M). 

The y-axis shows the number of cells counted and the x-axis shows an increasing 

amount of Guava Cell Cycle Reagent incorporation/cell (left to right). B, Distribution 

of cell population of different cell cycle phases in A549 cells after treatments. C, The 

percentage of apoptotic cells in control, pre-DOX, LMB1, pre-DOX+LMB1, LMB5, 

and pre-DOX+LMB5 after treatments of pre-DOX and LMB. Values are means ± SD, 
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n = 3. Experiments performed in triplicate yielded similar results. LMB1: 1 nM LMB, 

LMB5: 5 nM LMB.  
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Figure 5. 4 Western blot analyses of protein expression in A549 cells after DOX 

and LMB treatment. A, Effects of pre-DOX+LMB treatment on the protein 

expression of p53, phospho-p53 (Ser15), phospho-p53 (Thr55), p21, and survivin in 

A549. Cells were treated with 0.5 µM DOX 24 h before treatment with LMB (1 nM or 

5 nM). After 48 h LMB treatment, cells were harvested for Western blot analysis to 

determine protein levels. Blots were also probed for α-tubulin to confirm equal protein 

loading. B, The relative protein intensities of p53, phospho-p53 (Ser15), phospho-p53 

(Thr55), p21, and survivin as compared with the intensity of α-tubulin. The intensity 

of each band was quantified using Quantity One software. Data are means ± SD, n = 3. 
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The experiments were conducted in triplicate. LMB1: 1 nM LMB; LMB5: 5 nM LMB; 

*, P < 0.05 compared to control; **, P < 0.001 compared to control; #, P < 0.05, 

compared to LMB5; ##, P < 0.001, compared to LMB5. 
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Figure 5. 5 Effects of LMB alone or pre-DOX+LMB treatment on protein 

expression of SQSTM1 in A549 cells. The relative protein intensity of SQSTM1 was 

compared with the intensity of corresponding α-tubulin. The intensity of each band 

was quantified using Quantity One software. Data are means ± SD. Experiments were 

conducted in triplicate. LMB1: 1 nM LMB; LMB5: 5 nM LMB; **, P < 0.001 

compared to control. 
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