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ABSTRACT 

Upper aerodigestive tract cancers including cancers of the oral cavity, pharynx, larynx, 

esophagus, and lungs are the most prevalent cancers and leading causes of cancer-related deaths. 

Collectively, over 300,000 new cases and 146,500 deaths are projected within the US in the year 

2021. Drug-associated toxicities, as well as resistance to therapy (intrinsic and acquired), are big 

challenges for successfully treating these cancers. Recent studies have shown that combining low-

dose actinomycin D with existing therapies is a promising strategy to reduce toxicity 

(cyclotherapy) and to overcome resistance. The development of these treatment strategies however 

requires an understanding of the molecular mechanisms of the antitumor activity of actinomycin 

D as well as that of drug resistance. This study evaluated the mechanism of actinomycin D-induced 

apoptosis and its effects on p53 signaling pathway in aerodigestive tract cancers using in vitro 

models of lung and head and neck cancer. We determined the IC50 of actinomycin D in a range of 

aerodigestive tract cancer cell lines using the SRB assay at 72 h which spanned between 0.02nM 

-2.96nM. Subsequently, we measured apoptosis by using the Annexin V-PE staining. FlowJo was 

used to quantify apoptosis. Cleavage of PARP and caspase 3 was used to confirm apoptosis. We 

found that actinomycin D induced apoptosis in all cell lines tested, but the sensitivity varies 

between cell lines. Mechanistic studies revealed that actinomycin D time- and dose-dependently 

increased the expression of p53 and its downstream targets p21 and PUMA in cells with wild-type 

p53. Consequently, we explored the role of p53 in actinomycin D-induced apoptosis by ablating 

the expression of p53 using p53 shRNA. Interestingly, the ablation of p53 decreased the expression 

of p21 and PUMA in A549 cell line and p21 in H460 cell line. More importantly, ablation of p53 

significantly protected cells from actinomycin D-induced apoptosis. Furthermore, we explored the 

mechanism of apoptosis in cell lines lacking wild type p53 and focused on the expression of p73, 
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p21, and PUMA. Through the completion of these experiments, we can conclude that actinomycin 

D exerts apoptosis via p53-dependent and –independent mechanisms. These results will guide 

future combinatorial studies involving actinomycin D.  
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CHAPTER 1 

INTRODUCTION 

Background 

Next to cardiovascular diseases, cancer is the second leading cause of death globally and 

in the United States of America (CDC, 2019). Aerodigestive tract cancers include tumors that 

develop from the tissues of the respiratory and the upper digestive tract, which include the lungs, 

bronchi, larynx, pharynx, oral cavity, and esophagus.  

In 2020, lung cancer was the second most common cancer behind breast cancer, but the 

leading cause of tumor-related deaths amongst men and women of all ages around the world (2.2 

million new cases and 1.7 million deaths) (Globocan, 2020; Siegel et al., 2016). Based on the 

morphology of the cancer cells, lung cancer is classified into two subtypes, namely non-small cell 

lung cancer (NSCLC), small cell lung cancer (SCLC). NSCLC can be further classified as 

adenocarcinoma, squamous cell carcinoma, and neuroendocrine large cell carcinoma based on the 

histology of the disease. Smoking of tobacco and tobacco-related products is arguably the most 

important risk factor for lung cancer (Malhotra et al., 2016). 

On the other hand, head and neck cancer (HNC) includes all tumors originating from the 

oral cavity, pharyngeal region, and larynx.  Collectively, they were the seventh most common 

cancer in the world in 2020 (930,000 new cases and 467,125 deaths) (Globocan, 2020). Unlike 

lung cancer, HNC is mainly of squamous histology and risk factors include tobacco smoking, 

alcoholism, betel nut chewing, and HPV infections. The American Cancer Society estimates that 

in 2021, aerodigestive tract cancers will cause about 150,000 deaths in the US (Siegel et al., 2021).  

Recent advances in oncology research have given scientists a better understanding of 

disease initiation, progression, and management. There are different modalities available for the 
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treatment of malignant disease, which include surgery, radiotherapy, chemotherapy, 

immunotherapy, and targeted therapy depending on the stage, histology, and presence or absence 

of driver mutations.  

For lung cancer, surgery is often recommended for early-stage (stage I-II) NSCLC patients. 

These patients have a 5-year survival rate of 50-90% depending on the stage of the disease at the 

initiation of therapy (Goldstraw et al., 2016). If surgery is contra-indicated or refused, high-dose 

stereotactic body radiation can be recommended which has a 5-year tumor control rate of more 

than 85% (Timmerman et al., 2010). However, in locally advanced cases where surgery is not 

possible, radiotherapy coupled with doublet chemotherapy is recommended but has a 5-year 

survival of 15-20% (Aupérin et al., 2010). The presence of activating mutations informs the 

selection of targeted therapies that are specifically aimed at genetic abnormalities that drive tumor 

progression (Hirsch et al., 2017). For HNC, surgery is also indicated in early-stage disease, but in 

locally advanced tumors where surgical benefits are poor, concurrent chemoradiotherapy with high 

dose cisplatin is the treatment of choice as it provides a 6.5% absolute 5-year overall survival 

benefit over radiotherapy alone (Cramer et al., 2019; Oosting & Haddad, 2019). For patients with 

recurrent or metastatic cases, the standard first-line maintenance is concurrent cisplatin, 5-FU plus 

cetuximab, because cetuximab provides a 13% increase in response rate and improves overall 

survival compared to chemotherapy alone (Vermorken et al., 2008; Vermorken et al., 2007). 

Immunotherapies such as pembrolizumab and nivolumab are also beneficial, especially amongst 

patients who progressed after platinum-based therapy as it improved overall survival by up to 20% 

in phase III CheckMate 141 trial (Harrington et al., 2017; Oosting & Haddad, 2019). 

Immunotherapies activate the patient’s immune system against cancerous diseases by blocking 

certain factors that weaken immune surveillance.  
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Since the introduction of combination therapy in the 1960s, this strategy has been the 

mainstay therapeutic approach for cancer management due to its mounting advantage over 

monotherapy (Frei et al., 1965). Combinations are often comprehensive and include drugs with 

distinct mechanisms attacking different pathways to increase efficacy.  However, the war against 

cancerous disease is far from won. Most cancers become resistant after the initial response to 

therapy, which leads to relapse, poor prognosis, and survival. Recent research has studied new 

combination strategies aimed at overcoming resistance to cancer therapy. In a concept called drug 

repositioning, some studies have discovered the antitumor and synergistic potential of medications 

approved for noncancerous indications when combined with conventional chemotherapeutics 

(Bayat Mokhtari et al., 2017). Others have used older cytotoxic therapeutics obtained from nature 

like Actinomycin D at low doses to target cancer stem cells with less risk of adverse effects (Green 

et al., 2019). 

Nature serves as an invaluable resource for human existence. Over the years, giant strides 

have been made to improve the diagnosis and treatment of diseases by seeking natural remedies 

within the environment, cancer is not an exception. Microbes and plants obtained from land and 

marine habitats are the primary sources of these products (Demain & Vaishnav, 2011). Some of 

the natural sources of anticancer agents include; animals, microbes, and plants in terrestrial and 

marine environments. Since 1940, more than two-thirds of the over 140 anti-cancer agents 

approved for human use have been obtained from natural sources. Between 1960 and 1982, over 

180,000 microbe-derived natural products were screened by the NCI for anti-tumor effects. In 

2000, more than 50% of clinical studies for anti-tumor agents involved natural products (Cragg & 

Newman, 2000).  
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Table 1: List of approved anticancer agents from nature. Adapted with modifications from 

(Khazir et al., 2014).  

Drug Name Natural Source Mechanism of 

Action  

Approved Indications FDA 

Approval 

Mitomycin C Streptomyces 

spp. 

DNA cross-linking Gastric and Pancreatic cancer 1956 

Vincristine Catharanthus 

rosea 

Anti-mitotic Acute Leukemia 1963 

Actinomycin D Streptomyces 

parvulus 

DNA intercalation; 

RNA synthesis 

inhibition 

Wilms tumor, Gestational 

trophoblastic neoplasia, 

Ewing’s sarcoma 

1964 

Vinblastine Catharanthus 

rosea 

Anti-mitotic Testicular cancer, HNC, 

Hodgkin’s disease, Kaposi’s 

sarcoma 

1965 

Doxorubicin Streptomyces 

peucetius 

DNA damage and 

Topoisomerase II 

inhibition 

Breast, ovary, prostate, 

gastric, liver cancers, HNC, 

and SCLC 

1966 

Daunomycin Streptomyces 

peucetius 

Topoisomerase II 

inhibition 

Pediatric acute myelocytic 

leukemia 

1966 

Teniposide Podophyllum 

peltatum 

DNA polymerase 

inhibition 

Acute lymphoblastic leukemia 1967 

Bleomycin Steptomyces 

verticillus 

DNA damage Squamous cell carcinoma, 

testicular carcinoma 

1973 

Estramustine  DNA Alkylation Prostate carcinoma 1979 

Etoposide Podophyllum 

hexandrum 

DNA alkylation Testicular cancer, SCLC 1980 

Vinorelbine Catharanthus 

rosea 

Topoisomerase II 

inhibition 

NSCLC 1989 

Paclitaxel Taxus brevifolia DNA damage NSCLC, Breast and ovarian 

cancer  

1993 

Irinotecan Camptotheca 

acuminata 

DNA damage Colorectal cancer 1994 

Docetaxel Taxus brevifolia Topoisomerase II 

inhibition 

Breast, gastric, and Prostate 

cancers, HNC, SCLC 

1995 

Topotecan Camptotheca 

acuminata 

Topoisomerase I 

inhibition 

SCLC, Cervical, and ovarian 

cancers 

1996 
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Actinomycin D is one such agent from nature. It comes from a class of compounds known 

as actinomycins, which were first isolated from bacteria Streptomyces parvulus by Waksman and 

Woodruff in 1940 (S. Waksman & H. B. Woodruff, 1940). This antibiotic was the first in its class 

to exhibit anti-tumor activity (Cortes et al., 2016). By the 1960s Actinomycin D was approved for 

the treatment of Wilms tumor, trophoblastic tumors, and Rhabdomyosarcoma (Hollstein, 1974). 

However, its use has been limited by significant toxicity, which has led to numerous studies trying 

to reduce its toxicity, improve its activity or find new indications. Recent reports have shown that 

low-dose actinomycin D in combination with other therapeutics could target cancer stem-like cells 

and potentially resolve resistance (Green et al., 2019). Also, low-dose actinomycin D has been 

actively studied in p53-based cyclotherapy approaches that protect normal cells from cytotoxic 

chemotherapeutics (Choong et al., 2009; Rao et al., 2013). However, the definite mechanism of 

action of actinomycin D especially in aerodigestive tract cancers remains elusive. Nevertheless, 

actinomycin D is known to exert its cytotoxic effects via genotoxic and ribosomal stress signals 

that can activate the p53 pathway. Thus, this study will investigate the effect of actinomycin D on 

p53-dependent and independent signaling in aerodigestive tract cancers. We expect that such a 

study will pave the way to use this drug in p53-based cyclotherapy to reduce the toxicities of 

existing drugs. 

Aims and Objectives 

Aim 1: To evaluate the cytotoxic effect of actinomycin D on aerodigestive tract cancer cells. 

Objective 1: Conduct growth inhibitory assays and determine the IC50 of actinomycin D across a 

range of aerodigestive tract cancer cell lines using the SRB assay and CalcuSyn software. 

Aim 2: To investigate actinomycin D-induced apoptosis in aerodigestive tract cancer cell lines. 
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Objective 2: Quantify dose-and-time-dependent apoptosis after treatment of aerodigestive tract 

cancer cell lines with actinomycin D using the Annexin V/7-AAD apoptosis assay and flow 

cytometry. Confirm apoptosis and define the mechanism of apoptosis induction by biochemical 

assay (Western Blots). 

Aim 3: Determine the role and significance of p53 signaling in actinomycin D-induced apoptosis 

in aerodigestive tract cancer cell lines. 

Objective 3: Compare apoptosis induction and p53 target genes expression by actinomycin D in 

p53 competent, mutant, and deficient cell lines. 
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CHAPTER 2 

LITERATURE REVIEW 

Aerodigestive Tract Cancers 

Aerodigestive tract cancers form a group of malignancies that develop within tissues and 

organs of the respiratory and upper digestive system. The tissues implicated include the larynx, 

trachea, and lungs within the respiratory tract, and the lips and oral cavity, hypopharynx, 

nasopharynx, and oropharynx, and esophagus within the head and neck region of the upper 

digestive tract (Muir & Weiland, 1995). 

Lung Cancer 

Lung cancer is one of the most common cancers worldwide and the leading cause of 

death amongst men and women in the United States. Worldwide, almost 2 million new cases and 

more than 1.5 million deaths are recorded yearly with a 5-year survival rate below 20% (Hirsch 

et al., 2017). In the US, over 235,000 new cases and 131,880 deaths from lung cancer are 

projected for 2021, and the 5-year relative survival is 21.7% (NCI, 2021).  

The rate of lung cancer cases within a population depends on demographic characteristics 

like age, gender, race, and socio-economic status. On a global scale, the trend in cases and 

mortality appear to shift from the western countries where more people are quitting smoking to 

lower and middle-income countries where smoking uptake is still rampant. In the United States, 

mortality is highest in males and people of color especially from mid-southern states of 

Mississippi, Kentucky, Arkansas, and Tennessee (Torre et al., 2016).  

Based on the morphology of cells under the microscope, there are two types of lung cancer, 

NSCLC, and SCLC. NSCLC is further classified into adenocarcinoma, squamous cell carcinoma, 

and neuroendocrine large cell carcinoma based on the histological origin of the disease. 
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Meanwhile, the currently recognized histologic sub-classifications for SCLC are pure SCLC and 

combined SCLC. Combined SCLC refers to SCLCs that have at least 10% of larger cells that 

qualify as NSCLC cells (Raso et al., 2021; Travis, 2012). The therapy for lung cancer is generally 

rife with challenges like chemoresistance, but significant improvement in the characterization of 

the disease and personalization of care could improve treatment success in the future. For instance, 

the identification of molecular biomarkers like EGFR mutations and anaplastic lymphoma kinase-

ALK translocations at the point of diagnosis would significantly inform the chemotherapeutic 

approach and improve treatment outcomes (Villalobos & Wistuba, 2017). 

Epidemiology of Lung Cancer. In 1964, the US Surgeon General reported that men who 

were average smokers (10-20 cigarettes/day) had up to 10 times more risk of lung cancer than non-

smoking men, heavy smokers (20 or more cigarettes/day) had up to 20 times more risk. 

Subsequently, public attitudes and policies towards cigarette smoking changed (Health, 1964). 

Before 1964, about 66% of adult males and 33% of adult females within the American population 

were active smokers. Over fifty years later in 2018, less than 15% of the US adult population were 

current smokers (Creamer et al., 2019). However, this varied between racial groups, gender, and 

socio-economic status. Smoking rates were higher amongst Indian Americans and native Alaskans, 

while it was lowest amongst Asian Americans. Also, smoking is prevalent among poorer and less 

educated populations (Schiller et al., 2012; Schwartz & Cote, 2016). 

Today smoking is still the most important risk factor for lung cancer development as it 

increases the risk by up to 85% depending on exposure. Other environmental risk factors include; 

asbestos, radon, diesel, and ionizing radiation (Samet et al., 2009; Schwartz & Cote, 2016). The 

strong link between lung cancer and tobacco smoking is depicted by the similarity in the 

geographical distribution in lung cancer incidence and smoking culture around the world. For 
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instance, regions with a greater smoking culture like Central and Eastern Europe (53.5 per 

100,000) and East Asia (50.4 per 100,000) have the highest incidence rates in men, while places 

like central and west Africa (2.0 and 1.7 per 100,000, respectively) have the lowest rates. Likewise, 

the geographic pattern of fatalities follows a similar trend to incidence rates due to high mortality 

(Mao et al., 2016). 

Non-small cell lung cancer (NSCLC). Of the two forms of lung cancer, NSCLC has a 

higher prevalence with about 85% of all lung cancer cases being NSCLC. It is classified into 

three subtypes based on the histology of the malignancy. The three forms include; 

Adenocarcinoma (40-70%), Squamous cell carcinoma (20-30%), and neuroendocrine large cell 

carcinoma (10-15%) (Collins et al., 2007). Of the three subtypes, adenocarcinoma is the most 

common and least associated with smoking. It is highly metastatic at the early stage and common 

amongst never smokers with comorbid lung disease. On the contrary, squamous cell carcinoma 

undergoes late metastasis and is associated with symptoms like hemoptysis, post-obstructive 

pneumonia, and lobar collapse. Lastly, neuroendocrine large cell carcinoma is a rare form of 

NSCLC, and it is a poorly differentiated tumor, and like adenocarcinoma, it metastasizes early 

(Collins et al., 2007; Travis et al., 1995). 

Early diagnosis and identification of driver mutation and histologic variants are essential 

for effective management especially in this era of targeted therapies with small molecule inhibitors 

and immunotherapy (Liu et al., 2017; Neal et al., 2014). 

Staging. Following tissue diagnosis, patients are evaluated for metastatic spread to 

determine the stage of the disease. This evaluation is often achieved through physical examination, 

biochemical tests, and radiographic imaging such as computed tomography and positron emission 

tomography scans. NSCLC is staged based on a tumor-node-metastasis (TNM) system, which 
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classifies the cases into local (IA, Ib, IIA) locally advanced (IIB, IIIA, IIIB) and advanced (IIIB, 

IV) based on the size of the primary tumor, lymph node involvement, and metastasis to secondary 

sites (Collins et al., 2007; Travis et al., 2016).  

Standard of Care (Early Stage). Surgical resection is the first-line recommendation for 

patients with stage I-II NSCLC. The outcomes and 5-year survival depend on the clinical or 

pathological stage of the disease. Stage IA (77-92%), stage IB (68%), stage IIA (60%), stage IIB 

(53%). Pathological stage IA (80-90%), stage IB (73%), stage IIA (65%), stage IIB (56%) 

(Hirsch et al., 2017; Travis et al., 2016; Vansteenkiste et al., 2014). Perioperative chemotherapy 

has been beneficial to patient survival especially stage IB-IIIA ("Preoperative chemotherapy for 

non-small-cell lung cancer: A systematic review and meta-analysis of individual participant 

data," 2014). In cases where surgery is contra-indicated high-dose stereo-static body radiation is 

an option for local control of tumor growth. Other non-operative first-line therapies include; 

radiofrequency ablation, standard radiotherapy, and chemotherapy. For patients with locally 

advanced tumors (stage IIIA & B) who cannot undergo surgical resection, it is recommended 

that they undergo a 6-week course of thoracic chemoradiation. The chemotherapy is usually a 

platinum-based drug (cisplatin or carboplatin) with a second drug dosed weekly or every 3-

weeks (Aupérin et al., 2010; Curran et al., 2011; Hirsch et al., 2017).  

  Standard of Care (Advanced Stage). With advances in technology and pharmacogenetic 

research, it is evident that in advanced-stage disease, the primary tumor in many patients would 

have undergone some form of activating mutation that drives the disease. It is therefore pertinent 

to test for activating mutations using molecular biomarkers while considering the histology of the 

tumor (adenocarcinoma or squamous cell carcinoma) to inform a therapeutic approach. For 
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patients without driver mutations, platinum-based therapy remains the first-line treatment option 

(Hirsch et al., 2017).  

EGFR Activating Mutation. EGFR activating mutations are common amongst lung cancer 

patients with studies reporting up to 40-55% prevalence in NSCLC especially amongst patients of 

Asian descent (Huang et al., 2004; Kosaka et al., 2004). Some of the popular demographic 

characteristics among patients with EGFR mutations include; East Asian, young age, female 

gender, adenocarcinoma, and absence of smoking history. Exon 19 deletion and Exon 21 

substitutions (L858A) are common mutations that result in sensitivity to EGFR tyrosine kinase 

inhibitors [TKI] (Fujimoto & Wistuba, 2014). Gefitinib and erlotinib (first generation) and afatinib 

(second generation) were the initial set of small molecule inhibitors of EGFR tyrosine kinase 

approved by the FDA (Hammerman et al.; Solassol et al., 2019). However, the tumor often 

recovers and acquires resistance to initial tyrosine kinase inhibition either by secondary EGFR 

mutation, alternative activating mechanisms, or histological transformation. The gatekeeper 

mutation T790M is the usual culprit for secondary mutations and resistance after initial EGFR TKI 

sensitivity. Consequently, FDA and EMA approved Osimertinib, a third-generation TKI for 

patients with T790M mutation for whom initial TKI therapy had failed. In the absence of T790M 

mutation, platinum-based doublet chemotherapy remains the standard of care. Interestingly, EGFR 

C797S mutation, HER2, MAPK activation, and MET amplification are other forms of genetic 

changes that bypass the T790M mutation inhibited by Osimertinib (Hirsch et al., 2017). Even 

though there are about three dozen FDA-approved small molecule TKIs, secondary resistance is 

gradually becoming the norm. Further research is required to identify new strategies to overcome 

resistance (Roskoski, 2019). 
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ALK gene Rearrangements. Other than EGFR mutations, the discovery of a fusion gene 

consisting of the echinoderm microtubule-associated protein-like 4 (EML4) gene and the ALK 

gene has impacted the clinical outcome of the subset of NSCLC patients with this fusion oncogene 

(Soda et al., 2007). ALK mutations are present in about 3-8% of all NSCLC cases (Devarakonda 

et al., 2015). Most patients in this population are middle-aged men of Asian descent who were 

never smokers or light smokers with adenocarcinoma (Chatziandreou et al., 2015). ALK fusions 

usually occur in the absence of other driver mutations like EGFR, ROS1, and KRAS mutations. 

Crizotinib, ceritinib, alectinib are some of the inhibitors that have been developed for patients in 

this category. In 2011, the FDA granted crizotinib accelerated approval for the treatment of 

metastatic NSCLC with ALK rearrangements (Kazandjian et al., 2014). Interestingly, crizotinib 

can also inhibit ROS1, and MET (Gainor et al., 2013; Hirsch et al., 2017; Shaw et al., 2009). 

TP53 Mutations. It is not surprising that the TP53 gene is the most frequently mutated in 

NSCLC irrespective of histology, occurring in about 32.5% of NSCLC tumors (Forbes et al., 2011; 

Goh et al., 2011). Some groups have classified these mutations to either be disruptive or non-

disruptive. Disruptive in the sense that the mutation leads to a complete or almost complete loss 

of function of the mutant protein. Whereas non-disruptive mutations would retain some wildtype 

p53 functionality and in some cases, gain-of-function (Molina-Vila et al., 2014; Poeta et al., 2007). 

However, more studies are required to determine if these mutations are equally distributed or 

prevalent in certain histologic subtypes of lung adenocarcinoma. 

Other Genetic Abnormalities in NSCLC. About 1-2% of all NSCLC cases have ROS1 

gene rearrangement yielding up to nine variants of the protein. Most patients with this aberration 

have adenocarcinoma, are young females (median age: 50) who were never or light smokers. 

Crizotinib was approved by the FDA as an inhibitor for ROS1 positive patients. However, acquired 
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resistance has been observed through secondary mutations. This has inspired the investigation of 

other potential ROS1 inhibitors such as; ceritinib, entrectinib, lorlatinib, and cabozantinib 

(Bergethon et al., 2012; Hirsch et al., 2017). In 2019, FDA approved entrectinib in adult patients 

for ROS1-positive metastatic NSCLC. Emerging data have demonstrated efficacy of lorlatinib in 

ROS1-positive+ NSCLC patients, especially in crizotinib resistant cases (Shaw et al., 2019). 

Similarly, RET fusion is observed in 1-2% of NSCLC cases, most of whom were never or 

light smokers with adenocarcinoma or adenosquamous carcinoma (Wang et al., 2012). Clinical 

studies for RET kinase inhibitors such as; apatinib, lenvatinib, cabozatinib, sorafenib, ponatinib, 

alectinib, vandetanib, and sunitinib are in progress (Califano et al., 2015; Hirsch et al., 2017). In 

2020, FDA granted approval to selpercatinib and pralsetinib for RET-fusion positive NSCLC and 

thyroid cancer, and RET mutant medullary thyroid cancer (Markham, 2020). 

Reports show that a splice site mutation at exon 14 of the MET receptor tyrosine kinase 

gene, was observed in 3-4% of lung adenocarcinomas. This mutation led to increased kinase 

activity, which was reduced by MET inhibition with crizotinib and cabozantinib (Hirsch et al., 

2017; Paik et al., 2015). Crizotinib was originally developed as a MET inhibitor, but was 

subsequently approved for the treatment of ALK positive advanced or metastatic NSCLC patients 

(Kazandjian et al., 2014) 

Overexpression and amplification of HER2 occur in 35% and 10% of all lung cancers, 

respectively. However, mutation of the HER2 gene is present in 2% of NSCLC cases usually in 

women with adenocarcinoma who were never smokers (Hirsch et al., 2017; Mazières et al., 2013). 

Recent studies have suggested the application of trastuzumab emtansine, an antibody-drug 

conjugate (ADC) that has benefited HER2+ breast cancer patients, as a treatment for HER2+ 

NSCLC in combination with other cytotoxic agents (Hotta et al., 2018; Peters et al., 2019). 
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In NSCLC, BRAF mutation is found in about 3-5% of the patients, usually among patients 

with adenocarcinoma who have a smoking history (Villalobos & Wistuba, 2017). The Val600Glu 

mutation is reported in about half of the cases. Such cases have shown good response to a 

combination of dabrafenib and trametinib (Dankner et al., 2018; Hirsch et al., 2017; Planchard et 

al., 2015) which were approved for patients with this mutation. 

KRAS mutations are a common occurrence in lung adenocarcinomas (1 in 4 cases) usually 

among smokers of non-Asian descent. This mutation has been difficult to control, but some studies 

have reported positive responses with MEK inhibitors (trametinib and selumetinib) in combination 

with chemotherapy (Dearden et al., 2013; Hirsch et al., 2017; Jänne et al., 2013; Mazieres et al., 

2013). 

It is noteworthy that genomic aberrations are not limited to lung adenocarcinomas. There 

are reports of lung cancers of squamous histology with genomic aberrations such as mutations and 

amplification of FGFR, deregulation of the PI3K pathway, and inactivation of tumor suppressors 

TP53 and p16.  However, studies are yet to prove if such alterations are significant to warrant a 

sub-population that could benefit from targeted therapies. This presents an opportunity for further 

research (Hirsch et al., 2017). 

Immunotherapy for NSCLC. The initiation and progression of cancer are determined by 

a delicate interplay between the immune system and the genomic and/or molecular character of 

the cancer cells. The evasion of immune surveillance is an emerging hallmark of cancer. Efforts 

to develop a vaccine that activates the immune system against cancer cells have been relatively 

ineffective (Hirsch et al., 2017). However, the development of antibody therapy against 

inhibitory regulators of immune surveillance has shown positive results. Some of the modulators 
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that have been successfully inhibited with antibody therapy include the cytotoxic T lymphocyte-

associated antigen 4 (CTLA-4) and the programmed death protein 1 pathway (PD1/ PD-L1).  

CTLA-4 has an important role in curtailing immunologic response. This is achieved by a 

variety of mechanisms that ultimately leads to a decrease in the functionality of activated T 

lymphocytes (Postow et al., 2015). Ipilimumab was approved by the FDA in 2011 for the treatment 

of various tumors like melanoma and renal cell carcinoma (Vaddepally et al., 2020).  In a phase II 

study involving NSCLC patients, the CTLA-4 inhibitor ipilimumab when combined with 

platinum-based carboplatin and paclitaxel offered comparative benefits in progression-free 

survival when compared with chemotherapy alone (Lynch et al., 2012). However, in a larger phase 

III study, the addition of ipilimumab to chemotherapy failed to improve overall survival in patients 

with advanced squamous NSCLC (Govindan et al., 2017). The CheckMate 9LA Trial tested the 

efficacy of PD-1 inhibitor nivolumab and CTLA-4 inhibitor ipilimumab combined with 

chemotherapy vs. chemotherapy alone in first-line NSCLC and based on the results of this trial, 

FDA approved the combination of ipilimumab and nivolumab plus chemotherapy as first-line 

therapy for patients with metastatic and recurrent NSCLC without EGFR or ALK driver mutations 

(Paz-Ares et al., 2021).  

Like CTLA-4, PD1 expressed on the surface of T cells also thwarts T lymphocyte activity, 

but PD1 must bind to its ligands PDL1 and PDL2 (expressed on the surface of tumor cells, 

macrophages, dendritic cells, and T cells in the tumor micro-environment) to exert its inhibitory 

effects. Ligand-receptor interaction inhibits the kinase pathway that activates T lymphocytes (Han 

et al., 2020). Some antibodies that are currently approved for clinical use include; Nivolumab and 

pembrolizumab which target the PD-1 receptor and atezolizumab, durvalumab, and avelumab that 

target the PD-L1 ligand. The PD modulators seemed effective irrespective of histology or genomic 
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abnormalities, however, patients with smoking history and those with positive PD-L1 expression 

had better outcomes (Hirsch et al., 2017). Nivolumab has been approved by the FDA (SCC and 

non-SCC) and EMA (SCC) NSCLC patients as second-line after progression with chemotherapy. 

Also, the FDA approved pembrolizumab as second-line if more than 50% of tumor cells express 

PD-L1 (Hirsch et al., 2017). Currently, pembrolizumab has several indications for recurrent and 

metastatic NSCLC irrespective of PD-L1 status (Vaddepally et al., 2020).  

Small Cell Lung Cancer (SCLC). Although SCLC occurs in only about 15% (about 

200,000 cases) of newly diagnosed lung cancers, it is often a more aggressive disease with a 

higher metastatic potential. It is more common among elderly patients with heavy smoking 

history. Based on the Veteran’s Administration (VA) lung classification scheme, SCLC is 

usually classified into limited and extensive stages for clinical trials and treatment decision 

purposes. In limited-stage (LS) SCLC, the tumor is confined to 1 hemithorax with or without 

nodal metastasis and can be safely and completely targeted by a radiation field. Extensive stage 

(ES) SCLC disease usually occurs in over 60% of new cases and cannot be safely targeted by a 

radiation field (Wang et al., 2019). There is also a tumor node and metastasis classification that 

groups cases based on solid tumor size, nodal metastasis, and presence or absence of distant 

metastasis (Goldstraw et al., 2016). Metastasis to the brain, adrenal glands, bone marrow, and 

liver are common occurrences. Notably, about 20% of new cases have brain metastasis at the 

time of diagnosis (Seute et al., 2008).  

Concerning molecular abnormalities, most SCLC cases have alterations in the tumor 

suppressors RB1 and TP53. Also reports show that the most frequent alterations with targets 

include; PI3KCA (6%), RICTOR (10%), KIT (7%), EGFR (5%), KRAS (5%), PTEN (5%), MCL1 

(4%), FGFR1 (4%) and BRCA2 (4%)(Ross et al., 2014). Although none of these have been 
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pursued clinically due to technological limitations to validate the aberrations, more than 50% of 

SCLC cases had at least one actionable alteration (Ross et al., 2014). A high risk of a mutation 

linked to tobacco carcinogens could explain why there has been little breakthrough in the 

management of the disease. For many years, etoposide and platinum analogs were the first-line 

approved therapy for SCLC, while topotecan was approved for recurrent disease (Hann & Rudin, 

2008).  But only 1 in 10 patients survived beyond the fifth year of diagnosis (Wang et al., 2019). 

In recent years, further research has led to the approval of newer agents like nivolumab, 

atezolizumab, and durvalumab combined with etoposide and platinum analogs. 

Standard of Care for Limited-Stage SCLC. A combined approach of chemotherapy and 

radiotherapy is the mainstay first-line management for patients with LS-SCLC. There is substantial 

evidence that justifies the combination strategy compared to chemotherapy alone (Pignon et al., 

1992; Warde & Payne, 1992). Systemic chemotherapy includes administration of cisplatin and 

etoposide alongside thoracic irradiation. The timely administration and duration of radiotherapy 

are crucial to determining the overall survival benefit to the patient (Fried et al., 2004; Pijls-

Johannesma et al., 2007; Turrisi et al., 1999). The current advice is to administer a total of 45 Gy 

radiation (1.5 Gy twice daily) during 4-6 cycles of doublet chemotherapy (etoposide and cisplatin). 

There is also evidence that prophylactic cranial irradiation decreases the risk of cranial metastasis 

by 50%. For patients with bulky intrathoracic disease, the neoadjuvant approach may be 

considered to reduce the tumor size for safe and effective radiotherapy (Board, 2002; Wang et al., 

2019).  

Standard of Care for Extensive-Stage SCLC. Since the 1980s, the standard of care for 

ES-SCLC has been combination chemotherapy of etoposide and platinum-based (cisplatin or 

carboplatin) drugs. However, resistance to chemotherapy often ensues after an initial response to 
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chemotherapy. In Japan, some studies have replaced etoposide with irinotecan in combination 

with cisplatin. The results show comparable efficacy with no significant advantage of irinotecan 

over etoposide therapy (Lara et al., 2009; Noda et al., 2002). More so, the evidence that adding 

an immune checkpoint inhibitor atezolizumab to the combination chemo offered additional 

overall survival advantage, made a case for future chemoimmunotherapy in this sub-population 

(Horn et al., 2018; Wang et al., 2019). This led to the approvals of nivolumab, atezolizumab, and 

durvalumab as immunotherapies for ES-SCLC (Horn et al., 2018; Paz-Ares et al., 2019; Ready et 

al., 2020). 

Prophylactic Cranial Irradiation (PCI) is recommended for patients who have responded 

positively to platinum-based therapy. This decreases the risk of brain metastasis but comes with 

the risk of neurocognitive defects that may impact the quality of life of the patients. Consequently, 

PCI is not considered a standard of care for ES-SCLC. However, it is administered on a case-by-

case basis after careful risk-benefit consideration and discussion with the patient (Wang et al., 

2019). 

For refractory cases of SCLC, topotecan is the most common second-line drug of choice 

(Kalemkerian et al., 2013). Amrubicin is also approved in Japan for the same indication (von Pawel 

et al., 2014). It is noteworthy that many genomic aberrations that could yield actionable targets are 

currently being investigated in clinical studies. Aberrations that impact cell cycle progression, 

NOTCH signaling, tyrosine kinase signaling, and epigenetic modifications are some of the areas 

being studied (Wang et al., 2019). 

Immunotherapy for SCLC. The fact that SCLC is by far a cancer of smokers also means 

there is a high rate of somatic mutations resulting from tobacco carcinogens. These cases could 

benefit from immunological activation against cancer cells. Many studies are currently 
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investigating the effects of PD1 (Pembrolizumab & Nivolumab) and PDL1 inhibitors 

(Atezolizumab & Durvalumab) in SCLC as single therapy (Ott et al., 2017), or in combination 

with anti-CTLA-4 inhibitors (ipilimumab) (Antonia et al., 2016). Based on positive reports from 

ongoing studies, Nivolumab-ipilimumab is recommended as a second-line therapy option for ES-

SCLC, while Nivolumab was approved by the FDA as the third line for metastatic SCLC disease 

(Antonia et al., 2016).  

Additionally, there are many cytotoxic-antibody drug conjugates currently being 

investigated in clinical studies. This would increase the efficacy of targeting and concentrating 

cytotoxic drugs at the tumor sites. Some examples include; Etirinotecan pegol, Dinutuximab, and 

Lurbinectedin (Wang et al., 2019). 

Head and Neck Squamous Cell Carcinoma (HNSCC) 

 HNSCC is a heterogeneous group of malignancies originating from the epithelial cells of 

the oral cavity, pharynx (oro, naso, hypo), and larynx. Together, they rank seventh among the most 

common cancers worldwide, accounting for over 600,000 new cases every year (Ferlay et al., 

2019; Globocan, 2020; Johnson et al., 2020). At the point of diagnosis, most patients have a locally 

advanced tumor that would have spread to the lymph nodes. Consequently, treatment approaches 

usually combine surgical, radiotherapy, and chemotherapy options to achieve the best outcomes 

for the patient. About 50% of therapeutic strategies have curative goals with 5-year survival rates 

of up to 66% across all age groups and anatomical sites (Johnson et al., 2020; Mandal et al., 2016; 

Solomon et al., 2018).  

HNSCC cases are often categorized based on Human Papilloma Virus (HPV) infection 

status. HPV-16 subtype infection is mainly responsible for the development of HPV-positive 

tumors, while environmental and lifestyle factors like tobacco smoking and alcoholism are the 
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major risk factors for HPV-negative tumors. Studies have shown that patients with HPV-positive 

tumors have better prognosis and treatment outcomes compared to their HPV-negative 

counterparts (Fakhry et al., 2008).  

Epidemiology of HNSCC. As stated above, HNSCC is the seventh most common cancer 

worldwide, and a 30% increase in the incidence is projected by 2030 (Globocan, 2020). HPV 

positive cases are more common in the US and Western Europe while HPV negative cases, usually 

due to carcinogen consumption (areca nut, betel leaf, slaked lime, and/or tobacco products), are 

common in Southeast Asia and Australia (Hashibe et al., 2007; Mehanna et al., 2013). Patients 

with HPV positive status are usually diagnosed in their 50s with a median age of 53-55 years, 

while HPV negative cases are often diagnosed in patients in their 60s with a median age of 66 

years. Men have a 2-4 fold higher risk of developing HNSCC than their female counterparts 

(Johnson et al., 2020). Although the survival for HNSCC has improved in recent years, it is 

noteworthy that the suicide rates amongst HNSCC survivors are about 3-fold higher than that of 

other cancers, and second-highest after pancreatic cancer (Osazuwa-Peters et al., 2018). 

Biomarkers for HNSCC. Several cellular biomarkers have been studied in relation to 

HNSCC, especially for HNSCC cancer stem cells. Some of these include CD44, CD133, ALDH1, 

OCT3, OCT4, SOX2, and NANOG. Within this group, CD44, CD133, and ALDH1 are the most 

studied and are proposed to significantly impact disease outlook (Johnson et al., 2020). CD44 is 

involved in intercellular interactions and migration, which may induce metastasis and poor 

prognosis (A. Faber et al., 2011). Similarly, CD133 is linked to invasiveness and metastasis (Zhang 

et al., 2010). ALDH1 may also impact HNSCC via cell renewal, invasiveness, and metastasis 

(Anne Faber et al., 2011; Johnson et al., 2020).  
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Genomic Landscape of HNSCC. Like other cancers, HNSCC is rife with genomic 

complexities that include chromosomal changes, DNA promoter methylation, copy number 

variation, and somatic mutations. Some genomic abnormalities are unique to the HPV-negative 

tumors while others are common to both categories. For instance, HPV-negative tumors have 

amplification of genes that express EGFR, REL, BCL6, PI3KCA, TP63, CCDN1, and MDM2 

while down-regulation of ATM, CDKN2A, RB1, NOTCH1, and NF1 (Seiwert et al., 2015). 

Meanwhile, amplification of SOX2, TP63, and PI3KCA are common to both categories of 

HNSCC. Conversely, HPV-positive tumors have recurrent deletions of TNF receptor-associated 

factor 3 (TRAF3), amplification of E2F1, and mutation of CDNK2A (Lawrence et al., 2015). 

Genomic studies have revealed a close relationship in the etiology of HPV-negative HNSCC and 

lung squamous cell carcinoma (Hammerman et al., 2012). Genome-wide studies have also 

confirmed the frequent occurrence of TP53, CDKN2A, PTEN, PI3KCA, and NOTCH pathway 

mutations in HNSCC (Lawrence et al., 2015). However, there is still a lack of actionable targets 

for HNSCC when compared with melanoma and lung adenocarcinoma. With more recent 

conflicting reports, the notion that the mutation rates in HPV-negative tumors are higher than 

HPV-positive HNSCC is still contested (Lawrence et al., 2015; Seiwert et al., 2015). 

TP53 and CDKN2A mutations are the most common somatic mutations in HNSCC. TP53 

loss of function mutation is more common in HPV-negative tumors. However, in HPV-positive 

tumors, E6 viral oncoprotein increases the ubiquitination and proteasomal degradation of p53. 

Contrariwise, CDKN2A is the gene that encodes p16 which inhibits the effects of cyclin D1, 

CDK4, and CDK6 on tumor suppressor RB1. Somatic mutations, deletions, and promoter 

hypermethylation of the CDKN2A gene may disrupt this pathway. More so, data from the TCGA 

consortium indicates that nearly a third of all HNSCC patients have CCDN1 (gene coding Cyclin 
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D 1) amplification, which is implicated in poor prognosis and resistance to therapies including 

EGFR inhibition (Solomon et al., 2018). 

With mutations and amplifications in over a third of HNSCC cases, PI3KCA is believed to 

be the most frequently disrupted oncogene in HNSCC (Jung et al., 2018). FGFR amplification is 

also common in HPV-negative tumors and like lung SCC, FGFR1 amplification and FGFR1 RNA 

expression could predict response to FGFR1 inhibitors.  Additionally, EGFR expression is often 

elevated in HPV-negative compared to HPV-positive HNSCC, which could worsen prognosis. 

This led to the development and approval of cetuximab, an EGFR monoclonal antibody inhibitor, 

used alongside chemotherapy or radiotherapy (Solomon et al., 2018). Other forms of genomic 

aberrations include RAS family mutations especially HRAS mutations in about 5% of tumors (Ho 

et al., 2017) and cMET amplification in 2-13% of HPV-negative HNSCC (Hammerman et al., 

2012; Solomon et al., 2018). 

Standard of Care for Locoregionally Advanced Disease. Surgical resection is the first 

option considered for patients with HNSCC provided the tumor is within the limits of resection. If 

surgery would not be beneficial, concomitant chemo-radiotherapy is the treatment of choice. The 

common practice is fractionation radiotherapy over 7 weeks with 3 cycles of high-dose cisplatin, 

but some studies have achieved similar outcomes with 6 weeks of fractionation radiotherapy and 

2 cycles of high-dose cisplatin (Ang et al., 2010; Oosting & Haddad, 2019). Other forms of 

chemoradiotherapy include carboplatin with 5FU infusion (Denis et al., 2004) or cetuximab 

(Bonner et al., 2010). Elderly patients above 70 years appear to benefit less from concurrent 

chemoradiation. This could be linked to physiological changes in metabolism and an increase in 

non-cancer-related deaths in this population (Szturz & Vermorken, 2016). Treatment de-

intensification was suggested for patients with HPV related oropharyngeal cancers due to the 
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observed better treatment outcomes in this sub-population, however, reports show that 

radiotherapy combined with cetuximab offers lower overall survival benefits when compared with 

high-dose cisplatin, which remains the gold standard (Gillison et al., 2019; Mehanna et al., 2019; 

Oosting & Haddad, 2019).   

Once the surgery is done for patients with resectable tumors, the patient is assessed for risk 

of recurrence by checking for involved margins of the resection and extranodal lymph node 

metastasis. If found, the patient is placed on concomitant chemoradiotherapy to reduce the risk of 

recurrence (Bernier et al., 2005; Bernier et al., 2004; Cooper et al., 2004). In cases where organ 

preservation is the goal, induction chemotherapy with Docetaxel, cisplatin, and 5FU is 

recommended, but the benefit of induction over chemoradiotherapy is still being studied (Geoffrois 

et al., 2018; Oosting & Haddad, 2019; Winquist et al., 2017). 

Standard of Care for Recurrent / Metastatic Disease. In metastatic cases where cure 

cannot be achieved, patients are managed on a cocktail of cisplatin or carboplatin with 5FU and 

cetuximab closely followed by maintenance with cetuximab. In a situation where malignancy 

progresses after platinum-based therapy, anti-PD-1 antibodies have been shown to increase overall 

survival in such patients, which led to the approval of Nivolumab and Pembrolizumab by the FDA 

for such cases (Cohen et al., 2019; Ferris et al., 2018). However, several studies are still ongoing, 

and results from these studies could change the treatment focus (Oosting & Haddad, 2019). 

Immunotherapy for HNSCC. Considering the fact that the white blood cell population in 

peripheral blood of HNSCC patients is generally low and comprises mainly regulatory T cells, this 

cancer is immunosuppressive (Moskovitz et al., 2018). Also, the larger proportion of tumor-

infiltrating lymphocytes (Méndez-García et al.) is composed of regulatory T cells, which suppress 

immunity. However, studies show that tumors with a high CD8+ TIL population have longer 



24 

disease-free survival (Lalami & Awada, 2016; Näsman et al., 2012; Nordfors et al., 2013). More 

importantly, the TILs present the opportunity for immunotherapy as they express immune 

checkpoint receptors (ICR), which could be blocked by checkpoint inhibitors. Positive results of 

checkpoint blockade in patients with tumors refractory to initial platinum-based therapy and other 

clinical trials led to the approval of Nivolumab and Pembrolizumab as first-line treatment for 

recurrent or metastatic HNSCC and other solid tumors (Ferris et al., 2016). However, the response 

to ICR blockade alone is not encouraging. Consequently, several studies are trying to identify new 

checkpoints, others are exploring combination therapies for multiple checkpoint blockade 

(Wolchok et al., 2013). Another approach is the combination of ICR blockade with radiotherapy 

to leverage ‘abscopal’ responses, where immune system activation lingers after radiation exposure 

(Sharabi et al., 2015). More so, studies show that chemotherapy could stimulate immune response, 

which presents an opportunity to combine cytotoxic agents with immunotherapy (Moskovitz et al., 

2018; Scharovsky et al., 2009).  

Cancer Stem Cells and Tumor Resistance  

Most cancers have a heterogenous cell population which makes sensitivity to most 

therapies unpredictable. The cells that escape initial therapy often drive the recurrence of the 

tumor. This makes it imperative to understand the diverse nature and sensitivities within a tumor 

to offer more effective therapy options. The observed heterogeneity within a tumor could either be 

of genomic or epigenetic origin. Cancer stem cells (CSCs) manipulate epigenetic mechanisms to 

overexpress drug transporters and optimize their DNA repair ability. Consequently, most cytotoxic 

drugs will eliminate the majority of cancer cells but are ineffective against CSCs, which can eject 

cytotoxic drugs via efflux pumps (Lytle et al., 2018). Also, CSCs resist radiotherapy by activating 

checkpoint kinases 1 and 2, to heighten their DNA repair ability in glioblastomas (Bao et al., 2006) 
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or by relying on PCNA-associated factor (PAF)-driven translesion DNA synthesis in gliomas (Ong 

et al., 2017).  

Stem Cell Resistance to Targeted Therapies 

Recent advances in oncology research have championed the discovery of targeted therapies 

that specifically inhibit mutations that drive the progression of tumors. The first of this group was 

imatinib, which effectively targeted the BCR-ABL in chronic myeloid leukemia, but about 50% 

of the patients relapsed after initial full remission once imatinib was withdrawn (Kimura, 2016). 

This relapse was largely attributed to CSCs and their ability to activate alternative survival 

pathways (Chu et al., 2011). Similarly, in lung cancer, EGFR targeted therapies have upregulated 

stem cells that resort to NOTCH signaling to ensure survival without any new mutation events 

(Arasada et al., 2014). Furthermore, the poor response to immunotherapy options could be linked 

to stemness, because in highly undifferentiated tumors, immune infiltration is low which leads to 

diminished PDL1 signaling (Lytle et al., 2018; Malta et al., 2018).  

Tumor Microenvironment and CSC Resistance 

Besides the inherent ability of CSCs to evade therapeutic assault, studies show that they 

may also get some help from the tumor microenvironment especially in solid tumors (Lytle et al., 

2018). For instance, endothelial cells support stem cells by secreting nitric oxide which enables 

NOTCH signaling in gliomas, whereas the hypoxia resulting from endothelial cell inhibition by 

VEGF blockade can promote stemness in non-stem cells (Charles et al., 2010; Vredenburgh et al., 

2007).  Apart from endothelial cells, fibroblasts also contribute to the survival and resistance of 

cancer stem cells by secreting cytokines like IL-6 and IL-8 that promote stem cell survival (Lytle 

et al., 2018). This relationship has been reported in NSCLC (Chen et al., 2014), basal cell 

carcinoma (Sneddon et al., 2006), and colorectal cancer (Vermeulen et al., 2010). 
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Anti-Tumor Agents from Natural Sources 

Some of the most impactful discoveries in the history of modern medicine have been found 

in nature. As early as the eighteenth century, physicians in Europe had discovered an ancient 

technique called ‘variolation’. This technique conferred immunity to smallpox by harnessing the 

natural defenses of the human body and consequently revolutionized vaccination across Europe  

(Aboul-Enein et al., 2012).  The twentieth century witnessed more discoveries from nature that 

have defined our modern era. For example, the discovery of penicillin in the fungus Penicillium 

notatum stemmed the carnage from bacterial infections. More so, the discovery of insulin in dogs 

was phenomenal in our understanding of diabetes and other endocrine disorders.  

However, it is noteworthy that before these record discoveries, man has always obtained 

herbs from his immediate environment to alleviate symptoms and cure diseases with varied 

success. Over time, this health-seeking behavior has led to the discovery of secondary metabolites 

like alkaloids, glycosides, and tannins that have been refined and developed for different 

indications in modern medicine including oncology (Seca & Pinto, 2018).  

Today, as our understanding of cancerous diseases becomes clearer, scientists still seek 

solutions to this group of diseases that have devastated humanity, and nature as an invaluable 

resource is not left out of the search. 

Microbes 

Microorganisms are a prolific and reliable source of medicinal agents. Since the discovery 

of Penicillin from Penicillium notatum, science has further explored microorganisms as a potential 

source of therapeutic agents. Consequently, many antibiotics have been developed from the 

secondary metabolites of microorganisms. Microbes are regarded as the most important natural 

source of anti-tumor agents due to their wide distribution and diversity (Khazir et al., 2014). The 
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popular anti-tumor antibiotics obtained from microbial sources include members of the 

anthracycline, bleomycin, actinomycin, mitomycin, and aureolic acid families. The majority of the 

clinically useful anticancer antibiotics were isolated from Streptomyces species, some of which 

includes daunorubicin, doxorubicin, idarubicin, epirubicin, bleomycin A and B, peptolides 

(actinomycin D), mitosanes (mitomycin-C), and glycosylated anthracyclines (mithramycin) 

(Cragg & Newman, 2000). New anti-tumor antibiotics were also approved in recent years. For 

example, a derivative of sirolimus isolated from Streptomyces species everolimus (RAD-001), 

which acts by inhibiting mTOR was approved by the FDA for the management of pancreatic 

neuroendocrine tumors. Its analogs have had subsequent approvals for different cancer indications 

in recent years (Khazir et al., 2014). 

Actinomycins. The term actinomycin was coined by Waksman and Woodruff in 1940. 

This was a tentative name for the active substances they isolated from a species of soil 

Actinomyces. At the time, their studies focused on elucidating the bacteriostatic and bactericidal 

properties of two active substances, which they designated Actinomycin A and Actinomycin B (S. 

A. Waksman & H. B. Woodruff, 1940). By the 1960s, actinomycins were considered as some of 

the most potent antitumor agents known and were actively indicated for the treatment of different 

neoplasms, but their clinical application was limited by toxicity (Reich, 1963; Reich & Goldberg, 

1964). It was then demonstrated that their antitumor activity was exerted by inhibiting DNA-

dependent RNA synthesis (Goldberg & Rabinowitz, 1962), which was only overcome by 

increasing concentration of DNA (Hurwitz et al., 1962; Reich, 1963; Reich et al., 1962). This 

effect leads to inhibition of protein synthesis and eventually, partial inhibition of DNA synthesis. 

However, actinomycins are primarily toxic to those cellular activities directly involving DNA, 

because actinomycins form complexes with DNA and not RNA.  
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By far the most studied and clinically applied actinomycin is actinomycin D, which has 

been used in the treatment of various tumors since the 1950s. Actinomycin D inhibits both RNA 

and DNA synthesis, with the former more markedly affected (Hurwitz et al., 1962). Besides, the 

presence of a guanine base is required for the phenoxazone ring on the actinomycin D molecule to 

form a complex with DNA (Reich & Goldberg, 1964).  Figure 1 shows the chemical structure of 

actinomycin D with the phenoxazone ring flanked by two cyclic pentapeptide lactone rings. 

Although newer and highly effective chemotherapeutics have been discovered over the years, 

actinomycin D still has clinical application in combination therapy with newer agents in efforts to 

overcome resistance. 
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Figure 1: Chemical Structure of Actinomycin D 

Clinical Applications of Actinomycin D. Actinomycin D (ACTD) is indicated in the 

treatment of several malignancies such as Wilms tumor, Ewing’s sarcoma, childhood 

rhabdomyosarcoma, gestational trophoblastic leukemia to mention a few. In the management of 

gestational trophoblastic leukemia, Pulsed IV actinomycin D (1.25 mg/m2 to a maximum 2 mg 

single dose), repeated every 14 days or a 5-day actinomycin D (0.5 mg IV), repeated every 14 days 

are the most common regimens. Studies comparing methotrexate and Actinomycin D for this 
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indication showed that Actinomycin D is more likely to achieve primary cure and less likely to fail 

as first-line treatment (Biscaro et al., 2015; Lawrie et al., 2016).  

In the treatment of rhabdomyosarcoma, based on the risk level of the patient, Actinomycin 

D is used in combination with other agents like; vincristine and cyclophosphamide but the efficacy 

and toxicity of the current regimen are not encouraging (Hosoi, 2016). 

While surgical resection and radiotherapy remained the first-line option for patients with 

Ewing’s sarcoma, in the 1970s Vincristine, Actinomycin D, and cyclophosphamide (Hammerman 

et al.) regimens were used as adjuvant therapy to control metastasis and as neoadjuvant therapy to 

enhance local control. However, newer combinations like Vincristine, Doxorubicin, and 

Cyclophosphamide (VDC) have actinomycin replaced with doxorubicin in current therapy 

regimens for Ewing’s sarcoma (Gaspar et al., 2015).  

In the management of Wilms’ tumor, about 67% of patients are treated with vincristine and 

actinomycin D as preoperative or adjuvant chemotherapy depending on the context (Spreafico & 

Bellani, 2006). Also, early studies of patients with Wilms’ tumor indicate that the administration 

of actinomycin D at the point of surgery or local radiotherapy may prevent metastasis (Farber et 

al., 1960).  

However, due to lack of specificity of action, actinomycin D is a severely toxic drug with 

extra-tumoral effects on tissues with high growth rates like the bone marrow, liver, and gastro-

intestinal epithelium (Philips et al., 1960). There is also a risk of necrosis at injection sites due to 

extravasation (Farber et al., 1960). These toxic effects limit the clinical application of actinomycin 

D. 

In the context of aerodigestive tract tumors, especially lung cancer, actinomycin D was 

studied clinically in combination with vincristine because in vitro studies had shown that 
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vincristine improved the therapeutic effects of actinomycin D. Also, the unique toxicity profile of 

both drugs, which was non-additive made the combination attractive. The results of the study 

showed that the combination had impressive antitumor activity in patients with lung cancer 

irrespective of cell type (Chanes et al., 1971).  

p53 as a Tumor Suppressor 

p53, commonly referred to as the ‘‘guardian of the genome’’ is a protein that plays an 

important role as a tumor suppressor within the cell. It was initially classed as an oncogene but 

further investigation revealed that it suppressed tumor growth and oncogenic activation (Finlay et 

al., 1989). Today, it is arguably the most important tumor suppressor and the most frequently 

mutated/ altered gene in solid tumors. p53 is encoded by the TP53 gene and regulated via negative 

feedback mechanisms by MDM2 and its homolog MDMX. The tumor suppressor protein is 

activated by cellular stress signals such as oxidative stress, DNA damage, oncogenic stress, 

hypoxia, etc. (See Fig. 2) (Joerger & Fersht, 2016). As a transcription factor, activation of p53 

upregulates the expression of downstream target genes. Consequently, these target genes play 

important roles in cell cycle arrest (p21), DNA repair (Mgmt), senescence (Pai1), anti-

angiogenesis (Tsp1), apoptosis (PUMA), etc. (Joerger & Fersht, 2016).  
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Figure 2: p53 pathway illustration.  

The p53 pathway is activated by cellular stress signals that lead to post-translational 

modifications and stabilization of the protein. Upon activation, p53 transcribes target genes that 

are responsible for its tumor suppressor activities like, cell cycle arrest, DNA repair, apoptosis, 

senescence, etc. The cellular level of p53 is tightly regulated by a negative feedback mechanism 

of its target gene Mdm2/Mdmx. The illustration was adapted with modifications from (Joerger & 

Fersht, 2016) 
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While p53 protein is considered an important tumor suppressor, it is often inactivated in 

most tumors either by mutation of the TP53 gene or pathway deregulation. p53 is inactivated by 

mutation in more than 50% of human tumors and the prevalence of mutations varies with cancer 

type and developmental stage- from as low as 5% and 10% in cervical cancer and leukemia, to as 

high as 80% and 90% in small cell lung cancer and ovarian cancer, respectively (Joerger & Fersht, 

2016; Kastenhuber & Lowe, 2017; Leroy et al., 2014).  

To guard the genome, the tumor suppressor p53 could either halt the cycle of cells with 

DNA damage, which prevents the accumulation of oncogenic alterations. Alternatively, it could 

prevent the proliferation of cells with DNA damage to prevent the consequences of oncogenic 

alterations in subsequent generations. Either way, a loss of p53 function will allow oncogene-

expressing cells to thrive without check, which will ultimately result in malignancy (Kastenhuber 

& Lowe, 2017; Livingstone et al., 1992; Serrano et al., 1997). 

p53 is known to have several distinct biological effects, which may be due to stimulus-

dependent posttranslational modifications (PTMs) of p53 that lead to increased affinity for specific 

target genes. For example, phosphorylation of the tumor suppressor at the Ser 46 site activates its 

proapoptotic effects, whereas Protein arginine methyltransferase (PRMT)-methylated p53 will 

activate p21 and cell cycle arrest more readily (Kastenhuber & Lowe, 2017; Kumari et al., 2014). 

More so, the manner of expression (steady or pulsed signaling) could determine target gene 

bias. While the p21 promoter is sensitive to short impulses of p53 expression and activity, the 

proapoptotic FAS favors a steady activation to induce apoptosis (Espinosa et al., 2003; 

Kastenhuber & Lowe, 2017; Morachis et al., 2010). 

While it is considered a fact that p53 has tumor-suppressive abilities, the effector functions 

of the protein that are responsible for these abilities are still disputed. Many agree that apoptosis 
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and senescence are vital to the tumor suppressor role of p53, but recent studies show that they 

might be dispensable. Valente and colleagues demonstrated how mice deficient in downstream 

effectors of p53 (p21, PUMA, and FOXO) did not develop thymic lymphoma (Valente et al., 

2013). However, it is known that multiple effectors are responsible for target effects of p53, and 

like other downstream effects of p53, the cell cycle arrest effect is not entirely dependent on the 

presence of p21.  

There is a notion that p53 effects are context-specific. Consequently, some studies tried to 

revive the p53 of established tumors in mice and observed varied effects. In some cases, 

reactivation of p53 induced massive apoptosis while in others it triggered cell differentiation and 

loss of cell renewal (Kastenhuber & Lowe, 2017; Messina et al., 2012).  

As mentioned above, TP53 mutation is the most common mutation in human tumors 

(Olivier et al., 2010). They can be classified into contact and conformational mutants. The contact 

mutants (e.g R273H) lose their ability to make necessary contacts required for DNA binding, while 

the conformational mutants (R175H) are slightly unfolded which leads to loss of the zinc and DNA 

binding ability (Pfister & Prives, 2017). 

  In many cases, this results in effects beyond the loss of function of p53. In most cases, loss 

of function is associated with p53 mutants, but studies show some mutants retain selective 

functions while others have entirely new (neomorphic) functions in some cases aiding metastasis 

and invasion (Freed-Pastor & Prives, 2012; Muller et al., 2013; Shirole et al., 2017). It is believed 

that the gain-of-function of mutant p53 is due to interactions with other transcription factors e.g 

p63, p73, E2F1, MED1, etc. (Pfister & Prives, 2017). 

Some therapeutic approaches have been developed to circumvent the inactivation of p53 

in many cancers. One approach is to use MDM2 inhibitors to increase the stability of p53 in cells 
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with wild-type p53, an example is the use of Nutlins (Vassilev et al., 2004). Another approach is 

to use agents that will restore the wild-type function of mutant p53 either by stabilizing the DNA 

binding domain or maintaining a more stable conformation of the protein. Some of these agents 

are currently assessed in clinical and preclinical studies  (Cheok & Lane, 2017; Deneberg et al., 

2016). Also, mutant p53 tumor mechanisms of invasion and metastasis could be destabilized by 

inhibiting EGFR and PDGFR pathways (Aschauer & Muller, 2016; Kastenhuber & Lowe, 2017; 

Weissmueller et al., 2014). Yet another way is to use mutant p53 proteins as neoantigens that can 

trigger a p53-specific immune response for the development of vaccines (Roth et al., 1996). 

Apoptosis 

Apoptosis, often referred to as programmed cell death, is an essential evolutionarily 

conserved tumor suppressor function of p53 (Yu & Zhang, 2005). It is often viewed as a way of 

eliminating cells with DNA damage or growth abnormalities to prevent the development of 

malignant clones. It completes the continuum of growth arrest and DNA repair strategies to 

preserve genetic integrity (Bellamy, 1997). There are two main pathways of apoptosis observed in 

mammalian cells, the extrinsic and intrinsic pathways.  

The extrinsic pathway proceeds by binding of TNF family protein TRAIL to its receptors 

DR4 and DR5. This leads to some structural changes of the receptor’s intracellular death domain 

and the formation of a death-inducing signaling complex (DISC). Subsequently, FADD is 

recruited and activation of caspase 8 and 10 results in cleavage of caspase 3, and ultimately 

cleavage of death substrates ensues. Contrariwise, the intrinsic pathway is stimulated by cellular 

stress signals such as hypoxia, DNA damage, and cell cycle checkpoint defects to mention a few. 

Consequently, proapoptotic Bcl2 proteins (PUMA, NOXA, Bax, and Bak) are activated, which 

ensure mitochondrial membrane compromise and release of cytochrome c and SMAC/DIABLO 
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into the cytosol. Cytochrome c by binding APAF-1 forms apoptosome, which activates caspase 9. 

Caspase 9 ultimately activates caspase 3, 6, and 7 which execute apoptosis (Liu et al., 2017; Wang 

& El-Deiry, 2003). 

As displayed in Figure 3, both pathways are not entirely isolated, there is some crosstalk 

observed. For instance, caspase 8 cleaves Bid, and truncated Bid is translocated to the 

mitochondria to interact with Bax and Bak to ensure the release of cytochrome c to the cytosol. 

This presents a possible link between both pathways of apoptosis (Green, 2000; Liu et al., 2017; 

Wang & El-Deiry, 2003). 

 

Figure 3: Apoptotic pathways.  

The extrinsic pathway is a direct pathway that proceeds with the extracellular activation of 

death receptors, which leads to the formation of a death-inducing signaling complex (DISC). This 

triggers the activator caspase (Caspase 8) and effector caspase (Caspase 3). On the other hand, the 

intrinsic pathway is activated from within the cell often due to cellular stress signals. It is regulated 

by a delicate balance of pro and anti-apoptotic Bcl-2 proteins, which could lead to the release of 
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apoptotic mediators, formation of an apoptosome complex, and ultimately the activation of 

effector caspase (Caspase 3). Adapted with modifications from (Wang & El-Deiry, 2003). 

Transcription- Dependent Apoptosis 

p53-dependent apoptosis is triggered by DNA damage, oncogenic activation, hypoxia, heat 

shock, and certain cytokines or cytokine deprivation. Also, death receptor (Fas, DR4, DR5) 

activation is not required for p53 dependent apoptosis, but it is known that through activation of 

these receptors, p53 could trigger or enhance apoptosis induced by TRAIL and chemotherapeutics 

(Liu et al., 2004; Vousden & Lane, 2007). Some studies also report DR4 and DR5 as downstream 

transcriptional targets of p53 (Liu et al., 2004; Sheikh et al., 1998). However, it is often suggested 

that the intrinsic pathway is primarily utilized for p53 dependent apoptosis, with the extrinsic 

pathway playing a complementary role (See Fig. 4) (Fridman & Lowe, 2003).  By far, DNA 

damage is the most studied stimulant of p53 dependent apoptosis. By binding to DNA strand 

breaks, p53 is stabilized and activated. It is suggested that activation rather than an accumulation 

of the protein is necessary for engaging downstream effectors (Bellamy, 1997). 

The loss of p53 dependent apoptosis accelerated tumor development in many cell and 

animal studies (Parant & Lozano, 2003). As a transcription factor, p53 binds to DNA in a 

sequence-specific manner that leads to activation of some downstream effectors of several cellular 

functions including apoptosis. However, tumors with nonfunctional p53 lack this ability and are 

resistant to the  p53 mediated apoptosis resulting from DNA damage or oncogene activation (Yu 

& Zhang, 2005). It is notable, however, that some p53 mutants have retained certain functions of 

wild type p53 that could play a role in tumor suppression and chemotherapy response (Timofeev 

et al., 2019). 
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Figure 4: p53-dependent apoptosis.  

p53 is stabilized and activated by cellular stress signals like DNA damage, hypoxia, and oxidative 

stress. Activated p53 (i) activates pro-apoptotic Bcl-2 such as BAX, BAK, PUMA, NOXA; (ii) 

activates death receptors (DR4, DR5) to trigger extrinsic apoptosis; (iii) translocates to 

mitochondria to trigger transcription-independent apoptosis. Adapted with modifications from 

(Schuler & Green, 2001; Wang & El-Deiry, 2003). 

Transcription-Independent Apoptosis 

Since no single target gene can fully explain the apoptotic effects of p53, this suggests that 

p53 induces apoptosis via several mechanisms, which include transcription-independent 

mechanisms. Contrary to earlier suggestions that p53 accumulation was not critical to its apoptotic 

effects, p53 accumulation in the cytosol and mitochondria has been argued to be essential to the 

transcription-independent apoptotic effects of p53 (Ho et al., 2019).  
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As displayed in Figure 4, p53 can directly activate Bcl2 proteins (Bax and/or Bak) on the 

mitochondria in favor of mitochondrial outer membrane permeabilization (MOMP) and ultimately 

apoptosis induction (Speidel, 2010). Also, p53 can increase the release of calcium by the 

endoplasmic reticulum, which will cause calcium overload and a compromise of the mitochondrial 

morphology leading to apoptosis (Liu et al., 2017). It is notable that some contact and structural 

mutants of p53 still possess the ability to activate Bax in vitro and in vivo but did not exhibit 

apoptosis under in vivo conditions. However, a clear understanding of the retention of this 

proapoptotic activity may be critical to treating patients with p53 mutation (Castrogiovanni et al., 

2018; Pietsch et al., 2008; Speidel, 2010). Another non-transcriptional apoptotic effect of p53 is 

its binding to anti-apoptotic Bcl-2s (Bcl-XL and Bcl-2). This interaction supposedly liberates Bax 

or Bak from the inhibition of antiapoptotic Bcl-2 proteins. Others have also demonstrated that the 

interaction between p53 and the antiapoptotic Bcl-XL/Bcl-2 hinders p53’s proapoptotic functions. 

This gives room for further research to validate both proposals (Chipuk et al., 2005; Deng et al., 

2006; Speidel, 2010). 

p53 Independent Apoptosis 

The fact that p53 is mutated in most tumors and the observation that p53-mutated cells still 

undergo apoptosis lends credence to the suggestion that p53 independent mechanisms of apoptosis 

occur via some backup systems. One of such backup strategies is the activation of p53 homologs 

p63 and p73. Some studies have shown that following DNA damage, p73 could be activated by 

E2F1 and exhibit proapoptotic activity without p53. The downstream effects of p73 were observed 

to be exerted by transactivation of PUMA and NOXA, which led to Bax-induced MOMP (Ray et 

al., 2011). Another system is the activation of other families of tumor suppressor proteins, for 

example, the FoxOs. As transcription factors, FoxOs upregulate the expression of pro-apoptotic 
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Bcl-2 proteins that facilitate mitochondrial permeabilization. They also enhance the extrinsic 

pathway of apoptosis by upregulating death receptor ligands like TNF-related apoptosis-inducing 

ligand (TRAIL) (Zhang et al., 2011). 

The extrinsic apoptotic pathway is somewhat independent of p53 in inducing apoptosis. In 

some cells (Type 1 cells), the activation of caspase 8 by DIABLO is enough to activate apoptosis 

effector caspases 3,6, and 7 without the involvement of the intrinsic arm of the apoptotic pathways. 

Whereas in other cells (Type 2 cells) activation of caspase 8 is not sufficient to induce apoptosis, 

it requires amplification of the apoptotic signal by the intrinsic pathway through truncated BH3 

protein, tBid  (Gonzalvez & Ashkenazi, 2010; Wang & El-Deiry, 2003). Consequently, the latter 

may not be considered entirely independent of p53 interference.  

Oxidative stress-induced apoptosis is another mechanism of apoptosis that may be 

independent of p53 interference. Mendez-Garcia and colleagues studied how suppression of Nrf2 

(nuclear factor erythroid 2-related factor 2), a regulator of antioxidant genes with cytoprotective 

functions, would affect oxidative stress-induced apoptosis by curcumin in p53 deficient cells. In 

their studies, they observed downregulation of Nfr2 target genes (HMOX1, GCLC, GCLM, and 

TXN) in the absence of p53 activation, which suggests that Nfr2 inactivation and oxidant-induced 

apoptosis could occur independently of p53 (Méndez-García et al., 2019).  

In addition, it had been shown that reactive oxygen species can cause NF-ԟB induced 

transcription of FAS ligand, which promotes apoptosis in Jurkat cells (Bauer et al., 1998). Burger 

and coworkers also explored p53-independent apoptotic mechanisms in testicular germ cell tumor 

cell lines. These cells had differences in p53 expression and functionality and were exposed to 

various apoptotic stimuli (cisplatin, doxorubicin, gamma irradiation, and cell-permeable C2 

ceramide). Their findings identified distinct apoptotic pathways (including a Fas-mediated 
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activation of apoptosis) independent of p53 status in testicular tumor germ cell lines (Burger et al., 

1999).  

Resistance to Apoptosis 

A delicate balance must be maintained between cell proliferation and cell death to ensure 

tissue homeostasis. When the former outweighs the latter, this balance is breached, and this may 

give room for carcinogenesis. More so, the cell death arm is controlled by cellular processes like 

apoptosis, autophagy, and necrosis. Many cancer cells have developed mechanisms to resist 

apoptosis, which ensures tumor progression and resistance to therapy because most therapeutic 

options available (chemotherapy, radiotherapy, and immunotherapy) are geared towards activating 

apoptosis (Fulda, 2009). 

There are several ways cancer cells evade apoptotic signals. One is the deregulation of 

death receptor expression and pathway functions. For instance, studies have reported decreased 

expression of CD95 in leukemia and neuroblastoma which led to chemotherapeutic resistance 

(Friesen et al., 1997; Fulda et al., 1998). Also, genetic aberrations in some cancers including HNC, 

and lung cancer have led to the loss of expression of TRAIL receptors responsible for inducing 

apoptosis (Fisher et al., 2001; Lee et al., 1999). Other mechanisms involving the death receptor 

pathways include aberrant expression of decoy receptors (Fisher et al., 2001) and inhibition of 

caspase 8 by mutation or epigenetic changes (Hopkins-Donaldson et al., 2003; Mandruzzato et al., 

1997). 

Another major mechanism of apoptosis evasion is through deregulation of the 

mitochondrial pathway. At the core of this pathway is the Bcl-2 family of proteins which consist 

of pro (Bax and Bak) and anti-apoptotic (Bcl-2, Bcl-XL, and Mcl-1) members. Consequently, the 

sensitivity to apoptosis is determined by the ratio of expression of anti-apoptotic to pro-apoptotic 
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Bcl-2 proteins (Fulda, 2009). Certain events like overexpression of anti-apoptotic Bcl-2 proteins, 

inactivation of Bax and BH3-only proteins by mutations, and epigenetic silencing may be 

responsible for apoptotic resistance of tumor cells (Fulda, 2009). 

Bioassays For Growth Inhibition and Apoptosis Evaluation 

Sulforhodamine (SRB) Assay for Growth Inhibition 

This technique was developed by Skehan and coworkers in 1990 as a new method to 

determine the cytotoxic and growth inhibitory effects of anticancer agents (Skehan et al., 1990). 

This technique depends on SRB’s ability to bind to cellular proteins under mildly acidic conditions 

and its extraction and solubilization in the presence of a base. The optical density of the solubilized 

dye can be used as a linear measure of cell protein mass, cell number, and cell density (Orellana 

& Kasinski, 2016). It is particularly remarkable for its rapidity and cost-effectiveness when 

conducting numerous cellular studies. More so, it gives a reproducible and stable end point that is 

time-insensitive, which is an advantage over tetrazolium assays (Voigt, 2005). In the determination 

of 50% inhibitory concentration (IC50), which is the drug concentration that yields half of the cells 

compared to the control group, the SRB assay results were comparable with tetrazolium assays or 

clonogenic assays (Griffon et al., 1995; Rubinstein et al., 1990). Subsequently, Keepers and 

colleagues reported better linearity and sensitivity with the SRB assay which was not dependent 

on the cell lines tested (Keepers et al., 1991). Figure 5 shows the chemical structure of 

sulphorhodamine B. 
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Figure 5: Chemical Structure of Sulforhodamine B 

Apoptotic Assays 

When cells undergo apoptosis there are two stages involved, the early and the late stage. 

In the early stage, the cell membrane becomes compromised and this leads to the translocation of 

phosphatidylserine (PS) from the inner layer of the cell membrane to the external surface. This 

phase of apoptosis can be detected and quantified by Annexin V staining. This technique is based 

on Annexin V’s ability to bind strongly to phosphatidylserine in a Ca2+ dependent manner. 

 However, necrotic cells also expose phosphatidylserine, but the difference lies in the timing 

of exposure. Necrotic cells expose PS instantly while for apoptotic cells, PS exposure is not instant 

but gradual. There have been cases of Annexin V binding to normal cells without any indication 

of cell death, also some have reported cells that won’t bind annexin V, living or dead (Crowley et 

al., 2016). To avoid false positives, a dye exclusion test with nuclear stains such as PI or 7-AAD 

should be conducted along with annexin V staining to confirm membrane integrity in early 

apoptosis and nuclear staining in late apoptosis (Crowley et al., 2016; Vermes et al., 1995).   

In late apoptosis, cell membrane integrity is compromised. Nuclear stains like propidium 

iodide (PI) and 7-AAD can easily penetrate the membrane to detect apoptotic cells. These stains 

would not detect live or early apoptotic cells because of their intact cell membrane. This makes 

them suitable to distinguish between early and late apoptotic cells. However, PI is the more widely 
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used nuclear stain because of its stability, cost-effectiveness, and high specificity for dead cells 

(Rieger et al., 2011). A disadvantage is the lack of verified concentration for apoptosis 

quantification. Zembruski and colleagues proposed 5, 10, and 20ug/ml of 7-AAD (Zembruski et 

al., 2012). 

Biochemical Assays (SDS-PAGE & Western Blotting) 

Since the 1970s, many researchers have used sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) together with the western blot technique to study the molecular 

mechanisms of drugs. This method was devised by Towbin and modified by Burnette to the more 

common form used today (Burnette, 1981; Towbin et al., 1979). The technique is an offshoot of 

the northern and southern blots for RNA and DNA detection, respectively. It involves the 

separation of denatured proteins from a cellular or tissue extract by gel electrophoresis. This 

separation is achieved by protein-specific characteristics like molecular weight, charge, and/or 

isoelectric point that determine the speed and direction of migration through the gel when voltage 

is applied. Due to electric charge diversity within a protein sample, SDS, an anionic detergent is 

added to confer a uniform negative charge to all the proteins in the sample. This enables 

unidirectional migration of the individual proteins when voltage is applied (Jensen, 2012). 

The gel electrophoresis is closely followed by the protein transfer or blotting step, which 

involves the transfer of proteins from the gel to a nitrocellulose or polyvinylidene difluoride 

(PVDF) membrane. Nitrocellulose is the more commonly used but PVDF has a higher protein 

binding capacity and durability. There have been several modifications to the blotting method 

since it was first introduced. Common methods include simple diffusion, vacuum-assisted solvent 

flow, and electrophoretic elution (electroblotting). However, electroblotting is by far the most 

preferred because of its completeness and rapidity. Electrophoretic elution could either be a wet 
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process that involves complete immersion of the gel-membrane sandwich in transfer buffer, or a 

semi-dry method where the gel-membrane assembly is placed between absorbent paper inundated 

with transfer buffer (Kurien & Scofield, 2006). 

Gene Expression Analysis -Quantitative Polymerase Chain Reaction (qPCR) 

The qPCR technique was introduced by Mullis and colleagues in the 1980s when they used 

it to amplify a DNA sequence of the human beta-globin gene (Mullis & Faloona, 1987; Saiki et 

al., 1985). Since then, the technique has been adopted widely by molecular biologists because it is 

an easy, rapid, and effective way to monitor gene expression.  The method is based on the ability 

of polymerase enzyme to amplify short strands of DNA or RNA in the presence of short terminal 

oligonucleotides (primers) all within a sample. In principle, the amplification consists of several 

cycles of denaturation and renaturation of the target nucleic acid. However, the progression of the 

reaction is temperature-specific. Denaturation of DNA occurs at about 95℃ while annealing of 

primers to denatured DNA is optimal between 55 and 72℃. For the extension of the annealed 

DNA, the reaction temperature is raised to 72℃ because of the polymerase enzyme activity, hence 

the extension rate is high between 70-80℃ (Ramesh et al., 1992). In cases where the starting 

material is RNA, an extra step catalyzed by reverse transcriptase enzyme, which converts the target 

RNA to cDNA, is required and often achieved before the typical PCR. But Myers and Gelfand 

demonstrated the dual activity of Thermus thermophilus as an RNA reverse transcriptase and DNA 

polymerase, which permits both steps to be completed by one enzyme in the same reaction tube 

(Myers & Gelfand, 1991; Ramesh et al., 1992). 

Significance of the Project 

Aerodigestive tract cancers including lung, HNC, and esophageal cancers form a major 

group of tumors that raise a public health concern. Lung cancer is the most common and deadliest 
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of all malignancies worldwide. While several new therapies have been developed and clinically 

applied for lung cancer, the 5-year survival is still about 20%. Moreover, resistance often ensues 

due to genomic alterations. On the other hand, HNC is the seventh most common cancer 

worldwide. Like lung cancer, HNC is also subject to genomic alterations for which newer 

therapeutic targets have gained little success (Cramer et al., 2019).  

Furthermore, most cytotoxic chemotherapy agents trigger p53 dependent apoptosis by 

activating genotoxic, metabolic, or oxidative stress signals. However, besides their toxicity 

towards normal cells, p53 is mutated in half of all human tumors making therapy with these agents 

ineffective. But some studies have identified retention of some wild type p53 activities in p53 

mutated tumors. This may stimulate sensitivity to conventional chemotherapy drugs like 

Doxorubicin whose toxicity involves ROS and DNA damage dependent mechanisms (Timofeev 

et al., 2019). There are reports of combination strategies that may lower the effective dose of 

cytotoxic agents and may eliminate the terrible adverse effects of these agents (Green et al., 2019; 

Guo et al., 2012; Yin et al., 2019). Low dose Actinomycin D in combination with gemcitabine was 

reported to cause reversible cytostatic effects on normal keratinocytes with wild type p53. This 

protected normal cells but not p53 mutant or deficient tumor cells from the cytotoxic effects of 

gemcitabine. This approach is known as p53-based cyclotherapy, and it is being employed to spare 

normal cells with wild-type p53 from the cytotoxic effects of systemic chemotherapy (Rao et al., 

2013; van Leeuwen et al., 2012).  

In aerodigestive cancers, some studies have shown that actinomycin D can sensitize 

NSCLC to TRAIL-induced apoptosis, which may be linked to p53 status (Guo et al., 2012). Others 

have attributed actinomycin D -induced apoptosis in small cell lung cancer to suppression of Mcl-

1 and upregulation of NOXA (Xu & Krystal, 2010). Moreover, reports show that combining 
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actinomycin D with telmisartan can improve tumor permeability and targeting of cancer stem cells, 

which may be beneficial in resistant cases (Green et al., 2019). In addition, low-dose actinomycin 

D is gaining traction as an alternative to nutlin-3 (an MDM2 inhibitor) in p53- based cyclotherapy 

approaches (Choong et al., 2009). 

Nevertheless, while actinomycin D is an established and widely studied antitumor agent, 

which has been used clinically for the management of pediatric tumors, its activity in aerodigestive 

cancers has not been fully explored. This presents an opportunity to elucidate the activity of 

actinomycin D in aerodigestive tract tumors. Defining its mechanism will pave the way for a more 

comprehensive therapeutic approach to manage aerodigestive tract tumors. 
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CHAPTER 3 

MATERIALS & METHODS 

Cell Culture 

Cells and Reagents 

HNSCC cell lines used in the present study have been previously described (Zhao et al., 

2011). MDA686TU (Tu 686), a primary tongue cancer cell line, was procured from Dr. Peter G. 

Sacks (New York University College of Dentistry, New York, NY, USA) in 2014. JHU022, UM-

SCC47, 93-VU-147T were procured from Dr. Ferris’s laboratory (The University of Pittsburg, 

Pittsburg, PA) in 2011. FaDu and Cal27 were purchased from ATCC in 2014. 1483 was obtained 

in 2007 from Gary Clayman’s laboratory (MD Anderson Cancer Center). The human lung cancer 

cell lines A549, H1299, H460, H1703, H157, PC-9, and H1975 were obtained from Dr. Sun’s 

laboratory (Emory University). HNSCC cell lines were grown in DMEM/F12 (1:1) supplemented 

with 10% fetal bovine serum (FBS) and human lung cancer cell lines were grown in RPMI 

supplemented with 10% FBS. These cells were incubated at 37℃ and 5% CO2 humidified 

environment. Media was changed every 3 days and sub-cultured based on confluency. The 

authenticity of all cell lines was verified through genomic short tandem repeat (STR) profiling by 

the Research Animal Diagnostic Laboratory, University of Missouri (Columbia, MO) in 

September 2009, and by the Emory University Integrated Genomics Core (EIGC) in October 2014. 

A549 and H460 cells-expressing shp53 were previously established as described (Amin et al., 

2009).  
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Protocols for cell culture 

Heat Inactivation of FBS  

• Frozen FBS was left overnight at 2-8℃ in the refrigerator after which it was completely 

thawed at room temperature. 

• A water bath with sufficient water for serum immersion was prepared and brought to 56℃ 

for the heat inactivation process. 

• Serum was placed in the water bath and a timer was set to 30 minutes once the temperature 

was steady at 56℃. 

• Serum was gently swirled every 3-5 minutes to ensure heat distribution throughout the 

process. 

• After 30 minutes, the flask was gently swirled and the bottle was allowed to cool to room 

temperature. 

• Finally, 50 ml aliquots were stored at -20℃. 

Making complete media 

• Flasks containing the medium and heat-inactivated FBS were placed in a water bath set to 

37℃. 

• After equilibration, the flasks were taken out of the water bath and sprayed at the neck with 

70% ethanol before transfer to the cell culture hood. 

• The appropriate volume of FBS required to make media enriched with 10% FBS was added 

to the medium and mixed by up-down rotation. 

Reviving cells from liquid nitrogen 

• The media prepared above were used for reviving frozen cells. 
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• Cryo-vials containing frozen cell lines were taken out of liquid nitrogen (-185℃) and 

thawed quickly by placing in a water bath at 37℃ for 1 minute with constant agitation or 

by rubbing between palms. 

• The cell suspension was added dropwise to a 15ml tube containing 5ml complete media. 

• The resulting mixture was centrifuged for 3-4 minutes at 1200 rpm, the supernatant liquid 

was carefully sucked and 5ml media was used to resuspend the pellets. 

• The cell suspension was transferred to a 25 cm³ flask and incubated at 37℃ with 5% CO2, 

media was changed every 3 days. 

Subculturing cells 

• When cultured cells had reached 70% confluency, media was sucked from the flask and 

rinsed with 5ml phosphate-buffered saline (PBS). 

• PBS was sucked and the cells were trypsinized with 0.5-1ml 0.25% trypsin-EDTA 

depending on the size of the flask ensuring that trypsin was evenly spread to all corners of 

the flask. 

• Flasks were incubated at 37℃ for 1-3 minutes. 

• The cells were then examined under a microscope to confirm the detachment of adherent 

cells. 

• 5ml fresh serum-containing media was used to resuspend cells in the flask and inactivate 

the trypsin. 

• The cell suspension was transferred into a 15ml tube and centrifuged for 3 minutes at 1200 

rpm. 
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• The supernatant liquid was sucked, and cells were resuspended in a 10ml culture medium. 

2.5ml was transferred to a 75 cm³ flask containing about 10ml of complete media, mixed 

well, and transferred into the incubator. 

Preparing cell stock 

• Cultured cells were rinsed with PBS, trypsinized with 0.25% trypsin-EDTA, and incubated 

for 1-3 minutes for detachment. 

• The cells were then observed under the microscope to confirm detachment and resuspended 

in 5-10ml of media and collected in 15ml tubes. 

• The suspended cells were centrifuged for 3-4 minutes at 1000-1200 rpm.  

• The supernatant media was sucked, and cells were resuspended in 9ml FBS. 1ml DMSO 

was added dropwise and mixed by up-down pipetting. This made a 90% FBS + 10% 

DMSO suspension. 

• 1ml of the cell suspension was added to each cryo-vial and transferred to -80℃ for 2-3 

days in a cryo-box before final storage in liquid nitrogen (-185℃). 

SRB Assay for Growth Inhibition 

Growth inhibition and IC50 determination were assessed using the sulforhodamine (SRB) assay 

technique as stated below: 

• 100uL cell suspension of about 2,500 cells was cultured in each well of a 96-well plate and 

incubated overnight for attachment. 

• 100uL drug solution (different concentrations to cover a wide range, quadruple for each 

concentration) was added to each well. 

• After incubation for 72 hours, the cells were fixed with cold 10% Trichloroacetic acid 

(TCA) for 1 hour at 4℃. 
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• Fixed cells were washed 5 times with double distilled water and air-dried overnight. 

• Cells were then stained with 50uL of SRB for 10 minutes at room temperature and washed 

5 times with 1% acetic acid and air-dried overnight. 

• Bound dye was dissolved with 100uL 10mM Tris solution (pH 10) and absorbance/ optical 

density was read at 492nm. 

• Survival percentage was calculated from the optical density readings using the formula: 

Survival % = (Mean OD treatment/Mean OD control) ×100% 

% growth inhibition = 100 – Survival % 

• CalcuSyn software was used to determine the growth curve and IC50. 

A flowchart of the SRB assay is provided in Appendix C. 

Apoptosis Assay 

The cytotoxic effect of actinomycin D was measured by analyzing apoptotic cells using 

Annexin V-PE/ 7AAD (BD Biosciences) apoptosis assay using the following protocol: 

• About 150,000 cells/well of a 6-well plate in 3ml of media were incubated in a CO2 

incubator overnight. 

• The following day, the media was replaced with fresh media, and the cells were treated 

with different concentrations of actinomycin D for different durations/ timepoints. 

• After incubation for the desired length of time, the cells were trypsinized and washed with 

1ml of 1x PBS. 

• The washed cells were centrifuged and resuspended in 1x binding buffer (100uL). 

• 5uL Annexin V-PE and 5uL of 7-AAD were added to the cells and incubated at room 

temperature for 15 minutes in the dark. 
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• Finally, stained cells were analyzed using ACEA® flow cytometer. The excitation and 

emission wavelengths were 488nm and 525nm respectively. The number of cells counted 

was 30,000. 

• The data were analyzed by FlowJo software to quantify apoptosis.    

Western Blot 

The western blot experiments included in this thesis were conducted using the following 

protocols. 

Protein Extraction 

• 10ul/ml of protease inhibitor cocktail (Thermo Scientific) was added to lysis buffer ( 1M 

Tris-HCl, 5M NaCl, 20% Sodium Azide, Na-Deoxycholate, Igepaland 20% SDS) to make 

a working solution.  

• Cells were lysed over ice using 300ul of working lysis buffer and a cell scrapper. 

• The lysates were vortexed at intervals of 10 minutes for 15sec over 1 hour. 

• Then the lysates were centrifuged at 12000rpm for 15minutes. The supernatant was 

collected and stored at -80℃. 

Protein Assay 

Protein quantification assays were conducted using the Pierce™ BCA Protein Assay Kit. The 

protocol for this assay is outlined below: 

• To generate a standard curve, Bovine Serum Albumin (BSA) solutions covering a range of 

concentrations (2mg/ml - 0.125mg/ml) were prepared by dilution with lysis buffer. This 

was used to generate a standard curve. 

• The working reagent was prepared by mixing reagents A and B in a ratio of 50:1. 

• 190uL working reagent was added to each well of the microplate. 
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•  Two replicates (10uL each) of the standard and sample proteins were added to their 

respective wells containing the working reagent. 

• After mixing by light shaking, the microplate was incubated for 30mins at 37℃.  

• Absorbance was measured at 562nm in the SPECTRA max 340PC microplate reader 

• The protein concentration of the samples was extrapolated from the standard curve. 

SDS-PAGE & Western Blotting 

• 12% sodium dodecyl sulfate (SDS) polyacrylamide gel was prepared according to the 

recipe using H20, 30% Bis-acrylamide solution, 4x separating gel solution, 10% APS and 

Temed. 

• Mini-PROTEAN Tetra Cell kit was used for electrophoresis. 

• The inner gasket chamber was filled to the brim with 1x running buffer (containing Tris, 

Glycine, and SDS) while the outer chamber was filled with 1x running buffer till it reached 

the indicated mark for two gels. 

• Protein samples were mixed with 2x/4x Laemmli sample buffer enriched with β-

mercaptoethanol and denatured on a heat-block at 95℃ for 5mins. 

• The equal amount of protein from the samples was then loaded onto the gel for 

electrophoresis. 

• Polyacrylamide gel electrophoresis was conducted at 60mA till the sample buffer eluted 

from the gel. 

• When the run was complete, the gels were stacked between filter papers and PVDF 

membrane (Bio-Rad Immun-Blot® PVDF Membranes for Protein Blotting). 

• The proteins were blotted onto the gel using the blotting electrodes in transfer buffer with 

the constant voltage set at 70V for 2 hours. 
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• After blotting, the PVDF membrane was blocked with 5% nonfat skimmed milk for 1 hour 

at room temperature. 

• The membranes were then hybridized overnight with appropriately diluted primary 

antibody at 4℃. 

• The membrane was washed at least 5 times over one hour with TBST wash buffer. 

• The membrane was then hybridized with appropriate secondary antibodies diluted in 5% 

milk for one hour. 

• Finally, the membranes were washed for another hour at least 5 times with TBST wash 

buffer. 

• The washed membranes were treated with chemiluminescence substrate solution (GE 

Healthcare UK Limited) for 3-5 minutes and visualized using a FluoroChem E imager. 

Quantitative Polymerase Chain Reaction (qPCR) 

The qPCR experiments were conducted using the following protocols below. 

RNA Extraction 

• Total RNA was extracted using the Qiagen RNeasy® Mini kit following the 

manufacturer’s instructions. 

• The concentration of RNA in each sample was measured and diluted with RNase-free H2O 

to the required concentration for qPCR experiments and stored at -80℃. 

Real-Time qPCR 

• The iTaq Universal SYBR Green One-Step Kit (Bio-Rad) was used for qPCR experiments. 

• The reaction mix preparation and thermal cycling protocol were strictly followed according 

to the manufacturer’s instructions.  
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• The primers used for these experiments were procured from Integrated DNA Technologies. 

The primer sequences are shown below in table 2. The final primer concentration used was 

50nM in a 20uL reaction. 

• For each RNA sample, GAPDH was used as the housekeeping gene to normalize target 

gene mRNA quantification. 

• Using an Applied Biosystems Quant Studio 3 thermal cycler, we conducted RT qPCR in a 

one-step experiment that included reverse transcription (10mins at 50℃), polymerase 

activation, and DNA denaturation (1min at 95℃), and amplification for 40 cycles.  

Table 2: Primer sequences of the genes analyzed in this study.  

Gene Forward Reverse 

GAPDH 5’-TGCACCACCAACTGCTTA-3’ 5’-GGATGCAGGGATGATGTTC-3’ 

p21 5’-TCAGAGGAGGTGAGAGAGCG-3’ 5’-CGCAGAAACACC TGTGAACG-3’ 

PUMA 5’-TGACCACTGGCATTCATTTGG-3’ 5’-CCTCCCTCTTCCGAGATTTCC-3’ 

p27 5-AACGTGCGAGTGTCTAACGG-3’ 5-TTGCCCTCTAGGGGTT TGTG-3’ 

 

Statistical Analysis 

All data were obtained in three independent experiments and expressed as Mean ± SD. A 

two-way ANOVA test coupled with Tukey’s post hoc multiple comparisons test was used to 

analyze the data and a p-value of < 0.05 was accepted as statistically significant. 
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CHAPTER 4 

RESULTS 

Actinomycin D Inhibited Growth of Aerodigestive Tract Cancer Cell Lines 

While ACTD is an established antitumor agent especially in pediatric tumors like Ewing’s 

sarcoma and Wilms tumor (Gaspar et al., 2015; van den Heuvel-Eibrink et al., 2017), its activity 

in aerodigestive tract cancers requires further investigation. We conducted experiments to explore 

the sensitivity of aerodigestive tract cancer cells to increasing doses of actinomycin D using the 

SRB assay. Tables 3&4 show the IC50 of ACTD against various NSCLC and HNSCC cell lines, 

respectively measured after 72h treatments. Fadu and H1703 cells were the most and least sensitive 

cell lines with IC50 values of 0.021 and 2.96nM, respectively.  

Table 3: IC50 values of Actinomycin D against NSCLC cell lines.  

Lung Cancer Cell Lines IC50 (nM) 95% CI 

  Upper Lower 

H1975 0.16 0.25 0.1 

PC9 0.41 0.55 0.30 

H460 0.42 0.63 0.29 

A549 1.3 1.72 0.97 

H1299 0.65 0.80 0.53 

H1703 2.96 5.1 1.70 

H157 0.67 0.84 0.53 
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Table 4: IC50 values of Actinomycin D against SCCHN cell lines 

HNSCC Cell Lines IC50 (nM)  95% CI 

  Upper Lower 

MDA686TU 1.29 1.77 0.91 

Fadu 0.02 0.08 0.004 

1483 0.65 0.97 0.52 

Cal27 0.54 1.39 0.21 

SCC47 0.29 0.49 0.18 

VU-147T 1.24 0.85 1.80 

 

Actinomycin D Caused Dose- and Time-Dependent Apoptosis in Aerodigestive Tract 

Cancer Cell Lines 

After confirming the growth inhibition by actinomycin D, we assessed the ability of the 

anti-tumor antibiotic to induce apoptosis on different aerodigestive tract cancer cell lines. Cell 

lines were selected based on diverse p53 status. Irrespective of p53 status, actinomycin D induced 

a dose- and time-dependent apoptosis of all cell lines tested (Fig. 6-8).  
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Figure 6: Actinomycin D induced apoptosis at 24 h. 

Cells were treated with various doses of actinomycin D for 24 h and apoptosis was measured by 

annexin V-PE staining. Error bars represent standard deviation from the mean of triplicate 

treatments. Representative scatter plots are available in appendix B. 
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Figure 7: Actinomycin D induced apoptosis at 48 h. 

 Cells were treated with various doses of actinomycin D for 48 h and apoptosis was measured by 

annexin V-PE staining. Error bars represent standard deviation from the mean of triplicate 

treatments.  Representative scatter plots are available in appendix B. 
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Figure 8: Actinomycin D induced apoptosis at 72 h 

 Cells were treated with various doses of actinomycin D for 72 h and apoptosis was measured by 

annexin V-PE staining. Error bars represent standard deviation from the mean of triplicate 

treatments. Representative scatter plots are available in appendix B. 

The quantified apoptosis was confirmed through biochemical experiments which assessed 

caspase 3 and Poly (ADP-ribose) Polymerase (PARP) cleavage in two cell lines (A549 and H460) 

after treatment with ACTD. The results show that actinomycin D increased PARP and caspase 3 

cleavage in H460 and A549 cells (Fig. 9&10) 
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Figure 9: Cleavage of caspase 3 and PARP by actinomycin D in H460 cells. 

 H460 cells were treated with indicated doses of actinomycin D for 24 and 48 h. Expression of 

cleaved caspase 3 and PARP was examined in whole-cell lysate by western blotting. Data are 

representative of three independent experiments. 

 

 

 

 

 

 

Figure 10: Cleavage of caspase 3 and PARP by actinomycin D in A549 cells. 

 A549 cells were treated with indicated doses of actinomycin D for 24 and 48 h. Expression of 

cleaved caspase 3 and PARP was examined in whole-cell lysate by western blotting. Data are 

representative of three independent experiments. 

 24h             48h 

    NT     4    6      8       NT     4     6       8       nM ACTD 

H460 

Cleaved Caspase 3 

Cleaved PARP 

Actin 

 
           24h  48h 

NT    8    12     16    NT     8     12      16       nM ACTD 

A549 

Cleaved Caspase 3 

Cleaved PARP 

Actin 



62 

Dose and Time-Dependent Activation of p53 by Actinomycin D in A549 and H460 Cells 

p53 is the most important tumor suppressor due to its role in cell cycle arrest, DNA repair, 

and apoptosis. It is often activated through post-translational modifications by cellular stress 

signals like DNA damage, oxidative stress, and oncogene activation (Joerger & Fersht, 2016). As 

a cytotoxic agent, actinomycin D activates cell stress signals that induce p53 expression and 

apoptotic effects in human colon cancer cells (Choong et al., 2009). Also, depending on the dose 

of actinomycin D and cell type, it could induce apoptosis through ribosomal or genotoxic stress 

signals (Kleeff et al., 2000; Perry & Kelley, 1970). To explore the mechanism of actinomycin D-

induced apoptosis, we treated A549 and H460 cells, two NSCLC cell lines with wild-type p53, 

with increasing doses of actinomycin D for 24 and 48 hours. Total cell lysates were used for SDS-

PAGE and immunoblotting for the expression of p53, phospho-p53 (Ser15), and its downstream 

targets, p21, PUMA, and MDM2. In both cell lines, actinomycin D dose- and time-dependently 

increased expression of p53 and p-p53 (ser15) (Fig. 11 & 12). In a similar pattern, we observed an 

increased expression of p53 transcriptional target genes (p21, PUMA, and MDM2). 
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Figure 11: Activation of p53 pathway by actinomycin D in A549 cells.  

A549 cells were treated with indicated doses of actinomycin D for 24 and 48 h. Expression of 

phosphor-p53 (Ser 15), p53, p21, PUMA, and MDM2 were examined in whole-cell lysate by 

western blotting. Data are representative of three independent experiments. 
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Figure 12: Activation of p53 pathway by actinomycin D in H460 cells.  

H460 cells were treated with indicated doses of actinomycin D for 24 and 48 h. Expression of 

phosphor-p53 (Ser 15), p53, p21, PUMA, and MDM2 was examined in whole-cell lysate by 

western blotting. Data are representative of three independent experiments. 

Actinomycin D Activates p53 Transcriptional Activity in A549 and H460 Cells 

As a transcription factor, phosphorylation of p53 at ser 15 would promote the transcription 

of cell-cycle arrest and DNA repair genes. In the event of significant DNA damage, Ser 46 is also 

phosphorylated, and the transcription of apoptotic mediators is promoted (Oda et al., 2000; Taira 

et al., 2007). The results show that actinomycin D phosphorylates p53 at Ser 15 residue in H460 

and A549 cells. To confirm that the increased expression of p21 and PUMA was due to 

transactivation, total RNA was extracted after 24-hour treatment of A549 and H460 cells with 

actinomycin D. Expression of p21, p27, and PUMA mRNA were examined by qPCR. As shown 

in Fig. 13 and 14, actinomycin D significantly increased the mRNA expression of p21 and PUMA 
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in A549 cells whereas only selectively increased the expression of p21 in H460 cells. There was 

no significant effect on the expression of p27 in both cell lines. These results suggesting that 

actinomycin D selectively transactivates p53 target genes depending on cell lines.  
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Figure 13: Actinomycin D selectively increases transactivation of p53 target genes in A549 

cells.  

A549 cells were treated with indicated doses of actinomycin D for 24 h. Total RNA was used for 

the expression of p21, p27, and PUMA mRNA by qPCR. Error bars indicate SD from triplicate 

treatments. P < 0.05. 
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Figure 14: Actinomycin D selectively increases transactivation of p53 target genes in H460 

cells.  

H460 cells were treated with indicated doses of actinomycin D for 24 h. Total RNA was used for 

the expression of p21, p27, and PUMA mRNA by qPCR. Error bars indicate SD from triplicate 

treatments. P < 0.05. 

Since we observed correlative activation of p53 and expression of p21 and PUMA, we next 

explored the role of p53 in actinomycin D-induced apoptosis. Previously developed A549 and 

H460 cells with ablated p53 expression with a lentivirus-based shRNA construct were used (Amin 

et al., 2010). Parental (wild-type p53) and shRNA knocked-down p53 cells were treated with 

increasing doses of ACTD for 48 hours. The cell lysates were used to assess the expression of p53 

and p53 targets p21 and PUMA. The results show that ablating p53 expression completely 

abolished the expression of p21 and PUMA in A549 cells (Fig. 15). Interestingly, H460 cells 

showed a similar pattern with p21 but not PUMA, which was significantly expressed in the H460 

shp53 cells (Fig. 16). Indeed, actinomycin D did not increase the expression of PUMA mRNA in 
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H460 cells (Fig 14) suggesting that the increased PUMA expression by actinomycin D in H460 

cells is posttranscriptional. 

 

 

 

 

 

 

 

Figure 15: p53-dependent expression of p21 and PUMA by actinomycin D in A549 cells.  

Parental and p53 ablated cells were treated with indicated doses of actinomycin D for 48 h. 

Expression of p53, p21, and PUMA were examined in total cell lysates by western blotting. Data 

are representative of three independent experiments. 
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Figure 16: p53-dependent expression of p21 but not PUMA by actinomycin D in H460 cells.  

Parental and p53 ablated cells were treated with indicated doses of actinomycin D for 48 h. 

Expression of p53, p21, and PUMA was examined in total cell lysates by western blotting. Data 

are representative of three independent experiments. 

Interestingly, in our qPCR studies, we observed a significant difference in the expression 

of actinomycin D-induced p21 mRNA in both H460 and A549 parental cells when compared to 

cells with shp53 (Fig. 17 and 19). In the case of Puma, we found significant inhibition of Puma 

mRNA expression after ablation of p53 in the A549 pair (Fig. 18). However, in H460, similar to 

protein expression, Puma mRNA expression was not affected by ablation of p53 (Fig. 20). These 

results suggest that although actinomycin D-induced expression of p21 is p53-dependent in both 

A549 and H460 cells, the expression of Puma is cell line-specific; dependent on p53 in A549 cells 

while independent of p53 in H460 cells.  
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Figure 17: Actinomycin D-induced p21 transactivation is p53-dependent in H460 cells.  

Parental and p53 ablated H460 cells were treated with different doses of actinomycin D for 24 h. 

Expression of p21 mRNA was examined in total RNA by qPCR. 

 

Figure 18: Actinomycin D has no effect on PUMA mRNA expression in H460 cells.  

Parental and p53 ablated H460 cells were treated with different doses of actinomycin D for 24 h. 

Expression of PUMA mRNA was examined in total RNA by qPCR. 
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Figure 19: Actinomycin D-induced p21 transactivation is p53-dependent in A549 cells.  

Parental and p53 ablated A549 cells were treated with different doses of actinomycin D for 24 h. 

Expression of p21 mRNA was examined in total RNA by qPCR. 
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Figure 20: Actinomycin D-induced PUMA transactivation is p53-dependent in A549 cells.  

Parental and p53 ablated A549 cells were treated with different doses of actinomycin D for 24 h. 

Expression of PUMA mRNA was examined in total RNA by qPCR. 

Furthermore, we observed a significant difference in Annexin-V quantified apoptosis between 

cells with wild type p53 and their shp53 knockdown counterparts after 48 hours of treatment with 

Actinomycin D (Fig. 21 & 22).  
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Figure 21: Actinomycin D-induced p53-dependent apoptosis in A549 cells.  

Parental and p53 ablated cells were treated with different doses of actinomycin D for 48 h. 

Apoptosis was measured by annexin V-PE staining. Error bars indicate SD from triplicate 

treatments.  
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Figure 22: Actinomycin D-induced p53-dependent apoptosis in H460 cells.  

Parental and p53 ablated cells were treated with different doses of actinomycin D for 48 h. 

Apoptosis was measured by annexin V-PE staining. Error bars indicate SD from triplicate 

treatments. 

DNA Damage is not a Major Trigger for Actinomycin D-Induced p53 Activation  

Next, we evaluated the mechanism by which actinomycin D induced p53 activation. 

Previous research has shown that actinomycin D binds to DNA and inhibits DNA-dependent RNA 

synthesis (Koba & Konopa, 2005). Also, several forms of stress signals within a cell could activate 

p53 and DNA damage is one of such stressors.  Therefore, we evaluated DNA damage as a possible 

mechanism by which actinomycin D activated p53. A549 and H460 cells were treated with 

increasing doses of actinomycin D for 24 and 48 hours and examined the expression of pH2AX, a 

marker of DNA double-strand break. The phosphorylation of H2AX is essential for DNA damage 

response and the recruitment of DNA repair proteins, which makes it a good monitor for genotoxic 
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H2AX phosphorylation (Fig. 23 and 24), Only a high dose and longer time of treatments had some 

effect suggesting that actinomycin D activates p53 without significant double-strand breaks.  

 

 

  

 

Figure 23: Actinomycin D-induced DNA damage in A549 cells.  

A549 cells were treated with different doses of actinomycin D for 24 and 48 h and phosphorylation 

of H2AX was examined in whole-cell lysates by western blotting.  

 

 

 

 

 

Figure 24: Actinomycin D-induced DNA damage in H460 cells.  

H460 cells were treated with different doses of actinomycin D for 48 h and phosphorylation of 

H2AX was examined in whole-cell lysates by western blotting.  

Mechanism of Actinomycin D-Induced Apoptosis in Cells Lacking Functional p53 

Our results confirmed dose- and time-dependent increase in apoptosis irrespective of p53 

status (Fig 6-8). So, after confirming the role of p53 in actinomycin D mediated apoptosis, it was 

imperative to explore the mechanism of apoptosis in cells with mutated p53. There is mounting 
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evidence that in the absence of functional p53, other p53 family members like p73 can mediate 

apoptosis (El Dika, 2020; Ramos et al., 2020). To evaluate this, we treated PC9 cells with 

increasing doses of actinomycin D for 24 and 48 hours. Cells were lysed and immunoblotted for 

Caspase 3 and PARP to confirm apoptosis (Fig 25). We also assessed the expression of p73 and 

traditional p53 downstream targets, p21, PUMA, and MDM2. The results show an increase in p73 

protein expression after actinomycin D treatments. Similarly, downstream transcriptional targets 

like p21, PUMA, and MDM2 were upregulated (Fig 26). 

 

 

 

 

 

 

Figure 25: Cleavage of Caspase3 and PARP by actinomycin D in PC9 cells.  

PC9 cells were treated with different doses of actinomycin D for 24 and 48 h and expression of 

caspase 3 and cleaved PARP were examined in whole-cell lysates by western blotting.  
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Figure 26: Activation of p73/E2F1 pathway by actinomycin D in PC9 cells.  

PC-9 cells were treated with different doses of actinomycin D for 24 and 48 h and expression of 

p73, E2F1, p21, PUMA, and MDM2 were examined in whole-cell lysates by western blotting.  

Differential Expression of p53-Target Genes by Actinomycin D in Different Cell Lines 

In our mRNA studies with the wild type p53 cells (A549 and H460), we observed that 

Actinomycin D selectively transactivated p53 targets genes depending on the cell line (Fig. 13 & 

14). However, p21, which is a p53 mediator for cell cycle arrest, was significantly upregulated in 

both cell lines. It was important to determine if this effect was consistent in p53 wild type and 

mutant settings. So, we evaluated the effect of low dose Actinomycin D on the p53 target genes 

expression in aerodigestive tract cancer cells with wild type and mutant p53. Total RNA was 

extracted after 24-hour treatment of A549, H460, and PC9 cells with 4nM actinomycin D. 

Expression of p21, p27, and PUMA mRNA were examined by qPCR. As shown in Fig. 27 low 

dose actinomycin D selectively increased the mRNA expression of p21 in A549 and H460 cells 

with wild type p53 but not in PC9 cells with mutant p53.  
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Figure 27: Low dose actinomycin D significantly upregulates p21 in wild type p53 cells.  

A549, H460, and PC9 cells were treated with 4nM of actinomycin D for 24 h. Total RNA was 

used for the expression of p21 mRNA by qPCR. Error bars indicate SD from triplicate 

treatments. P < 0.05. 

Similarly, low-dose actinomycin D selectively upregulated PUMA in A549 and H460 cells but not 

PC9 cells (Fig. 28). 



78 

A549 H460 PC9

0

5

10

15

20

Cell lines

P
u

m
a
 m

R
N

A
 e

x
p

re
s
s
io

n

Control

✱✱✱✱

✱✱✱✱

4nM ACTD
 

Figure 28: Low dose actinomycin D significantly upregulates PUMA in wild type p53 cells.  

A549, H460, and PC9 cells were treated with 4nM of actinomycin D for 24 h. Total RNA was 

used for the expression of PUMA mRNA by qPCR. Error bars indicate SD from triplicate 

treatments. P < 0.05. 

Interestingly, low dose Actinomycin D had a negligible effect on p27 mRNA expression 

in the three cell lines irrespective of p53 status (Fig. 29). These findings suggest that low dose 

actinomycin D induces a context-dependent differential expression of p53 target genes, especially 

a significant upregulation of p21 in p53 competent cells, which could be beneficial to the 

application of low dose actinomycin D as a chemoprotectant in p53-mediated cyclotherapy for 

aerodigestive tract cancers.  
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Figure 29: Low dose actinomycin D has a negligible effect on p27 mRNA expression in 

aerodigestive tract cancer cells irrespective of p53 status.  

A549, H460, and PC9 cells were treated with 4nM of actinomycin D for 24 h. Total RNA was 

used for the expression of p27 mRNA by qPCR. Error bars indicate SD from triplicate treatments. 

P < 0.05. 
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

The management of aerodigestive tract cancers, which include HNC and lung cancers is 

rife with challenges, especially resistance to therapy. Despite several advances in oncology and 

the discovery of new targeted therapies and immunotherapies, the prognosis for these cancers is 

still poor, especially with lung cancer (Woodard et al., 2016). However, recent research has shown 

that low-dose actinomycin D could be effective against resistant cancers when combined with 

other therapy options by targeting cancer stem cells (Green et al., 2019). More so, it could reduce 

the toxicity of cytotoxic chemotherapy to normal cells through cyclotherapy (Rao et al., 2013). To 

apply these strategies to aerodigestive tract cancers, as a first step, this study aimed to evaluate the 

apoptotic mechanisms of low-dose actinomycin D in aerodigestive tract cancers. 

The sensitivity of cancer cells to actinomycin D-induced growth inhibition may be context-

dependent. In our studies with aerodigestive tract cancer cell lines, actinomycin D inhibited the 

growth of all cell lines tested, and we obtained IC50 values that ranged from 0.02nM -2.96nM, 

which were comparable to those obtained in ependymoma and hepatocellular cancer cells treated 

with low dose actinomycin D  (Singhal & Rajeswari, 2009; Tzaridis et al., 2016). However, others 

have also reported slightly higher actinomycin D IC50 values up to 2.5uM in glioblastomas (Taylor 

et al., 2020).  

To determine if actinomycin D induced apoptosis in the treated cells, we conducted 

apoptosis assays using the Annexin V-PE staining. We observed a dose-and time-dependent 

increase in apoptosis of all cell lines treated with actinomycin D (Fig 6-8), however, sensitivity 

varied between cells. Interestingly, the H1299 cells which are deficient in p53 had significantly 

lower apoptosis compared to other cell lines tested. This piqued our interest in exploring the role 
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of p53 in actinomycin D-induced apoptosis in aerodigestive tract cancers. Previous studies have 

shown that actinomycin D, as a DNA damaging agent, can activate p53 through a genotoxic stress 

response, which promotes apoptosis (Choong et al., 2009). 

Mechanistic Studies 

To determine actinomycin D’s molecular mechanism of apoptosis, A549, and H460 (WT 

p53), and PC9 (mutant p53) cells were used. The quantified apoptosis was confirmed 

biochemically, by the observed expression of cleaved caspase 3 and PARP (Fig 9 & 10), which 

are putative markers of apoptosis (Decker & Muller, 2002). As expected, there was a dose-and 

time-dependent increase in p53 expression after treating wild type A549 and H460 cells. Similarly, 

the expression of downstream transcriptional targets of p53 involved in growth arrest (p21) and 

apoptosis (PUMA) increased. However, to confirm that the observed increase was due to 

transactivation, we assessed the mRNA levels of p21 and PUMA after actinomycin D treatment. 

Truly, there was a significant increase in the mRNA expression of p53 transcriptional target p21. 

Expression of PUMA was differential (Fig 13 & 14) after actinomycin D treatment, which 

indicated actinomycin D treatment activated p53’s transcriptional activity in a cell line-specific 

manner. 

p53 activity is regulated through a negative feedback mechanism by one of its 

transcriptional targets, Mdm2. Knowing this, we assessed the expression of Mdm2 after treatment 

of A549 and H460 cells with actinomycin D. Unsurprisingly, Mdm2 expression increased in a 

dose-dependent manner within the first 24 hours but did not affect p53 transcriptional activity in 

A549 and H460 cells (Fig 11 & 12). Previous evidence had demonstrated Mdm2 upregulation does 

not inhibit p53 transcriptional activity and cytotoxicity in the presence of DNA damaging agents 

(McKenzie et al., 2002).  
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Furthermore, to confirm that actinomycin D caused DNA damage in A549 and H460 cells, 

we assessed the expression of pH2AX, a known indicator of DNA damage. We observed an 

increased expression only at the highest doses after 48 hours (Fig 23 & 24). This contradicts 

previous evidence that actinomycin D intercalates DNA strands leading to double-strand breaks, 

which leads to rapid induction of p53 (Fontoura et al., 1997; Kastan et al., 1991). A possible and 

alternative mechanism is the inhibition of RNA polymerase II. At low doses actinomycin D 

preferentially inhibits ribosomal RNA synthesis, this leads to ribosomal stress which is a known 

cellular stressor for p53 activation (Choong et al., 2009). 

Interestingly, the ablation of p53 significantly decreased the observed apoptosis in A549 

and H460 cells (Fig 21 & 22). More so, except for Puma in H460 cells, the protein expression of 

p53 downstream transcriptional targets was abolished in the absence of p53 (Fig 15 &16). The 

effect of actinomycin D on the expression of PUMA protein and mRNA was dependent on cell 

lines. Although the expression of PUMA protein was increased in both A549 and H460 cells, 

ablation of p53 only inhibits the expression of PUMA in A549 cells. Interestingly, we found that 

although actinomycin D-induced PUMA mRNA expression in A549 cells, it did not affect PUMA 

mRNA expression in H460 cells suggesting that the increase in PUMA protein expression in H460 

cells is posttranscriptional.  

  In the absence of p53, E2F1 can induce apoptosis by activating the transcription of PUMA 

through p73 (Irwin et al., 2000; Stiewe & Pützer, 2000).  This prompted our investigation of the 

apoptotic mechanisms of actinomycin D in mutant p53 cell line (PC9). PC9 cells have a missense 

R248Q mutation on the TP53 gene, which inactivates the p53 protein (Molina-Vila et al., 2014). 

Nevertheless, we observed a dose-and-time-dependent increase in apoptosis of PC9 cells treated 

with actinomycin D. To explain this in the absence of functional p53, we investigated the activation 
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of alternative pathways involving p73. As a homolog of p53, p73 can transcriptionally activate 

traditional p53 targets like p21, Mdm2, GADD45, and induce apoptosis irrespective of contextual 

p53 functionality (Ray et al., 2011). We observed that actinomycin D treatment in PC9 cells 

increased the protein expression of p73, p21, and PUMA (Fig 26). However, some studies have 

also reported that tumor-derived p53 mutants could inactivate the p73/E2F1 pathway by 

interacting with p73 (Di Como et al., 1999; Stiewe & Pützer, 2000). Truly, our mRNA expression 

data showed that the increased protein expression of p21 and PUMA may not be due to 

transactivation by p73 (Fig 27-29). 

Based on these findings, we can conclude that actinomycin D exerts apoptosis via p53-

dependent and –independent mechanisms. These results will guide future combinatorial studies 

involving actinomycin D.   

Future Direction 

As a potential chemoprotectant in p53-mediated cyclotherapy, previous studies have 

shown that low-dose Actinomycin D could exert sub-lethal doses of DNA damage that cause 

reversible G1/G2 cell cycle arrest in normal cells with wild type p53 (Blagosklonny, 2002; Rao et 

al., 2010; van Leeuwen et al., 2012). This serves as a protective mechanism for normal cells upon 

the addition of S or M phase-specific chemotherapeutics (Rao et al., 2010). In our present study, 

we observed that low dose actinomycin D induced differential expression of p53 target genes but 

consistently upregulated the expression of p21 in cells with wild-type p53. Based on this 

knowledge, we can propose that low-dose actinomycin D would induce reversible cell cycle arrest 

to protect normal cells with wild-type p53. Cell cycle analysis studies are needed to evaluate this 

hypothesis. This would inform the selection of complementary chemotherapeutics for the potential 

application of low-dose actinomycin D in cyclotherapy for aerodigestive tract cancers. 
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To confirm transcription-independent apoptosis in mutant p53 cell lines, future studies 

could assess the expression of p53 S392 phosphorylation or the upregulation of Bax protein, which 

has also been shown to be activated by a transcription-independent fashion in mutant p53 cells 

(Castrogiovanni et al., 2018; Speidel et al., 2006).  

Some studies have reported that the S392A mutant p53 in HCT-116 cells retained some of 

the normal post-translational modifications and transcriptional activities of wildtype p53 after 

exposure to cytotoxic therapy (Castrogiovanni et al., 2018). In our case, PC9 has an R248Q 

missense mutation on the TP53 gene, which we could have assessed for retention of some 

traditional p53 functions. But our focus was on an alternative pathway involving p73. Future 

research can further explore any retention of p53 activity in the R248Q mutant in PC9 cells. More 

so, transcriptionally impaired p53 mutants have been shown to interact with proapoptotic Bcl-2 

protein Bak to induce cytochrome c release in vivo, but this did not lead to apoptosis (Pietsch et 

al., 2008). So future studies should also include in vivo experiments to validate in vitro results. 

We could have gone further to identify the specific isoform p73 that was upregulated in 

PC9 cells because p73 has a complex nature with several isoforms that oppose the tumor-

suppressive effects of the TA-p73 isoform (Ramos et al., 2020). Future research could further 

define the involvement of p73 in ACTD induced apoptosis of p53 mutant cell lines. 
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APPENDIX D: ABBREVIATIONS 

7-AAD  - 7-Aminoactinomycin D 

ACTD   - Actinomycin D 

ALDH1  - Aldehyde dehydrogenase 1 

ALK   - Anaplastic lymphoma kinase 

APAF-1  - Apoptotic protease activating factor 

ATM   - Ataxia telangiectasia mutated 

BCL6   - B-cell lymphoma 6 

BCR   - Breakpoint cluster 

BRCA2  - Breast Cancer Type 2 susceptibility protein 

BSA   - Bovine serum albumin 

CCDN1  - Cyclin D1 

CD133   - Prominin-1 

CDKN2  - Cyclin dependent kinase inhibitor 2 

CRT   - Chemoradiotherapy 

CSC   - Cancer Stem Cell 

CTLA4  - Cytotoxic T-lymphocyte associated protein 4 

DISC   - Death-inducing signaling complex 

DMEM  - Dulbecco’s modified eagle medium 

DMSO   - Dimethylsulfoxide    

DNA   - Deoxyribonucleic acid 

DR4   - Death receptor 4 

DR5   - Death receptor 5 
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EDTA   - Ethylenediaminetetraacetic acid 

EGFR   - Epidermal growth factor receptor 

EMA   - European medicines agency 

EML4   - Echinoderm microtubule-associated protein-like 4 

FADD   - FAS-associated via death domain 

FBS   - Fetal bovine serum 

FDA   - Food and drugs administration 

FGFR   - Fibroblast growth factor receptor 

FGFR1  - Fibroblast growth factor receptor 1 

FOXO   - Forkhead box O 

HER2   - Human epidermal growth factor receptor 

HPV   - Human papilloma virus  

ICR   - Immune checkpoint receptor   -  

MAPK   - Mitogen activated protein kinase 

MCL1   - Induced myeloid leukemia cell differentiation protein 

MDM2  - Mouse double minute 2 

MOMP  - Mitochondrial outer membrane permeabilisation 

mTOR   - Mammalian target of rapamycin 

NCI   - National Cancer Institute 

NF1   - Neurofibromatosis type 1 

NSCLC  - Non-small cell lung cancer 

OCT3   - Octamer-binding transcription factor 3 

OCT4   - Octamer-binding transcription factor 4 
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PAF   - PCNA-associated factor 

PAI1   - Plasminogen activator inhibitor 1 

PARP   - Poly (ADP-ribose) polymerase  

PBS   - Phosphate buffered saline 

PCI   - Prophylactic cranial irradiation 

PD1   - Programmed cell death protein 1 

PD-L1   - Programmed death-ligand 1 

PI   - Propidium iodide 

PI3K   - Phosphoinositide 3-kinase/ Phosphatidylinositol 3-kinase 

PI3KCA  - Phophatidylinositol 3-kinase catalytic subunit alpha isoform 

PS   - Phosphatidylserine 

PTEN   - Phosphatase and tensin homolog 

PTMs   - Post-translational modifications 

PUMA   - p53 upregulated modulator apoptosis 

PVDF   - Polyvinylidene fluoride 

qPCR   - Quantitative polymerase chain reaction 

RAF   - Rapidly accelerated fibrosarcoma 

RB1   - RB Transcriptional Corepressor 1 

RICTOR  - Rapamycin-insensitive companion of mammalian target of rapamycin 

RNA   - Ribonucleic acid 

ROS1   - Reactive oxygen species 

RPMI   - Roswell park memorial institute medium 

SCC   - Squamous cell carcinoma 
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SCCHN  - Squamous cell carcinoma of the head and neck 

SCLC   - Small cell lung cancer 

SDS   - Sodium dodecyl sulfate 

SDS-PAGE  - Sodium dodecyl sulfate – polyacrylamide gel electrophoresis  

SMAC/DIABLO - Second mitochondria-derived activator of caspase/direct inhibitor of 

apoptosis-binding protein with low pI 

SOX2   - (Sex determining region Y)-box 2 

SRB   - Sulforhodamine B 

TCGA   - The cancer genomic atlas 

TIL   - Tumor infiltrating lymphocytes 

TKI   - Tyrosine kinase inhibitor 

TRAF3  - TNF receptor associated factor 

TRAIL   - TNF-related apoptosis-inducing ligand (TRAIL) 

TSP1   -  Thrombospondin-1 

VA   - Veterans Affairs 

VEGF   - Vascular endothelial factor  
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