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ABSTRACT 

BUSE CEYDA ¥NCEL 

ELUCIDATION OF EFFECTS OF PROPRANOLOL AND LABETALOL ON 

SENSITIVE AND DOXORUBICIN RESISTANT MAMMARY CARCINOMA CELL 

LINES AT CELLULAR AND MOLECULAR LEVEL 

Baĸkent University Institute of Science 

Department of Molecular Biology and Genetics 

2025 

Metastasis and drug resistance are major challenges in breast cancer therapy. The repurposing 

of existing therapeutic agents offers a viable alternative to the lengthy and costly process of de 

novo drug discovery. This study investigated the anticancer potential and mechanisms of two 

commonly used ɓ-blockers, propranolol (a first-generation non-selective beta-adrenergic 

receptor antagonist) and labetalol (a non-selective agent that blocks both ɓ-adrenergic and Ŭ1-

adrenergic receptors), on MCF-7 and drug resistant MCF-7/1000Dox breast cancer cell lines.  

Cell viability was determined by MTT and colony formation assays, while migration was 

assessed using wound healing analysis. Cell cycle and apoptosis were evaluated by flow 

cytometry, and molecular effects were identified through RNA-seq analysis. The results showed 

that both propranolol and labetalol caused a concentration-dependent decrease in the 

proliferation of both cell lines. Labetalol demonstrated higher cytotoxicity after 72 hours 

compared to 48 hours. Both drugs significantly reduced the colony-forming capacity of MCF-7 

and MCF-7/1000Dox cells in a dose-dependent manner. Migration analyses revealed that 

propranolol and labetalol significantly inhibited the migratory ability of the cells, with high 

concentrations even causing cell detachment from the wound area. Propranolol induced 

apoptosis without causing a significant cell cycle arrest, whereas antiproliferative effect of 

labetalol effect was associated with a G2 phase cell cycle arrest. Both drugs effectively induced 

apoptosis in the cells. Furthermore, RNA-seq analysis revealed that propranolol treatment, a 

total of 31 genes were upregulated, and 54 genes were down regulated in MCF-7. Propranolol, 

326 genes were upregulated and downregulation of 164 genes in MCF-7/1000Dox cells. 
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Labetalol treatment, 286 and 62 genes were found to be upregulated in MCF-7 and MCF-

7/1000Dox cells, respectively. RNA-seq analysis, propranolol downregulates the DHFR gene, 

potentially inhibiting nucleotide synthesis and overcoming drug resistance. Labetalol, up-

regulation of the PDGFRA gene suggests that its anti-cancer effects may be linked to a complex 

compensatory mechanism.  

In conclusion, our findings demonstrate that propranolol and labetalol possess antiproliferative, 

pro-apoptotic, and antimigratory properties that extend beyond their known cardiovascular 

effects. The distinct mechanisms of action of these two drugs make them strong candidates for 

synergistic combination therapies with standard chemotherapeutics or with each other. This 

study provides data for the evaluation of repurposing of propranolol and labetalol as potential 

adjuvant therapeutic agents in breast cancer treatment. 

 

KEYWORDS: Beta-adrenergic receptor antagonists, drug repositioning, breast cancer, 

multidrug resistance 

 

The Scientific and Technological Research Council of T¿rkiye (TUBĶTAK), Project number: 

124Z839 

Baĸkent University Research Fund (BAP), Project number: PRJ_2023_11_0003 
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¥ZET 

BUSE CEYDA ¥NCEL 

PROPRANOLOL VE LABETALOL¦N DUYARLI VE DOKSORUBĶSĶNE DĶREN¢LĶ 

MEME KARSĶNOMU H¦CRE HATLARI ¦ZERĶNDEKĶ ETKĶLERĶNĶN H¦CRESEL 

VE MOLEK¦LER D¦ZEYDE A¢IKLANMASI  

Baĸkent ¦n vers tes  Fen B l mler  Enst t¿s¿ 

Molek¿ler B yoloj  ve Genet k Anab l m Dalē 

2025 

Meme kanser  tedav s ndek  en b¿y¿k zorluklardan b r  metastaz ve kemoterap ye karĸē gel ĸen 

la­ d renc d r. Mevcut terapºt k ajanlarēn yen den konumlandērēlmasē yen  la­ keĸf  

s¿re­ler n n uzunluĵuna ve y¿ksek mal yet ne b r alternat f sunmaktadēr. Bu ­alēĸmada, yaygēn 

olarak kullanēlan beta-blokºrler olan propranolol ve labetalol¿n, MCF-7 ve MCF-7/1000Dox 

h¿cre hatlarē ¿zer ndek  ant-kanser potans yel  ve etk  mekan zmalarē araĸtērēlmēĸtēr. 

Propranolol, b r nc  nes l se­ c  olmayan beta-adrenerj k reseptºr antagon st , labetalol, hem ɓ-

adrenerj k hem de Ŭ1-adrenerj k reseptºrler  bloke eden non-selekt f b r ajandēr. Bu ­alēĸmanēn 

temel amacē, propranolol ve labetalol¿n meme kanser  h¿creler  ¿zer ndek  h¿cresel ve 

molek¿ler etk ler n  kapsamlē b r ĸek lde ncelemekt r.  

H¿cre canlēlēĵē MTT ve kolon  oluĸumu anal zler  le bel rlen rken, h¿cre gº­¿ yara y leĸmes  

anal z  le deĵerlend r ld . H¿cre dºng¿s¿ ve apoptoz akēĸ s tometr s  le deĵerlend r ld  ve 

la­larēn molek¿ler etk ler  RNA-seq anal z  le bel rlenm ĸt r. Propranolol ve labetalol, MCF-7 

ve MCF7/1000Dox h¿creler n n prol ferasyonunda konsantrasyona baĵlē ancak farklē azalmaya 

neden olmuĸtur. Labetalol, 48 saate kēyasla 72 saat sonra daha y¿ksek s totoks s te gºsterm ĸt r. 

Hem propranolol hem de labetalol, MCF-7 ve MCF-7/1000Dox h¿creler n n kolon  oluĸturma 

kapas tes nde bel rg n ve konsantrasyon baĵēmlē azalmaya neden olmuĸtur. Yapēlan m grasyon 

anal zler nde, propranolol ve labetalol¿n, h¿creler n gº­ yeteneĵ n  ºneml  ºl­¿de azalttēĵē; 

y¿ksek konsantrasyonlarda se h¿creler n oluĸturulan yara alanēndan daha da uzaklaĸmasēna 

neden olduĵu gºzlenm ĸt r. Propranolol, h¿cre dºng¿s¿nde bel rg n b r duraklamaya neden 

olmadan apoptozu nd¿klerken, labetalol¿n ant-prol ferat f etk s  G2 fazēnda h¿cre dºng¿s¿ 
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duraklamasēyla l ĸk lend r lm ĸt r. Propranolol ve labetalol, h¿creler n apoptozunu 

nd¿klem ĸt r. Ayrēca, RNA-seq analzler  sonu­larēna gºre propranolol uygulamasē, MCF-7 

h¿creler nde toplam 31 gen n yukarē yºnl¿ ve 54 gen n aĸaĵē yºnl¿ d¿zenled ĵ  bulunmuĸtur.  

MCF-7/1000Dox h¿creler nde se propranolol 326 gen n yukarē yºnl¿ ve 164 gen n aĸaĵē yºnl¿ 

d¿zenled ĵ  bulunmuĸtur. Labetalol uygulamasē, MCF-7 ve MCF-7/1000Dox h¿creler nde 

sērasēyla 286 ve 62 gen n yukarē yºnl¿ d¿zenled ĵ bulunmuĸtur. RNA-seq anal zler, 

propranolol¿n DHFR gen n  aĸaĵē yºnl¿ d¿zenleyerek n¿kleot d sentez n  baskēlayab leceĵ n  

ve la­ d renc n  kērma potans yel  taĸēdēĵē bulunmuĸtur.  Labetalol¿n PDGFRA gen n  yukarē 

yºnl¿ d¿zenlemes , lacēn ant-kanser etk ler n n karmaĸēk b r telaf  mekan zmasēyla l ĸk l  

olab leceĵ n  d¿ĸ¿nd¿rmekted r.  

Elde ed len ver ler, propranolol ve labetalol¿n, b l nen kard yovask¿ler etk ler n n ºtes nde, ant-

prol ferat f, apoptot k ve m grasyonu engelleyen ºzell klere sah p olduĵunu kanētlamaktadēr. Bu 

k  lacēn farklē etk  mekan zmalarē, standart kemoterapºt klerle veya b rb rler yle s nerj k 

komb nasyon tedav ler nde kullanmak ­ n g¿­l¿ adaylar hal ne get rmekted r. Bulgularēmēz, 

propranolol ve labetalol¿n meme kanser  tedav s nde potans yel yardēmcē terapºt k ajanlar 

olarak yen den konumlandērēlmasē le lgl  ­alēĸmalara ver  sunmaktadēr. 

ANAHTAR KELIMELER: Beta-adrenerj k reseptºr antagon stler , la­ yen den 

konumlandērma, meme kanser , ­oklu la­ d renc   

 

TUBĶTAK (Turk ye B l msel ve Tekn k Araĸtērma Kurumu), Proje numarasē: 124Z839 

Baĸkent ¦n vers tes  B l msel Araĸtērma Projeler  (BAP), Proje numarasē: PRJ_2023_11_0003 
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1. INTRODUCTION 

The most common cause of death in 112 out of 183 countries, with breast cancer (BC) being 

the most prevalent type, accounting for 11.7% of all cases [1]. The 'Hallmarks of Cancer' 

concept, proposed by Hanahan and Weinberg, aims to explain the characteristics of malignant 

tumors [2]. The concept includes six distinguishing features that branch into eight. Other factors 

contributing to carcinogenesis include cellular mechanisms (genetic mutations, epigenetic 

mechanisms) and environmental factors (smoking, diet). It is crucial to consider the impact of 

multiple mechanisms on cancer, including sex differences, hormonal variations, and genetic 

distinctions [3]. 

BC is a heterogeneous, abnormal tissue with a stromal tumor microenvironment that 

promotes tumor growth and spread [4]. Primary tumor cells recruit and activate untransformed 

stromal cells, including fibroblasts, inflammatory, and immune cells [5].  Cancer can be affected 

by modifiable and non-modifiable factors. Reducing modifiable risk factors could prevent 50% 

of cancer cases [6]. Genetic mutations, particularly those affecting BRCA1 and BRCA2 genes, 

are a major contributing factor to elevated cancer risk [7,8]. 

BC treatment challenges such as recurrence and drug resistance, with approximately 30% of 

early-stage cases recurring. To select the most effective treatment, it's crucial to determine the 

grade, stage, and molecular subtype of tumors [9]. Treatments can be local or systemic, with 

non-metastatic BC focusing on surgery and radiation to prevent recurrence. In metastatic BC 

systemic therapy aims to extend survival and relieve symptoms. Endocrine therapy, targeted 

treatments, chemotherapy and immunotherapy may offer additional therapeutic benefit in both 

types of cancer [10, 11]. 

Chemotherapeutic agents are developed to target the characteristics of cancer cells, 

preventing invasion and metastasis [12]. They are divided into plant-derived and synthetic types, 

based on their chemical composition, mechanism of action, and antagonistic agents. They target 
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intracellular DNA, microtubules, angiogenesis, and signaling pathways [13, 14]. Chemotherapy 

is the most systemic approach in treating BC and can be administered in various settings. 

Doxorubicin (Dox), an anthracycline antibiotic, is a topoisomerase II inhibitor produced by 

Streptomyces [15]. It is known for its ability to intercalate double-strand DNA. Dox has wide 

clinical use against various malignancies but is known for high cardiotoxicity and other side 

effects [16, 17]. It causes cytotoxic effects on cancer cells through three main pathways: DNA 

damage, DNA intercalation, and lipid peroxidation [16. 17]. Dox interacts with nuclear and 

mitochondrial DNA, affecting the p53 signaling pathway [18]. However, drug resistance and 

high cardiotoxicity make it difficult to use in clinics. Drug-resistant tumor cells often show 

resistance to other anticancer drugs, making it common to use chemotherapeutic agents in 

combination with other cytotoxic agents to improve chemotherapy response in multidrug 

resistant patients [19]. 

Combination chemotherapy is a treatment method that enhances cancer treatment efficacy 

and reduces side effects by combining low doses of anti-cancer drugs [17]. This approach can 

result in a synergistic effect, reducing toxicity and resistance, and preventing the development 

of multidrug resistance (MDR) [20]. The principles of this treatment include selecting drugs 

with different toxic effects, preventing cross-drug resistance, being effective even when used 

alone [21,22]. 

Cancer recurrence is a significant challenge in chemotherapy treatment, often due to MDR, 

which develops against different chemotherapeutic agents after exposure to a single agent [23]. 

Combination chemotherapy is generally successful, but intrinsic or acquired drug resistance 

complicates treatment [24] (Aksoy, 2010). Factors contributing to this difficulty include host 

and genetic factors in cancer cells, with mechanisms including decreased or increased drug 

accumulation, autophagy, apoptotic pathways, and resistance gene mutations [25, 23]. 

Beta-adrenergic receptors (ɓ-AR) are members of the G-protein-coupled adrenergic receptor 

family, which promote tumor growth and metastatic spread [26, 27]. In studies on breast cancer, 

prostate cancer, malignant melanoma, leukemia, and mouse models, ɓ-AR antagonists have 



3 

 

been shown to inhibit enhanced tumor progression and/or metastasis without altering primary 

tumor growth or cell proliferation [28]. Recent clinical evidence suggests that the use of ɓ-

blockers in cancer patients in combination with chemotherapy or before the diagnosis of the 

disease increases survival and reduces the rate of metastasis [29]. Propranolol was the first ɓ-

blocker used in clinical trials which is widely used in the treatment of hypertension. Propranolol 

is a nonselective ɓ1/ɓ2 blocker, highly lipophilic, and can cross the blood-brain barrier [30] 

Propranolol has been demonstrated to inhibit the proliferation of cancer cells when administered 

in different cancer types in a time- and dose-dependent manner [29]. Labetalol, a nonselective 

ɓ1/ɓ2 and selective Ŭ1, is a peripheral antagonist and antihypertensive agent [31, 32]. Labetalol, 

an Ŭ- and ɓ-AR antagonist, has been shown to reduce cancer cell proliferation in various cancer 

types. 

The drug repositioning strategy is defined as adapting an existing drug in clinical use to a 

new indication by structural modification. The use of drugs that are not used in cancer treatment 

has contributed to the development of this field by giving a different perspective to the process. 

Old drugs are investigated for different cancer treatments, and the aim is to find potential anti-

cancer properties [33,34]. Repositioning antihypertensive drugs such as ɓ-blockers has offered 

significant results in this context. A number of de novo drugs not designed for cancer treatment 

and tested in preclinical trials have also demonstrated in vitro antitumor activities [33]. There is 

a growing body of clinical evidence regarding the efficacy and use of propranolol in treating 

severe infantile hemangiomas [35, 36]. The role of ɓ-AR stimulation in hemangiomas and tumor 

cells has been a subject of recent research, prompting the question of whether ɓ-AR blockers 

play a regulatory role in cancer cell proliferation, migration, and invasiveness. Research has 

shown that propranolol can inhibit the growth and spread of lung, colon, ovarian, and pancreatic 

cancer cells by blocking the effects of norepinephrine. This drug has been found to have anti-

proliferative, anti-migratory, and cytotoxic effects on these cells. A recent clinical study has 

shown that ɓ-blockers, when used before or along with chemotherapy, may lead to higher 

survival rates and reduced metastasis in cancer patients [37]. Earlier research has also 

highlighted the inhibitory impact of ɓ-AR blockers on norepinephrine- and epinephrine-induced 

cell proliferation and migration. 
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The potential cytotoxicity and transcriptomic profiling of propranolol and labetalol on 

resistant cell lines have not been previously studied. The objective of this thesis was to 

investigate the cellular and molecular effects of propranolol and labetalol on sensitive and 

doxorubicin-resistant breast carcinoma MCF-7 (MCF-7/1000Dox) cell lines, with the aim of 

demonstrating their in vitro efficacy. For this purpose, the cytotoxic effects of propranolol and 

labetalol were determined in the MCF-7 and MCF-7/1000Dox cell lines. Consequently, the 

concentrations that exhibited significant toxicity were selected for further studies. A soft agar 

colony formation test was used to determine the effects of ɓ-blockers treatment on colony 

formation and long-term survival of MCF-7 and MCF-7/1000Dox cells. Comparative evaluation 

of the effects of ɓ-blockers on cell migration in the MCF-7 and MCF-7/1000Dox cell lines. The 

effects of ɓ-blockers on the cell cycle and apoptosis in the MCF-7 and MCF-7/1000Dox cell 

lines were determined using flow cytometry. Transcriptomic profiling was performed using 

RNA sequence analysis in cells treated with ɓ-blockers.  
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2. LITERATURE 

2.1. Breast Cancer 

Cancer is the leading cause of death in 112 out of 183 countries, according to the World 

Health Organization (WHO). According to data from 2020, there were 19.3 million new cases 

and 10 million cancer-related deaths worldwide. Breast cancer (BC) represents a significant 

global health concern, ranking as one of the most common causes of cancer-related mortality 

worldwide. It is the most frequently diagnosed cancer among the female population. The most 

prevalent type of cancer is BC, accounting for 11.7% of all cases, followed by lung cancer 

(11.4%), colorectal cancer (10.0%), prostate cancer (7.3%) and stomach cancer (5.6%). BC is 

the fifth leading cause of cancer deaths with 685,000 deaths worldwide. In women, BC accounts 

for 1 in 6 cancer deaths and ranks first in terms of incidence worldwide [1].  

The óHallmarks of Cancerô are defined as the biological processes that promote the 

transformation of normal cells into malignant cells. The 'Hallmarks of Cancer' concept, as 

proposed by Hanahan and Weinberg, aims to explain the characteristics that define malignant 

tumors [2, 38]. Initially, the six hallmarks of cancer were combined to establish an organizing 

principle, with the aim of elucidating the diversity of cells as they transition from normal to 

neoplastic growth states [3]. In recent studies, these six distinguishing features have been 

extended to include eight features (Figure 2.1) [39]. In addition to these molecular mechanisms, 

a multitude of factors have been identified as contributors to carcinogenesis. These factors 

include cellular mechanisms (genetic mutations, epigenetic mechanisms etc.) and environmental 

factors (smoking, diet etc.). It is imperative to consider the impact of multiple mechanisms on 

cancer, encompassing sex differences, hormonal variations, and genetic distinctions [40]. 
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Figure 2.1. Schematic overview of the hallmarks of cancer [39] (Created by BioRender.com 2025) 

Although BC is a heterogeneous disease at the molecular level, treatment methods have been 

developed to reduce this heterogeneity [7]. BC is caused by abnormal changes in the anatomical 

structures of the mammary gland that make up the mammary gland, fibrous tissue and fatty 

tissue. Mammary gland tumors can be benign, such as papillomas and fibroadenomas, or 

malignant, such as carcinomas [41]. All BC arise in the terminal duct lobular units of the 

collecting duct (the functional unit of the breast) (Figure 2.2). The terminal lobes (lobular) and 

ducts (ductal) of the mammary gland are the primary sites of origin for BC [7, 41].  
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Figure 2.2. Representation of female breast and initiation of BC with the cross-section view of the 

mammary duct (Created by BioRender.com 2025) 

BC, like most other solid tumors, has a stromal tumor microenvironment (TME) that 

promotes tumor growth and spread. BCs are known to be heterogeneous and abnormal tissues 

and are characterized by a tumor microenvironment [4]. The primary tumor cells have been 

observed to recruit and activate untransformed stromal cells, including fibroblasts, inflammatory 

and immune cells, to support the microenvironment [5]. For example, some BCs express 

estrogen receptors (ER), progesterone receptors (PR), and human epidermal growth factor 

receptor 2 (HER-2), while triple-negative breast cancers (TNBCs) do not express all three 

receptors [4]. 

Extensive studies have been ongoing for many years to identify specific risk factors for 

cancer formation. Although the cause of carcinogenesis is not known with certainty, some of the 

risk factors involved in cancer formation are listed in Table 2.1 [8]. Cancer can be affected by 

both modifiable and non-modifiable factors, individually or in combination. In recent years there 

has been a significant increase in both the morbidity and mortality rates of BC [8,42]. Studies 

suggest that reducing modifiable risk factors, especially for the most common types of cancer, 

could prevent 50% of cancer cases and is of crucial importance [6]. However, 10% of cases of 
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BCs are hereditary, and the different mechanisms involved, including family history and 

environmental factors, vary from patient to patient. Genetic mutations, particularly those 

affecting the BRCA1 and BRCA2 genes, have been identified as a major contributing factor to 

an elevated cancer risk. Genes such as ATM, CHEK2, PALB2, PTEN, STK11 and TP53 have also 

been reported to play a role in increased cancer risk [7,8]. 

Table 2.1. Risk factors of BCs [8] 

The subtyping of BC is of significance in understanding the prognosis of the disease and 

determining treatment strategies. Based on the presence or absence of hormone receptors (HR) 

and human epidermal growth factor (HER2), BC is divided into 4 main subtypes: (1) luminal 

A, (2) luminal B, (3) HER2-enriched, and (4) triple negative breast cancer (TNBC). Luminal A 

tumors (60-70% of patients) are expressed as estrogen receptor (ER) and/or progesterone 

receptor (PR) positive and HER2 negative. Luminal B tumors (15-20% of patients) are ER 

positive and can be PR negative. HER2-enriched tumors (10-15% of patients) are ER and PR 

negative characterized by overexpression of HER2. Triple negative tumors (15-20% of patients) 

are ER, PR, and HER2 negative [43, 44]. TNBCs with triple negative phenotypes have several 

Modifiable Factors Non-Modifiable Factors 

Hormonal replacement therapy Female sex 

Diethylstilbestrol Age 

Physical activity 
Family history  

(of breast or ovarian cancer) 

Overweight/obesity Genetic mutations 

Alcohol intake Race/ethnicity 

Smoking Pregnancy and breastfeeding 

Insufficient vitamin 

supplementation 
Menstrual period and menopause 

Excessive exposure to artificial 

light 
Density of breast tissue 

Intake of processed food Previous history of breast cancer 

Exposure to chemicals Non-cancerous breast diseases 

Other drugs Previous radiation therapy 
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molecular subtypes. These are; basal-like tumors (BL-1 and BL-2), claudin-low, mesenchymal 

(MES), luminal androgen receptor (LAR), mesenchymal stem cell-like (MSL) and 

immunomodulatory (IM) [44, 45]. Research has demonstrated the heterogeneity of BC. A 

comprehensive understanding of its subtypes is essential to identify the optimal clinical practices 

for treatment strategies. 

2.2. Breast Cancer Therapy Strategies 

In the field of breast cancer (BC) treatment, disease recurrence and resistance to treatment 

are paramount challenges. It has been observed that the disease recurs in approximately 30% of 

early-stage BC cases. Consequently, it is imperative to effectively treat each BC subgroup and 

to determine the most appropriate treatment. In order to select a personalized, safe and effective 

treatment, it is necessary to determine the grade, stage and molecular subtype of the cancer. [9]. 

BC treatment including surgery, chemotherapy, radiotherapy (RT), endocrine therapy, targeted 

therapy and immunotherapy, can be categorized under 2 main groups: local and systemic (Figure 

2.3) [10]. 

 

Figure 2.3. BC treatment strategies (Created by BioRender.com 2025) 

While the treatment of non-metastatic breast cancer is a local method based on surgery and 

radiaotherapy, the primary purpose of treatment is to prevent metastatic recurrence by excising 

the tumor from the breast tissue and regional lymph nodes [10,11].  The treatment of metastatic 
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BC is based on systemic therapy, which is in turn categorized as either preoperative 

(neoadjuvant), postoperative (adjuvant), or both. The overarching aim of such therapy is to 

prolong life and alleviate symptoms [11]. For patients with metastatic and non-metastatic breast 

cancer, the use of endocrine therapy, chemotherapy targeted therapies and immunotherapies 

provide additional support for the treatment of the disease [10].  

2.2.1.Surgery 

Two main local treatments for early invasive breast cancer are breast-conserving surgery 

(BCS) and mastectomy. BCS denotes the complete excision of the breast tumor, in conjunction 

with the surrounding healthy tissue. Mastectomy is defined as the complete removal of all breast 

tissue and is frequently associated with breast reconstruction [8]. Surgical removal of the 

axillary lymph nodes is a useful procedure for the detection and treatment of cancer cell spread 

[9]. The surgical management of cancer-affected lymph nodes involves two main approaches: 

sentinel lymph node biopsy (SLNB) and axillary lymph node dissection (ALND). However, 

although BCS appears to be beneficial for cancer patients, this treatment usually results in the 

removal of all breast tissue (mastectomy). It is therefore recommended that cancer patients 

receive mastectomy as their initial treatment [8]. 

2.2.2. Radiotherapy 

The primary purpose of radiotherapy is to treat diseases by inducing damage to the 

deoxyribose nucleic acid (DNA) in cancer cells through the utilization of radiation, such as X-

rays, gamma rays, electron beams or protons. Radiotherapy is employed in the treatment of non-

metastatic cancer cells, that is, cancer cells which have spread only in a specific area of the body. 

A variety of modalities and techniques are employed in the treatment of cancer patients. The 

main ones are three-dimensional (3D) conformal radiotherapy and intensity modulated 

radiotherapy (IMRT) [46]. Radiotherapy is typically recommended subsequent to surgery and/or 

chemotherapy. It is used to treat all subtypes of BC but is more common in TNBCs because 

there is no clear individualized treatment for TNBCs [9]. 
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2.2.3. Endocrine Therapy 

Endocrine therapy or hormone therapy is a common treatment for HR-positive invasive 

BC, with the aim of targeting either the ER or the process of estrogen synthesis [9]. The objective 

of hormone therapy is to either inhibit the expression of ERs or to reduce estrogen levels.  The 

sensitivity of endocrine therapy is directly related to the expression of hormone receptors. The 

drugs used for this purpose are classified under three main headings. The following substances 

are included in the group under discussion: selective estrogen receptor modulators (SERMs) 

(e.g. tamoxifen, toremifene) and selective estrogen receptor degraders (SERDs) (e.g. 

fulvestrant), which are responsible for blocking ERs; and aromatase inhibitors (AIs) (e.g. 

letrozole, anastrazole, exemestane), which are responsible for reducing estrogen levels [8].  

2.2.4. Targeted Therapy 

Targeted therapy, a highly effective treatment for BC, identifies and targets the 

overexpressed HER2+ protein, which is found on the surface of cancer cells. However, it is also 

employed in the treatment of HR+ breast cancer. The presence of HER2+ and HR+ breast 

cancers has been identified, yet this is not observed in cancer patients with TNBC who 

demonstrate a lack of biomarker expression [47]. Molecular targeted therapy is closely related 

to drugs that target signaling molecules, including HR, HER2, epidermal growth factor receptor 

(EGFR), vascular endothelial growth factor (VEGF), mechanistic target of rapamycin (mTOR) 

and cyclin-dependent kinase 4/6 (CDK4/6). The most prevalent of these pharmaceutical agents 

are HER2 inhibitors: trastuzumab, pertuzumab, etc.; AKT/mTOR inhibitors everolimus, 

buparlisib, etc.; poly (adenosine diphosphate-ribose) polymerase (PARP) inhibitors veliparib, 

talazoparib, etc.; CDK 4/6 inhibitors palbosiklib, abemasiklib, etc.; VEGF inhibitors 

bevasizumab, etc.; and immune checkpoint inhibitors pembrolizumab and avelumab, etc. [48]. 

2.2.5. Immunotherapy 

Immunotherapy does not constitute a recent approach to the treatment of BC, as certain 

monoclonal antibodies (mABs) have been utilized for the treatment of BC for a considerable 
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period. Monoclonal antibodies used in immunotherapy include checkpoint inhibitors (ICI), i.e. 

PD-1 and PDL-1 inhibitors, and antibody-drug conjugates (ADC), i.e. HER2-directed 

monoclonal antibodies. [49, 50]. Trastuzumab, the first monoclonal antibody to be used in the 

treatment of BC, was approved by the U.S. Food and Drug Administration (FDA) in 1998. The 

FDA currently approves drugs used in three different ICI categories. The pharmaceutical agents 

employed in this therapeutic modality include programmed cell death receptor 1 (PD-1) 

inhibitors (nivolumab, pembrolizumab, cemiplimab and dostarlimab), programmed cell death 

ligand-1 (PDL-1) inhibitors (atezolizumab, durvalumab and avelumab) and T-lymphocyte-

associated antigen-4 (CTLA-4) inhibitors (ipilimumab). TNBC, one of the subtypes of breast 

cancer, exhibits a very low response to endocrine therapy due to its inherent characteristics. 

Nevertheless, it is important to note that advancements in immunotherapy, in addition to ICIs, 

such as chimeric antigen receptor (CAR)-T cells, have led to notable therapeutic success in the 

management of TNBC [50, 51].  

2.2.6. Chemotherapy 

The first chemotherapeutic agent used in cancer treatment was nitrogen mustard. Research 

has demonstrated that the use of mustard gas during the World War II resulted in a reduction in 

the number of lymphocytes. Subsequently, nitrogen mustard and its derivatives, alkylating 

agents that bind to DNA, were utilized in cancer treatment [52]. As cancer cells divide 

uncontrollably, independent of environmental and cellular constraints, chemotherapeutic agents 

have been developed to target these characteristics of cancer cells. This process is vital in 

preventing invasion and metastasis. Nevertheless, given their propensity to impact normal cells, 

chemotherapeutic agents can induce toxic effects [12, 53]. 

Chemotherapy represents the most systemic approach in the treatment of BC, and can be 

administered in a range of settings, including neoadjuvant, adjuvant, combined or metastatic. 

Chemotherapeutics can be categorized into two distinct classifications based on their 

provenance: plant-derived and synthetic. Nevertheless, given the marked disparities in 

mechanism exhibited by chemotherapeutics, they are classified in accordance with their 
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chemical composition, mechanism of action and antagonistic agents (Figure 2.4) [13, 14]. 

Alkylating anti-neoplastic agents, anthracyclines, anti-metabolites and histone deacetylase 

inhibitors are chemotherapeutic agents that target intracellular DNA. The targeting of 

microtubule agents is focused on mitotic network inhibitors, while the targeting of angiogenesis 

inhibitors is centered on angiogenic factors. In addition, protein kinase inhibitors are designed 

to target kinases in signaling pathways [17].  

 

Figure 2.4. Chemotherapeutics and classification [17] (Created by BioRender.com 2025) 

The cellular targets of chemotherapeutic agents are classified according to their mechanisms 

of action (Figure 2.5). Alkylating agents are genotoxic agents in the oldest class of drugs used 

in BC chemotherapy. They generally exert their cytotoxic effect in a cell cycle-independent 

manner by alkylating reactive amines, oxygens or phosphates on DNA [14].  
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Figure 2.5. Mechanism of action of chemotherapeutic agents [54] (Created by BioRender.com 2025) 

Anti-metabolites can be defined as metabolic analogs that are capable of inhibiting 

biochemical processes. The primary targets of these enzymes are cell metabolism, DNA, RNA, 

and protein synthesis. Consequently, they exert cytotoxic effects that are specific to the S phase 

of the cell cycle during DNA synthesis. The process of cell proliferation is subject to inhibition 

through the incorporation of base analogs into DNA or RNA [17].  

Mitotic spindle inhibitors disrupt microtubule dynamics by inhibiting nuclear division. 

Therefore, they are mitosis-specific cytotoxic agents. Vinca alkaloids inhibit the polymerization 

of tubulin heterodimers, while taxane group drugs inhibit the depolymerization of microtubules, 

leading to mitotic arrest and inhibition of cell proliferation [55, 56, 57].  

Histone acetylation is one of the epigenetic modifications and histone deacetylases 

(HDACs) remove acetyl groups from histones [58]. HDAC inhibitors are characterized as non-

selective and selective HDAC inhibitors that inhibit all HDAC enzymes. HDAC inhibitors 
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increase reactive oxygen species in the cell, cause cell cycle arrest, trigger senescence, apoptosis, 

autophagy and differentiation, and inhibit angiogenesis [59, 60].  

Since proteasomes are involved in cell survival, DNA repair and proliferation of malignant 

cells, proteasome inhibitors are often used for the treatment of hematologic malignancies. 

Proteasome inhibitors exert a cytotoxic effect, especially where protein turnover is high. The 

cytotoxic effect of this inhibition leads to the degradation of the Nuclear Factor kappa B (NF-

kB) inhibitor IkBŬ protein and thus inhibition of the NF-kB signaling pathway [61]. 

Topoisomerases are enzymes involved in the maintenance of the 3D structure of DNA, 

replication and transcription. Topoisomerase (TOPO) inhibitors cause DNA damage mainly by 

inhibiting the activity of topoisomerase enzymes. Depending on the number of strands after 

DNA damage, TOPO inhibitors are divided into two classes: type I and II. These inhibitors bind 

to DNA, break the phosphate backbone of the DNA strand and inhibit the enzyme activity, thus 

preventing DNA replication [13, 14].  

2.2.6.1. Doxorubicin (Adriamycin) 

 Doxorubicin (Dox), an anthracycline antibiotic, is a topoisomerase II inhibitor produced by 

the bacterium Streptomyces [15]. These agents are also referred to as DNA intercalating agents, 

a term given because of their ability to intercalate double-stranded DNA. Dox was the first drug 

identified in this group and the second anthracycline group drug to be identified. Although Dox 

has a wide clinical use against different solid and hematologic malignancies, it shows high 

cardio toxicity and other side effects [16,17]. 

Dox exerts cytotoxic effects on cancer cells through 3 main pathways (Figure 2.6). First, it 

causes DNA damage by inhibiting topoisomerase II. Topoisomerase II stops the enzyme reaction 

cycle resulting in DNA chain breaks occur at the point where the cycle begins to reassemble. 

Second, DNA intercalation inhibits cell proliferation by stopping replication and transcription. 

Third, it causes lipid peroxidation resulting in the formation of reactive oxygen species (ROS), 

consequently DNA damage. Membrane structure disruption and mitochondrial disfunction as a 
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result of oxidative stress during cytochrome p450-mediated biotransformation is the reason for 

the high cardio-toxic effect of Dox [16, 17].  In a study, Ashley and Poulton [18] utilized 

fluorescent DNA probe to ascertain that Dox does not merely interact with nuclear DNA, but 

also with mitochondrial DNA. In summary (Figure 2.6), Dox causes inhibition of cell 

proliferation, arrest in the G2/M phase, DNA damage, and apoptosis by affecting the p53 

signaling pathway. 

 

Figure 2.6. Cytotoxic effects of Dox on cancer cells (Created by BioRender.com, 2025) 

Although Dox is an effective chemotherapeutic agent, drug resistance in addition to the 

problem of high cardiotoxicity is an important problem that makes it difficult to apply in the 

clinic. With the emergence of tumor cells resistant to chemotherapeutic agents, most drug-

resistant tumor cells also show resistance to more anticancer drugs with different structures and 

mechanisms of action [19].  It is highly common to use chemotherapeutic agents in combination 

with different cytotoxic agents to improve the response rate of chemotherapy in patients with 

multidrug resistance (MDR).  
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2.2.6.2. Combination Chemotherapy 

 In the clinical settings, conventional topoisomerase (TOPO) inhibitors exhibit significant 

dose-limiting toxicity due to their adverse effects and restricted applicability, and cancer cells 

often develop resistance to these drugs. In addition, when drugs targeting TOPO II (e.g. Dox) 

are used, they can induce secondary malignancies. Combination chemotherapy using drugs 

targeting topoisomerases combined with other drugs is used to improve the efficacy of cancer 

treatment and reduce side effects [62].   

 Combination chemotherapy is an effective treatment modality, with the advantage that it 

reduces systemic toxicity by combining low doses of anti-cancer drugs [17]. While a synergistic 

(beneficial) effect may occur with reduced toxicity and resistance, an antagonistic (harmful) 

effect may occur when the same drug is used at different doses. The combination of anti-cancer 

drugs has been shown to result in a synergistic or adaptive effect, with the patient being exposed 

to a reduced amount of chemotherapy. Furthermore, this combination prevents the development 

of MDR and ensures that normal tissues are exposed to a reduced level of toxic effects [20]. The 

general principles of this treatment are: 1) drugs that do not have the same toxic effects should 

be selected, 2) drugs in combination should not show cross-drug resistance by having different 

mechanisms of action, 3) drugs should be effective even when used alone, 4) treatment should 

be initiated at an early stage in cancer patients, and 5) the number of days without treatment 

should be minimal while chemotherapy treatment is ongoing [21, 22]. 

 Using cell culture studies, the dose-dependent effects of the drugs to be used in combination 

therapy can be determined. With these studies, the best combination that provides anti-

proliferative effect is determined by controlling the dose and application time [63]. Depending 

on the doses of drugs in drug combinations, synergistic, antagonistic and additive effects may 

occur. Synergistic, additive or antagonistic effects refer to the cell proliferation inhibitory effect 

being very high, equal or lower, respectively, than the effects caused by different drugs when 

they are administered together [21, 22, 63, 64]. 
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 The combination index equation (CIE) and combination index (CI) are the most widely used 

methods to calculate drug interaction, and this method was developed by Chou and Martin. As 

a result of this method developed by Chou and Martin, CI<1 is considered synergistic, CI=1 as 

additive, and CI>1 as antagonistic effect (Figure 2.7) [65,66].  

 

Figure 2.7. Isobologram is an iso-effect curve graph, the interaction graph of combinations of drugs A and B at 

different concentrations [17] (Created by BioRender.com, 2025) 

2.3. Multi-Drug Resistance (MDR)  

Cancer recurrence during or after chemotherapy treatment is a prevalent issue, representing 

one of the most significant challenges to the efficacy of treatment. Multidrug resistance (MDR) 

is defined as the development of tumor resistance to different chemotherapeutic agents after 

exposure to a single chemotherapeutic agent [23]. MDR can also develop against drugs that are 

structurally dissimilar to each other and have not previously been used for treatment. 

Combination chemotherapy is generally used to achieve successful cancer treatment. However, 

intrinsic or acquired drug resistance complicates treatment [24]. Two main factors contribute to 

this difficulty: host factors and genetic factors in the cancer cell [67]. The evolving drug 

resistance of cancer cells has been associated with a number of different mechanisms, including 

decreased or increased intracellular drug accumulation, irregularities in drug metabolism and 
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distribution (autophagy), changes in apoptotic pathways and cell cycle, decreased drug-target 

association, genetic mutations and changes in resistance genes, epithelial mesenchymal 

transition (EMT) or multidrug resistance gene 1 (MDR1) [23, 25] (Figure 2.8).  

 

Figure 2.8. Mechanisms of drug resistance (Created by BioRender.com, 2025) 

There are major mechanisms that have been identified for cancer cells to become drug 

resistant. These mechanisms include alteration of drug targets, drug efflux, DNA damage repair, 

inhibition of cell death, EMT and epigenetic effects (Figure 2.9). Stromal cells have been 

demonstrated to signal EMT and the reversal of drug resistance. Cell-cell adhesion molecules 

found in stromal cells and extracellular matrix proteins bind to adhesion molecules in cancer 

cells, resulting in the secretion of various factors [68]. 
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Figure 2.9. Mechanisms by which a cancer cell must have drug resistance [69] (Created by BioRender.com, 

2025) 

Intrinsic resistance is a mechanism of resistance that is present prior to treatment and leads 

to reduced efficacy of treatment. Several studies suggest that intrinsic resistance may arise due 

to (a) inherited genetic changes that cause most tumor cells to be less responsive to 

chemotherapy and target drugs, (b) unresponsive subpopulations such as cancer stem cells, or 

(c) removal of anticancer drugs through activation of intrinsic pathways. It reduces the initial 

efficacy of the drug, regardless of the person's prior exposure to the chemotherapeutic agent [70, 

70, 71]. Acquired resistance is a mechanism of resistance that results from the reduced efficacy 

of chemotherapeutic agents with the recurrence of chemotherapy treatment. Acquired resistance 

can arise through (a) activation of a second proto-oncogene that acts as a nascent driver gene, 

(b) alteration of drug targets to reduce recognition, and (c) changes in the TME [71, 72]. 

MDR limits the efficacy of many cytotoxic and chemotherapeutic agents, especially 

anthracyclines. At the cellular level, there are mechanisms that repair drug-induced DNA 

damage, activation of efflux pumps such as adenosine triphosphate (ATP)-dependent 
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transporters or reduced drug entry, activation of detoxifying proteins such as cytochrome P450 

mixed-function oxidases, and numerous other active resistance mechanisms [73].  

In vitro, drug-resistant model cell lines can be obtained by selecting tumor cells at increasing 

drug concentrations. In our previous studies, MCF-7 breast cancer cell lines resistant to different 

drugs such as paclitaxel, docetaxel, vincristine, doxorubicin and zoledronic acid were developed 

[74, 75], and these cell lines were found to be resistant to variety of drugs in addition to their 

selective agents [54]. Our studies have shown that the MDR phenotype in the developed cell 

lines may be related to multiple molecular mechanisms. 

2.3.1. Drug Efflux Mediated Resistance  

 One of the most common causes of MDR is changes in drug transport mechanisms. Due to 

their flow properties, ATP-binding cassette (ABC) transporters have important roles in normal 

physical conditions. Their primary function is to facilitate the absorption, distribution, 

metabolism and excretion (ADME) of endogenous and exogenous substances. Cells can prevent 

excessive accumulation of toxins by utilizing the ABC transporter efflux mechanism [76]. With 

overexpression of ABC transporter proteins in tumor cells, chemotherapeutic agents are pumped 

out of the cell decreasing drug accumulation inside the cell [25]. ABC transporters are composed 

of two nucleotide binding domains (NBD) and two transmembrane domains (TMD). The TMD 

helps transport of substances by forming a channel structure in the membrane. NBD is the site 

of ATP binding and is responsible for the hydrolysis of ATP, which is essential for the 

functioning of ABC proteins. ATP hydrolysis at NBD leads to a conformational change in the 

protein and the excretion of chemotherapeutic agents out of the cell [77, 78]. P-glycoprotein (P-

gp/ABCB1/MDR1), multidrug resistance-related proteins (MRPs/ABCCs), lung resistance 

protein (LRP/MVP), and breast cancer resistance protein (BCRP/ABCG2) are involved in the 

development of MDR. 
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2.3.1.1  P-glycoprotein (P-gp) 

 P-gp is one of the first members of the ABC transporter family to be discovered. It is encoded 

by the MDR1/ABC subfamily B, member 1 (ABCB1) gene on chromosome 7q21.1 [79]. Cell 

membrane-localized 170 kilodalton (kDa) protein has two regions that cross the cell membrane 

six times and two nucleotide-binding sites and uses ATP energy to pump xenobiotics out of the 

cell [80]. Overexpression of P-gp is highly correlated with MDR and is one of the most widely 

studied proteins in cancer research. This protein, which is involved in intracellular transport, 

functions as a two-way pump, thereby enabling the uptake of drugs into the cell at a reduced 

rate and their excretion from the cell at an increased rate [81, 82]. P-gp removes structurally and 

functionally diverse hydrophobic chemotherapeutic agents from cancer cells, resulting in 

reduced intracellular drug accumulation [13].  

2.3.1.2  Multidrug Resistance Related Proteins (MRP) 

 MRP (ABCC), ABC subfamily C, was first identified in 1992 as a GS-X pump capable of 

transporting cancer drugs [83]. The ABCC family consists of 13 proteins, nine of which are 

associated with MRP (designed from MRP1 to MRP9) and the remaining three with cystic 

fibrosis transmembrane conductance regulator (CFTR/ABCC7) and sulfonylurea receptors 

(SUR1/ABCC8 and SUR2/ABCC9) [84]. These proteins range in weight from 180-195 kDa 

[85]. The MRP family differs in structure, membrane localization and substrate specificity. 

MRPs are responsible for the extracellular excretion of various organic anions, endogenous 

compounds, xenobiotics, and their glucuronate, sulfate, and glutathione conjugates [86]. Though 

the ABCC protein family is similar to P-gp in function, MRP selectively reduces the 

accumulation of antineoplastic drugs inside cells by exporting them in a unidirectional, ATP-

driven manner.  

2.3.1.3  Breast Cancer Resistance Protein 

 The breast cancer drug resistance protein (BCRP (ABCG2)), a member of the ABC 

transporter protein family, was identified by Doyle et al. in 1998 in doxorubicin-resistant MCF-
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7 breast cancer cells and is one of the last members of the ABC transporter family to be 

discovered [87, 88]. Cancer cells show resistance to various chemotherapeutic agents such as 

topoisomerase I inhibitors and antifolates because of BCRP overexpression [89].  In humans, 

this protein is located on chromosome 4q22 and weighs 72 kDa. Structurally, unlike P-gp, BCRP 

has a single TMD and single NBD content and has half-transporter properties as it consists of 

six membrane-spanning domains [78, 90]. Unlike other ABC transport protein family members, 

BCRP has a wide range of substrate specificity. Although the number of these substrates exceeds 

200, studies to analyze the structure-activity relationship (SAR) are insufficient [90]. 

2.3.2. Lung Resistance Protein (LRP/MVP) 

 Lung resistance protein (LRP/MVP) is not a member of the ABC transport protein family 

because it functions as an ATP-independent molecular pump. In a 1993 study by Scheper et al., 

LRP was identified within the nuclear membrane of lung cancer cells exhibiting MDR 

(multidrug resistance) selective resistance to doxorubicin (a combination of doxorubicin, 

vincristine, and etoposide) [91]. It is a 110-kDa vesicular protein encoded by the human 16p11.2 

locus. In the absence of expression, the LRP is involved in the transport of substances such as 

hormones and mRNAs within the cell. This process is facilitated by the vesicles that are formed 

by the LRP [92]. Overexpression of LRP can lead to resistance to various chemotherapeutic 

agents, including doxorubicin, mitoxantrone, vincristine and etoposide (Ross, 2000). In addition 

to lung cancer, LRP overexpression is also seen in many cancer cells such as acute myeloid 

leukemia, B-cell lymphoma, gangliogliomas, astrocytic brain tumors and gliomas [23, 92].  

2.3.3. Drug Resistance Acquired by Alterations in the Apoptotic Pathways 

 Resistance to chemotherapeutic agents may be caused by molecular changes that decrease 

the apoptosis ability of cancer cells. Apoptosis and autophagy are two regulatory events involved 

in cell death [69, 93]. Apoptosis is critical for various processes, including development, tissue 

homeostasis, and eliminating damaged or unwanted cells without causing any inflammation 

[94]. Autophagy is also a process that maintains homeostasis by clearing damaged components, 

recycling nutrients, and providing energy during different periods of stress [95]. Apoptosis is 
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defined as the process by which cells undergo programmed cell death, also known as the 'suicide 

pathway' [69, 93]. The process of apoptosis can be explained by two main mechanisms; the 

extrinsic pathway which is activated by death receptors on the cell surface, and the intrinsic 

pathway, which is initiated by various signaling mechanisms related to mitochondrial 

dysfunction [96].  

 Studies have also identified a large number of genes encoding regulators involved in 

apoptotic pathways representing oncogenes or tumor suppressor genes [93]. Drug-resistant 

cancer cells express survival proteins, which inhibit apoptosis and allow the cells to escape death 

[96]. Pro-apoptotic molecules push for cell death, while pro-apoptotic molecules try to prevent 

it - creating a dynamic balance that helps maintain overall cellular health [93, 97]. Concordantly, 

increase in pro-apoptotic proteins levels such as Bcl-2, Bcl-xL, Mcl-1, A1/Bfl1 and survivin, 

decrease in pro-apoptotic levels such as Bax, Bad, Bid, Bak, Bim, Puma, Bcl-xS, Noxa play 

important roles in resistance to apoptosis. At the same time, increased activity of the 

transcription factor NF-əB and the response to cytotoxic agents and tumor necrosis factor (TNF) 

are important factors for drug resistance [93, 97]. In other words, cytotoxic drugs activate both 

death and survival signals simultaneously. Apoptosis-targeted therapies can only be selective 

based on the cancer cell's overuse of these pathways. 

2.3.4. Changes in Cell Cycle and Drug Resistance 

 The regulation of the cell cycle and apoptosis involves intricate networks of interacting 

proteins that coordinate cellular proliferation and programmed cell death. In the context of 

chemotherapy, the emergence of cell cycle-dependent drug resistance represents a significant 

challenge that must be addressed to ensure the efficacy of treatment regimens. The cell cycle is 

regulated by cyclin-dependent kinases (CDKs). It is acknowledged that there are nine distinct 

types of CDKs (CDK1-CDK9), yet not all of these have a clearly defined role in the cell cycle. 

Cyclins are a family of proteins that work in complex with CDKs. Cyclins are classified into 

distinct types, including A, B, D and E, which are implicated in various phases of the cell cycle. 

The presence of cyclins has been demonstrated to help activate CDKs [98]. Checkpoints within 



25 

 

the cell cycle function as surveillance systems that can detect damage to DNA, halt the cell 

cycle, and thus provide the cell with an opportunity to repair the damaged DNA. Mammalian 

cells are equipped with two primary checkpoints: G1 before S entry and G2 before mitotic entry. 

A pathway involving chk1 is responsible for G2/M arrest. The mitotic kinase CDC2-cyclin B is 

inhibited as a result of the chk1 signaling pathway [99]. An important control point in the cell 

cycle, the transition from G1 phase (the initial gap phase) to S phase (the synthesis phase in 

which DNA is replicated) is regulated by the retinoblastoma tumor (pRb) suppressor gene. 

 Additive and synergistic cytotoxicity has been noted when flavopyridol is administered after 

treatment with numerous common chemotherapeutic drugs, including cisplatin, topoisomerase 

I and II inhibitors and alkylating agents. These drugs are able to successfully leave cyclic cells 

in S phase by causing a delay in S phase. The combination of co-therapy, comprising drugs 

targeting checkpoints in the cell cycle and conventional chemotherapy drugs, has the potential 

to produce synergistic effects. The combination of CDK inhibitors and checkpoint abrogators 

has the potential to inhibit cell proliferation by inducing DNA damage. It is imperative to note 

that a combination of cell cycle and checkpoint modulators with genotoxic therapies will be 

crucial in order to circumvent the potential for excessive toxicity and adverse side effects [100].  

2.3.5. DNA Damage Repair and Drug Resistance 

 Dysregulation of proteins involved in DNA repair mechanisms in normal cells leads to 

genomic instability, which is one of the main features of cancer [3]. Cells have evolved to show 

excessive DNA damage response (DDR) mechanisms to escape genomic instability. DDR refers 

to the complex protein relationship that recognizes damage and repairs DNA. Cancer cells 

initiate DNA repair mechanisms in response to DNA damage caused by chemotherapy and 

radiotherapy [101, 102]. Chemotherapeutic agents induce a cellular response and produce 

multiple lesions. Ionizing radiation (IR), anthracyclines, platinum compounds, and taxanes can 

cause DNA double-strand breaks (DSBs), single-strand breaks (SSBs), and oxidized bases. 

When DNA damage is irreversible, all these lesions trigger biological responses that involve a 

wide range of pathways, including apoptotic and other cell death pathways, DNA repair 
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pathways, DNA tolerance mechanisms and coordinated networks that relate repair and cell cycle 

progression [103]. 

 Among the DNA repair pathways, O6-alkylguanine DNA alkyltransferase (MGMT) has 

been shown to facilitate direct repair of alkyl adducts. Base excision repair (BER) has been 

demonstrated to repair base damage and SSBs. Furthermore, nucleotide excision repair (NER) 

has been observed to repair bulky DNA adducts. In addition, DNA interstrand cross-link repair 

has been shown to fix cross-links, while DNA mismatch repair has been observed to fix 

mismatches and insertion/deletion loops. Finally, homologous recombination (HR) and non-

homologous end joining (NHEJ) have been demonstrated to repair DSBs [103, 104]. 

 Drug resistance can develop against chemotherapeutic agents that target the DDR repair 

mechanisms. The use of therapeutic agents targeting the DDR repair mechanism have emerged 

as a critical strategy to prevent resistance to other DNA-targeting drugs, such as DOX [105].  

The combination of DDR inhibitor mechanisms with DNA-damaging chemotherapeutic agents 

has been demonstrated to induce sensitization in cancer cells and improve the therapeutic 

efficacy [69]. 

2.3.6. Epithelial-Mesenchymal Transition 

 Epithelial-mesenchymal transition (EMT) is the process by which cells of epithelial origin 

lose their epithelial properties and polarity and acquire a mesenchymal phenotype with increased 

migratory behavior [106]. A strong association of EMT with cancer cell growth, invasion and 

metastasis was discovered in adriamycin-resistant MCF-7 cells in the early 1990s. A plethora of 

studies have demonstrated that EMT occurs during embryonic development, organ formation, 

tumor metastasis and MDR [107]. Following the acquisition of EMT properties, cells reorganize 

the actin cytoskeleton, the expression of intercellular adhesion proteins such as E-cadherin and 

occludin decreases, the expression of mesenchymal markers such as vimentin, fibronectin and 

N-cadherin increases, and the activity of matrix metalloproteinases (MMPs), which are 

associated with an invasive phenotype, increases. The tumor microenvironment has an important 

role in EMT induction and tumor metastasis [108].   
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 With increasing studies, tumor cells can become more resistant to chemotherapeutic agents 

with the presence of distinctive genes of EMT such as Notch, Twist and TGF-ɓ. This has 

strengthened the theory that tumor cells will become resistant after EMT [107].  Saxena et al. 

[109] found that the ABC transporter family has distinct binding sites for several EMT-inducing 

transcription factors, including Twist, Snail, Slug and FOXC2. These genes induce changes in 

genes involved in drug resistance and increase cell invasion and metastasis [108].  

 The utilization of chemotherapeutic agents does not induce alterations in the tumor 

microenvironment, resulting in the apoptosis of cells exhibiting EMT characteristics. The 

efficacy of the drugs used is reduced by the EMT feature, and the development of cancer cells 

with MDR phenotype is also caused [107]. The fact that EMT possesses extensive and complex 

signaling pathways offers a wide spectrum for new drug development. 

2.3.7. Epigenetics and Drug Resistance 

Epigenetic changes are inherited changes in gene expression without any alteration of the 

DNA sequence. The DNA is packaged together with histone proteins into a more organized 

structure called chromatin. Genetic information is interpreted by mechanisms involving 

modifications of DNA and histones. Gene inactivation by DNA methylation can occur at higher 

rates than inactivation of the same gene by mutation. If drug resistance is acquired through the 

mechanism of inactivation of a gene, it is highly probable that this event is mediated by DNA 

methylation [110]. Although the majority of drug resistance mechanisms are thought to be 

related to genetic alterations, some studies have found that DNA and histone modifications are 

involved in mechanisms such as increased drug efflux, silencing of apoptotic genes and DNA 

repair [111].  

Studies have shown that the use of demethylation and re-expression of tumor suppressor 

genes can re-sensitize drug-resistant cancer cells to these drugs. The combination of 

conventional chemotherapeutic agents with epigenetic drugs has been shown to reduce the 

likelihood of cancer recurrence and to offer a novel strategy for overcoming drug resistance 

[69].  
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2.4. Drug Repositioning 

Drug repositioning strategy is defined as the adaptation of an existing drug in clinical use to 

a new indication through structural modification. This strategy accelerates the discovery process 

of a drug and enables the use of drugs with lower cost and fewer cytotoxic effects for different 

purposes. In this context, two main advantages of drug repositioning emerge: 1) low cost and 

accessibility, 2) toxicity and pharmacological information. However, this strategy does not cover 

any structural change to a previously approved drug. Many drugs are repositioned and used in 

the treatment of cancer, skin, infectious, neurodegenerative, and inflammatory diseases (Figure 

2.10). Older drugs are still being investigated for different cancer treatments and have been 

found to have potential anti-cancer properties [33, 34]. The testing and repositioning of drugs 

that are no longer utilized for cancer treatment, but which possess anti-cancer properties and 

fewer side effects, has proven to be an encouraging strategy for cancer treatment. 

 

Figure 2.10. Repurposed drugs [37, 112] (Created by BioRender.com 2025) 
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Introduced in 1899 as a pain reliever, acetylsalicylic acid (aspirin) is the oldest example of 

a drug repositioning strategy. Aspirin was repositioned in the 1980s as an antiplatelet at low 

doses. Since this drug is responsible for COX-2 inhibition, it has been shown that it can also be 

repositioned for the field of oncology. Because in cancer patients aspirin is thought to block the 

pro-apoptotic effect of COX-2 and promote apoptosis in cancer cells [34].  The repositioning of 

the drug metformin has been controversial in recent years. Although metformin was not 

designed on the basis of anti-cancer mechanisms, various studies have proven that it can inhibit 

the proliferation of tumor cells. At the same time, a synergistic effect has been reported when 

metformin is used in combination with chemotherapeutic agents [33]. 

The repositioning of antihypertensive drugs such as ɓ-blockers has yielded significant 

results in this context [33].  There is growing clinical evidence on the efficacy and use of 

propranolol in the treatment of severe infantile hemangiomas [35, 36]. Emerging evidence for 

the role of ɓ-AR (ɓ-adrenergic receptors) stimulation in hemangiomas and tumor cells has raised 

the question of whether ɓ-AR blockers play a regulatory role in cancer cell proliferation and 

migration/invasiveness. Studies have shown that inhibition of norepinephrine stimulation of 

lung adenocarcinoma and colon carcinoma, ovarian and pancreatic cancer cells by propranolol 

exerts anti-proliferative, anti-migratory and cytotoxic effects on the cells. Recent clinical 

evidence has shown that the use of ɓ-blockers before diagnosis or concurrently with 

chemotherapy may improve survival and reduce metastasis rates in cancer patients. Previous 

findings mainly emphasize the inhibitory effect of ɓ-AR blockers on 

norepinephrine/epinephrine-induced cell proliferation and migration [37]. 

2.5. ɓ-Adrenergic Receptors 

G-protein coupled receptors (GPCRs) constitute the largest family of cell surface receptors. 

The majority of reactions to signals from the external world and from other cells, such as 

hormones, neurotransmitters, and local mediators, are mediated by them [113]. GPCRs are a 

receptor superfamily with seven transmembrane Ŭ-helical domains and cooperate with 

heterotrimeric G proteins [37]. They form a cylindrical structure by moving back and forth seven 
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times across the double lipid layer. They have a deep ligand binding site and consist of a single 

polypeptide chain. G-proteins consist of 3 main subunits: Ŭ, ɓ, and ɔ. When the GPCR is 

activated by a signaling molecule, GDP bound to the Ŭ subunit is released and GTP binds 

instead. GTP binding to the GŬ subunit causes a conformational change, allowing it to separate 

from the Gɓ/ɔ pair. The separated subunits interact with various targets in the plasma membrane 

such as enzymes and ion channels [113]. 

Beta-adrenergic receptors (ɓ-adrenoreceptors; ɓ-AR) are the members of the G-protein-

coupled adrenergic receptor family. Adrenergic receptors are classified into two main groups 

according to their structure and function: Ŭ and ɓ receptors. Ŭ receptors are subdivided into Ŭ1A, 

Ŭ1B, Ŭ1D, Ŭ2A, Ŭ2B and Ŭ2C; ɓ receptors are subdivided into ɓ1, ɓ2 and ɓ3. [114]. The Ŭ and ɓ 

receptors differ in their intracellular pathways, G-proteins, secondary messengers, cellular and 

physiological responses upon stimulation. The term "molecular stimuli of receptor response" is 

used to denote agonists. Although adrenergic receptors can be stimulated by catecholamine 

group agonists (i.e. noradrenaline, adrenaline and dopamine) or non-catecholamine agonists, 

stimulation of Ŭ and ɓ receptors in different tissues results in different physiological responses. 

Consequently, the physiological response is characterized by the relaxation of vascular smooth 

muscle, which is brought about by the inhibition of Ŭ1-AR stimulation, resulting in a reduction 

in cardiac contraction and force. It is evident that this effect constitutes a beneficial feature in 

the clinical management of hypertension [115].  

There are studies showing that ɓ-AR stimulation of stromal cells in the tumor 

microenvironment promotes tumor growth and metastatic spread and negatively affects survival 

(Sloan et al. 2010; Campbell et al., 2012). ɓ-ARs are stimulated by adrenaline and noradrenaline 

stimulation and activation of adenylate cyclase occurs with norepinephrine/epinephrine binding. 

Activation of adenylate cyclase leads to intracellular synthesis of cyclic adenosine 

monophosphate (cAMP) and increased synthesis of cAMP leads to phosphorylation of protein 

kinase A (PKA) and activation of exchange protein directly activated by cAMP/cAMP-regulated 

guanine nucleotide exchange factors (EPAC). This activation leads to positive regulation of 

important transcriptional regulators of cellular survival pathways (such as CREB, AP-1, and 



31 

 

ETS) and affects inflammation and angiogenesis [115, 116] (Figure 2.11). In addition, PKA-

dependent activation of BAD, a member of the Bcl-2 regulatory protein family, decreases the 

apoptotic tendency of cells, thereby opening tumorigenesis pathways [28]. 

 

Figure 2.11. Signal transduction via b-AR receptors (Created by BioRender.com 2025) 

2.6. ɓ-adrenergic Receptor Antagonists (ɓ-blockers) 

ɓ-adrenergic receptor antagonists that inhibit the response (activation) of adrenergic 

receptors are also called ɓ-blockers. ɓ-blockers inhibit the ɓ1-AR and ɓ2-AR pathways [117]. 

Today, some ɓ-blockers such as labetalol are known to be both Ŭ-AR and ɓ-AR antagonists 

[118]. ɓ-blockers were one of the first alternatives used in the treatment of hypertension. They 

include drugs commonly used for the treatment of cardiovascular conditions such as 

hypertension, abnormal stress and ischemic heart failure [119].  

ɓ-blockers reduce the activity of the sympathetic nervous system through blockade of ɓ-AR 

subtypes. ɓ-blockers are classified into three main classes: non-selective, ɓ1 selective, with alpha 

blocking activity. Various ɓ-AR antagonists with different pharmacologic and hemodynamic 
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properties have been developed and there are 3 generations of ɓ-blockers. First generation ɓ-

blockers (propranolol and timolol, etc.) are non-selective and block ɓ1-ɓ2 receptors 

simultaneously. Second generation ɓ-blockers (metoprolol, bisoprolol, etc.) are cardioselective 

agents. Because they show higher affinity for ɓ1 receptors than ɓ2.  Third generation ɓ-blockers 

(carvedilol, bucindolol, etc.) show ɓ1-selective properties [30, 120]. Common and mainly used 

ɓ-blockers and their selectivity are given in Table 2.2. AR antagonists have important effects on 

selective and non-selective AR-mediated signaling mechanisms and cellular processes. 

Table 2.2. AR antagonists and their receptor selectivity (modifed from Reshia and Dhalla [120]) 

  
Adrenergic antagonist Receptor selectivity 

Alpha (Ŭ)-antagonist 

Prazosin, doxazosin, tamsulosin Ŭ
1
 

Phenoxybenzamine Ŭ
1
 > Ŭ

2
 

Phentolamine Nonselective Ŭ 

Yohimbine Ŭ
2
 

Beta (ɓ)-antagonist 

Metoprolol ɓ
1
 

Atenolol ɓ
1
 

Acebutalol ɓ
1
 

Betaxolol ɓ
1
 

Esmolol ɓ
1
 

Propranolol Nonselective ɓ1/ ɓ2 

Carteolol Nonselective ɓ1/ ɓ2 

Timolol Nonselective ɓ1/ ɓ2 

Butoxamine ɓ
1
 

Mixed antagonist 

Labetalol Nonselective ɓ1/ ɓ2 

and selective Ŭ
1
 

Carvedilol Nonselective ɓ1/ ɓ2 

and selective Ŭ
1
 

 In studies on breast cancer, prostate carcinoma, malignant melanoma, leukemia and mouse 

models, ɓ-AR antagonists have been found to block increased tumor progression and/or 

metastasis without affecting tumor growth or tumor cell proliferation. Various cellular and 

molecular pathways mediating ɓ-AR effects on tumor progression have also been discovered 
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[28]. Recent clinical evidence suggests that the use of ɓ-blockers in cancer patients in 

combination with chemotherapy or before the diagnosis of the disease increases survival and 

reduces the rate of metastasis [121, 122, 123]. 

2.6.1. Propranolol 

 Developed in 1964 by James Black, propranolol was the first ɓ-blocker used in clinical trials. 

This drug is widely and primarily used in the treatment of hypertension. Propranolol, a 

nonselective ɓ1/ ɓ2 blocker, is highly lipophilic and can cross the blood-brain barrier (BBB) [30] 

(Figure 2.12). Apart from the treatment of hypertension, propranolol is frequently used in the 

treatment of heart diseases, migraines, sepsis, hypermetabolic syndrome and Alzheimer's-

related akathisia [37].  

 

Figure 2.12. Chemical structure of propranolol [125]. 

 Propranolol blocks ɓ-AR sites and inhibits receptor-mediated sympathetic effects. While 

complete absorption occurs because of oral administration, only 25% of the drug is absorbed 

into the systemic circulation. It has a large volume of distribution in the circulation and binds 

90% to plasma proteins [30, 125].  

 Although its anticancer effects are not fully understood, studies have found a reduced risk 

of head, neck, stomach, colon and prostate cancer in patients taking propranolol. Studies have 

shown that inhibition of norepinephrine stimulation of lung adenocarcinoma and colon 

carcinoma, ovarian and pancreatic cancer cells by propranolol showed antiproliferative, 

antimigratory, and cytotoxic effects on the cells [37]. Following the recent study of the efficacy 
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of propranolol in the treatment of severe infantile hemangioma, studies on the anticancer 

properties of ɓ-blockers have rapidly increased [126].  

 In our previous study [29], we showed that propranolol decreased the proliferation, 

migration and invasive behavior of MCF-7, HT-29 and HepG2 cells to varying degrees 

depending on the concentration and duration of treatment. It has also been shown that ɓ1-AR is 

expressed at higher levels in MCF-7 cells than in HT-29 cells. The inhibitory concentrations 50 

(IC50) of propranolol on MCF-7 was 158 ɛM, 51 ɛM, and 30 ɛM for 24, 48, and 72 h treatments, 

respectively. Treatment with 100 ɛM propranolol and ɓ2-selective ICI118,551 for 48 and 72 

hours reduced the migration of MCF-7 cells. In addition, propranolol and ICI118,551 were 

found to inhibit invasion and cell migration more than ɓ1-selective atenolol. Propranolol, a ɓ-

blocker drug class, has been shown to reduce the proliferation of cancer cells when administered 

in different cancer types in a time- and dose-dependent manner. However, cytotoxicity and 

molecular studies of propranolol associated with drug-resistant cells were not found in the 

studies. 

2.6.2. Labetalol 

 Labetalol, a nonselective ɓ1/ ɓ2 and selective Ŭ1, is a peripheral antagonist and 

antihypertensive agent (Figure 2.13). While recently developed this drug shares a similar 

mechanism of action to propranolol among ɓ-blockers. However, its blocking activity is 

approximately one-fourth less potent than propranolol's [31, 32].  Similar to propranolol, only 

about 25% of labetalol enters systemic circulation, and it has an elimination half-life of 

approximately 6 hours [127]. 
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Figure 2.13. Chemical structure of labetalol [128]. 

 This results in a more beneficial hemodynamic profile for labetalol when compared with 

'pure' ɓ-blockers or pure Ŭ-blockers. However, it also contributes to a wider range, but not an 

overall increased incidence of side effects. Although comparative studies have not been 

extensive, available data suggest that the drug reduces blood pressure to a similar extent and at 

a similar rate as 'pure' ɓ-blockers such as propranolol, pure Ŭ-blockers such as prazosin, calcium 

antagonists (nifedipine, verapamil) and centrally acting drugs (clonidine and methyldopa) [128]. 

 Labetalol has been shown to reduce cell growth in some cancer cells. A study showed a 

significant interaction of labetalol with the CDC20 protein in the HepG2 liver cancer cell line. 

In addition, labetalol was found to inhibit the growth of HepG2 cells in a concentration-

dependent manner and had an IC50 value of 200 ɛL/mL. After 24 hours, significant changes in 

the results were seen [129]. Another study demonstrated the anti-proliferative effect of labetalol 

in BE (2)-C and SHEP neuroblastoma cell lines in a concentration-dependent manner [130]. 

Labetalol, Ŭ- and ɓ-AR antagonists, has been shown to reduce the proliferation of cancer cells 

when administered in different cancer types in a time- and dose-dependent manner. However, 

cytotoxicity and molecular studies of labetalol associated with drug-resistant cells were not 

found in the studies. 
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3. MATERIAL AND METHODS 

3.1. Cell Culture  

In this study, breast adenocarcinoma sensitive MCF-7 and its 1000nM doxorubicin resistant 

(MCF-7/1000Dox) subline were used. The resistant MCF-7 sub-cell lines were developed by 

clonally selecting cells exhibiting resistance with increasing concentrations of doxorubicin [131] 

(Figure 3.1). The resistance indices (R) of the sublines were calculated by dividing the IC50 

values of the resistant sublines by the IC50 value of the parental cells. MCF-7/1000Dox cells 

exhibit a 160-fold higher resistance to doxorubicin compared to parental cells [131]. 

 

Figure 3.1. Schematic illustration showing the selection of the doxorubicin resistant MCF-7 cell line (MCF-

7/1000Dox) (Created by BioRender.com 2025)  

3.1.1. Cell Culture Conditions 

 The MCF-7 and MCF-7/1000Dox cells were maintained as an attached type of monolayer 

culture. Single-layer adherent cells were cultured in 25 cmĮ and 75 cmĮ filter cap culture flask 

(Nest Biotechnology, China) and maintained 5 mL and 12 mL RPMI 1640 medium, respectively. 

The MCF-7 cell line was cultured in RPMI 1640 medium (Capricorn, Germany), supplemented 

with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Capricorn, Germany) and 1% (v/v) 

penicillin/streptomycin (Capricorn, Germany). The MCF-7/1000Dox-resistant cell line was 

cultivated in RPMI 1640 medium, containing 1000nM doxorubicin, 10% (v/v) heat-inactivated 
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FBS, and 1% (v/v) penicillin/streptomycin. The cultures were incubated at 37ÁC in a CO2 

incubator (pHCbi, Japan) with 95% (v/v) humidified air and 5% (v/v) CO2. All equipment used 

for cell culture has been commercially sterilized and is provided as single-use consumables. 

3.1.2. Passaging (Subculture) 

 When the number of cells covering the culture flask surface exceeded 80% confluence, the 

cells were treated with 0.25% (w/v) trypsin-EDTA (Wisent Multicell, Canadian) and detached 

from the culture flask surface for passaging. The medium was removed from the culture flask 

and washed with phosphate-buffered saline (PBS). Then, 0.25% (w/v) trypsin-EDTA solution 

(approximately 1 mL) was added to cover the entire surface of the culture flask. The culture 

flasks containing trypsin were incubated at 37ÁC for 5 minutes until the adherent cells detached 

from the flask surface. To inactivate the trypsin, 3X volume of complete RPMI 1640 medium 

(approximately 3 mL) was added to the culture flask, and the flask was centrifuged at 1500 rpm 

for 5 minutes at room temperature (Thermo Scientific, USA). The supernatant was removed, 

and the cell pellets were resuspended in complete medium. The appropriate number of cells 

were transferred to new culture flasks. All cell lines were cultured in complete RPMI 1640 

medium, and 1000 nM doxorubicin was added to the resistant subline. 

3.1.3. Freezing and Thawing of Cells 

 The passaging protocol has already been described in section 3.1.3. Cells removed from the 

flask surface are centrifuged. The supernatant was discarded and 1 mL of freezing medium is 

added to the cell pellet with the addition of 90% (v/v) FBS and 10% (v/v) DMSO (dimethyl 

sulfoxide). Cells in freezing medium must be at a concentration of approximately 2x10  

cells/mL. The cell suspensions were transferred into cryovials. The cryovials were kept 3-4 

hours at -20ÁC, then overnight at -80ÁC, and transferred to a liquid nitrogen tank (Worthington, 

USA) for long-term storage. 

 To thaw the cells, the cells were removed from the liquid nitrogen tank and kept in a water 

bath at 37ÁC until the medium was dissolved. The cell suspension in the cryovial was mixed 
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with 3 mL full medium and centrifuged at 1500 rpm for 5 minutes at room temperature. The 

supernatant was discarded, and the cell pellet resuspended in complete medium. The cell 

suspension was transferred to a new flask containing 5 mL complete medium and incubated 

under the growth conditions mentioned previously. 

3.1.4. Viable Cell Count by Trypan Blue 

 The viability of cells in a cell suspension can be determined using the trypan blue exclusion 

test.  The premise of this experiment is that, in contrast to dead cells, which lack cell membrane 

integrity, living cells have functional impermeable cell membrane that limits the internalization 

of specific dyes [132]. In concordance, dead cells appear blue due to the uptake of trypan blue, 

while living cells remain unstained. Passaged cells are resuspended. Cell suspension and 0.4% 

trypan blue solution (Gibco) were mixed in a 1:1 ratio, and live (unstained) and dead (blue-

stained) cells were manually counted under a light microscope (Leica, Germany) using a Thoma 

hemocytometer. Cell concentration was calculated according to Equation 3.1. 

ὅὩὰὰ ὲόάὦὩὶ Ⱦάὒ ὃὺὩὶὥὫὩὧὩὰὰ ὧέόὲὸ ὴὩὶ ίήόὥὶὩὈὭὰόὸὭέὲ Ὢὥὧὸέὶ

ρπ [Equation 3.1] 

3.2.  Determination of Cytotoxic Effect of Propranolol and Labetalol 

Based on the conversion of substrate to chromogenic product by living cells, MTT assay is 

one of the most widely used viability tests. The MTT assay is a test that measures the conversion 

of the water-soluble yellow dye MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide] to insoluble purple formazan crystals by the action of mitochondrial reductase. The 

measurement of the optical density (OD) at 595 nm is used to determine the density of living 

cells, with formazan crystals being solubilized and measured in the process [133] (Figure 3.2). 
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Figure 3.2. Schematic illustration for MTT assay (Created by BioRender.com 2025) 

 The antiproliferative effects of propranolol and labetalol were determined as a concentration 

gradient by MTT assay. As previously described, cells were passaged and counted. Then, both 

MCF-7 and MCF-7/1000Dox cells were seeded in 96-well microplates at a density of 15,000 

cells/well, starting from the second column of each plate. The first column was the medium 

control column, and the second column was the cell control group. Starting from the fourth 

column, 100 ÕL of complete medium was added to the remaining columns. Labetalol was tested 

at concentration ranges of 1.56-800 ÕM for the MCF-7 and MCF-7/1000Dox cell lines. 

Propranolol was tested at concentration ranges of 0.78-400 ÕM for the MCF-7/1000Dox cell 

line. In our previous study, the cytotoxicity of propranolol on MCF-7 cells was previously tested 

at a concentration range of 0.78- 400 ÕM [29]. 

 A volume of 200 ÕL of the solution with the highest concentration of the drug was added to 

the third column. One hundred ÕL was transferred horizontally from the initial column to the 

subsequent column, and serial dilution was performed. Subsequently, all volumes were 
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completed to 150 ÕL with complete medium. 96-well microplates were incubated at 37ÁC for 

48 and 72 hours. Then, a 20 ɛL volume of a 5 mg/mL MTT solution in PBS was added to each 

well, and plates were incubated for four hours. Finally, 100 ɛL of a 10% SDS-HCl (Sodium 

dodecyl sulfate- hydrochloric acid) solution was added to the wells, after which the plates were 

incubated o/n at 37ÁC. The optical density of the solubilized formazan crystals was measured at 

550 nm using an ELISA reader (BioTek Instruments, Inc., USA). 

The term "inhibitory concentration 50" (IC50) is used to denote the concentration of a given 

molecule or therapeutic agent that results in a 50% inhibition of a specific biological activity. 

The IC50 values are derived from graphs depicting percent cell proliferation versus log (inhibitor 

concentration). The trendline method used to model the dose-response relationship in cell 

viability data. This method generates a theoretical line representing the decrease in cell viability 

as the concentration of the drug increases. The RĮ value shown in the graph provides a statistical 

measure of well the model fits the data. The RĮ value ranges from 0 to 1. The closer the value is 

to 1, the better the model explains the actual data points. A high RĮ value indicates that the 

relationship between drug concentration and cell viability is consistent, and the calculated IC  

value is reliable. The generation of these graphs occurs through the conversion of the intensity 

of the formazan crystal, which is formed by the reduction of tetrazolium salts, into a percentage 

representing cell proliferation. The calculation of cell proliferation was calculated based on the 

OD of formazan crystals, which was then normalized to the OD of the media controls. The 

assumption was made that the viability of the control cells was 100%, and the cell proliferations 

at different inhibition concentrations were calculated accordingly. The cell proliferation data 

was generated by performing a minimum of three independent experiments. Each drug 

concentration was repeated six times on each microplate. 

3.3. Cell Migration Assay (Scratch/In vitro Wound Healing Assay) 

The in vitro scratch assay is a simple and inexpensive method for studying cell migration 

[134]. The method is based on the observation that, when a new artificial gap (called a óscratchô) 

is created on a confluent monolayer of cells, the cells at the edge of the gap move toward the 



41 

 

opening in an attempt to close the óscratchô until new cell-to-cell contacts are formed. The basic 

steps are to create a óscratchô on the monolayer cells, acquire images at the beginning and at 

regular intervals during cell migration to close the scratch, and compare the images to determine 

the rate of cell migration (Figure 3.3). 

 

Figure 3.3. Schematic illustration of scratch assay (Created by BioRender.com, 2025) 

Scratch test (in vitro wound healing assay) was applied to determine the effects of 

propranolol and labetalol on cell migration as previously described [29]. MCF-7 and MCF-

7/1000Dox cells were counted and seeded at a density of 1Ĭ106 cells per well in an adherent six-

well plate (Nest, China). After 24 hours of incubation, the surface-adherent monolayer cells 

were washed with PBS. Then, linear scratches were drawn on the surface of the culture plate 

covered with cells using a 100 ɛL pipette tip. Reference markers were placed on the outside of 

the culture dishes to indicate the scratches and create a reference image. The reference marks 

were used to keep track of the scratches. After the lines were drawn, the complete medium was 

added to each well and photographed. 15, 25, 30 and 50 ÕM propranolol and 80, 100, 160, and 

200 ÕM propranolol cells were added to MCF-7 and MCF-7/1000Dox cells, respectively. The 

concentrations of labetalol were 7.5, 15, 50, and 100 ÕM for the MCF-7 cells and 150, 225, 300, 
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and 450 ÕM for the MCF-7/1000Dox cells. The cells were incubated in the growth conditions 

described earlier. The scratched areas were photographed at 24-hour intervals for 72 hours using 

an inverted light microscope (Leica DMi8, Germany) and a camera (Leica Microsystems CMS 

GmbH (Model TL LED, Germany). The results were evaluated by analyzing images of the 

scratch areas using ImageJ software (National Institutes of Health, Bethesda, MD). To measure 

the distance between scratches, at least 10 random distances were measured, and the mean 

values (d) were calculated. The change in scratch was expressed as a percentage of wound 

healing (WH) and calculated according to equation 3.2. 

%WH= [(dfirst scratch ï dScratch closure)/dfirst scratch] Ĭ100 [Equation 3.2] 

 

3.4. Soft Agar Colony Formation Assay 

The ability of cells to maintain reproductive integrity over time and the effects of propranolol 

and labetalol on colony forming capacity of cells were assessed by soft agar colony formation 

assay (Figure 3.4). The assay enables evaluation of phenotypic changes that can be characterized 

as long-term survival effects, requiring time and possibly multiple cell divisions. In addition, 

the clonogenic assay assesses the clinical efficacy of a treatment regimen by measuring the 

susceptibility of cells to chemotherapy, either alone or in combination [135]. 
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Figure 3.4. Schematic illustration of colony formation assay (Created by BioRender.com 2025) 

A previous study in our laboratory [136] optimized the colony formation assay for MCF-7 

and MCF-7/1000Dox cells using the protocol published by Brix et al. [135]. In order to prepare 

3D embedded agarose plates, a solution of 1% (w/v) low melting point agarose (LMPA, Serva, 

Germany) in PBS was prepared and autoclaved at 121ÁC for 15 min (Hirayama, Japan). The 

stock agar solution was stored within a water bath maintained at 37ÁC, a temperature selected 

to prevent the polymerization of the agarose solution. A 1% (w/v) stock agarose solution was 

diluted 1:2 with complete medium, yielding a final concentration of 0.5% (w/v) bottom agarose 

layer. Subsequently, 2000 ÕL of 0.5% agarose solution was added to the six-well plate wells and 

left to solidify at +4ÁC for 30 minutes. The cells were then trypsinized, resuspended, and counted 

in accordance with the established protocol. MCF-7 and MCF-7/1000Dox cells were prepared 

at densities of 7,500 cells/well. Cell suspensions were mixed at a ratio of 1:4 with 1% agarose 

to create an upper agarose layer of 0.25% (w/v). Subsequent to the solidification of the lower 

agarose layer, 2000 ÕL of cell suspension containing 0.25% agarose solution was added. During 

the preparation of the upper and lower agar layers, the drug concentrations intended for testing 

were calculated and added to each agarose layer. The concentrations of propranolol were 15, 25, 

30, and 50 ÕM for MCF-7 cells and 80, 100, 160, and 200 ÕM for MCF-7/1000Dox cells. The 
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concentrations of labetalol were 7.5, 15, 50, and 100 ÕM for the MCF-7 cells and 150, 225, 300, 

and 450 ÕM for the MCF-7/1000Dox cells. The 6-well plates were incubated in a 5% CO2 

humidified incubator at 37  for 7 days. During incubation, 200 ÕL of complete medium 

containing the tested drug concentrations was added to the wells every 2-3 days to prevent 

drying of the agarose layer. Subsequent to the completion of the incubation periods, the 

metabolic dye NBT was added for staining the colonies. The NBT staining protocol does not 

necessitate the implementation of washing steps, a crucial consideration to avert the disruption 

of cells embedded within agarose layers. A quantity of 200 ÕL of 0.8% (w/v) NBT solution was 

added to the wells and then left to incubate o/n at 37ÁC. The following day, the cells were 

subjected to an incubation period at a temperature of 4ÁC for a duration of 20 minutes, with the 

objective of achieving the solidification of the agarose layers. The colonies were photographed 

and the images were subjected to analysis using Image J (USA) software. The number of 

colonies formed per well and the average amount of colonies formed was calculated. Equation 

3.3 was employed to calculate the survival franction (SF) of the colonies. Each experimental 

group was studied in 3 replicates. 

PE (Plating Efficiency) = C untreated/S untreated    [Equation 7] 

SF treated = (C treated/S treated)/ PE    [Equation 8] 

C: counted colonies 

S: seeded cells 

3.5. Flow Cytometry Analyses 

3.5.1. Cell Cycle Analyses 

One of the first uses of flow cytometry was the measurement of DNA content for cell cycle 

studies (Figure 3.5). Numerous DNA binding dyes can be used to detect the DNA of bacteria, 

yeast, plants, or mammals. Propidium iodide (PI) staining is a method of analyzing cell cycles 

by measuring the quantity of DNA present within cells. This principle is based on the idea that 
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the amount of DNA in a cell changes as it progresses through the cell cycle [137]. This dye 

functions according to the stoichiometric principle, whereby binding is proportional to the 

amount of DNA in the cell. As a result, S phase cells contain more DNA than G1 cells.  As cells 

progress through the cell cycle, their DNA content increases, leading to a proportional increase 

in PI uptake and fluorescence intensity. Consequently, G2/M phase cells exhibit approximately 

twice the fluorescence intensity of G1 phase cells due to their doubled DNA content [138].   

  

Figure 3.5. Schematic illustration for flow cytometry analyses (Created by BioRender.com 2025) 

Flow cytometry analyses were performed using the Cell Cycle Kit (Thor-CCK-100, 

T¿rkiye). For the MCF-7 cell line, 25 and 50 ÕM propranolol; 15, 30, and 60 ÕM labetalol were 

applied for 48 hours; and 15 and 30 ÕM propranolol; 60, 100, and 200 ÕM labetalol were applied 

for 72 hours. For the MCF-7/1000Dox cell line, 100 and 200 ÕM propranolol; 15, 30, and 60 

ÕM labetalol were applied for 48 hours; 80 and 160 ÕM propranolol; 60, 100, and 200 ÕM 

labetalol were applied for 72 hours. Untreated cells from both cell lines served as controls. Cells 

were counted as previously described. MCF-7 and MCF-7/1000Dox cell lines were seeded into 

six-well plates at a concentration of 1Ĭ106 cells and allowed to adhere for 1 day. MCF-7 and 

MCF-7/1000Dox cells were suspended for flow cytometry analysis at the end of the treatment 

period and washed with PBS. The cells suspended in PBS were centrifuged at 1500 rpm for 5 

minutes. The supernatant was discarded, and the cell pellet was fixed using ice-cold 70% (v/v) 

ethanol (EtOH).  While vortexing to dissolve the cell pellet, 70% (v/v) ethanol was added 

dropwise. During this step, all cells were fixed and permeabilized, and the cells were vortexed 
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to separate them into single cells. The cells will be fixed at 4ÁC for 30 minutes. Following this, 

two PBS washes were performed, and the cells were centrifuged at 1500 rpm for 5 minutes. The 

pellets were then mixed with 50 ÕL RNase (stock 100 Õg/mL) and 200 ÕL PI solution (stock 50 

Õg/mL). Measurements were performed using a Calibur (BD Biosciences, US) flow cytometer 

(488 nm/640 nm). Forward scatter (FS) and side scatter (SS) measurements were analyzed to 

identify the cells [138]. The experiments were performed with at least three biological replicates. 

3.5.2. Apoptosis Analyses 

 The FITC Annexin V Apoptosis Detection Kit with 7-AAD is a highly effective and 

commonly utilized instrument for the differentiation of various stages of cell death (viable, early 

apoptotic, late apoptotic, and necrotic) employing flow cytometry or fluorescence microscopy. 

This technique involves the combination of two different fluorescent dyes, each designed to 

target a distinct cellular change associated with cell death [139] (Figure 3.6). 

  

Figure 3.6. Schematic illustration for apoptosis analysis (Created by BioRender.com 2025)  

Annexin V is a protein that binds with high affinity to phosphatidylserine (PS) in a calcium-

dependent manner. In healthy cells, PS is exclusively located on the inner membrane of the 

plasma membrane [139]. Apoptosis is the translocation of PS from the inner to the outer 

membrane of the plasma membrane. This exposes PS to the extracellular [141]. When added to 

cells, Annexin V conjugated with fluorescein isothiocyanate (FITC) can selectively bind to these 

exposed PS molecules on the cell membrane [142]. 
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The fluorescent DNA-binding dye 7-AAD (7-amino-actinomycin D) is membrane-

impermeable. It preferentially intercalates into GC-rich regions of double-stranded DNA [143]. 

In living cells with intact plasma membrane, 7-ADD canôt pass through the cell membrane. 

Therefore, living cells do not stain with 7-AAD. As cells progress to late apoptosis or go through 

necrosis, the integrity of the plasma membrane is disrupted, allowing 7-AAD to pass into the 

cell and bind to nuclear DNA [144]. 

The óFITC Annexin V Apoptosis Detection Kit with 7-AADô kit (BioLegend) was used to 

determine the apoptotic effects propranolol and labetalol on MCF-7 and MCF-7/1000Dox cells. 

For the MCF-7 cell line, 25 and 50 ÕM propranolol; 15, 30, and 60 ÕM labetalol were applied 

for 48 hours; and 15 and 30 ÕM propranolol; 60, 100, and 200 ÕM labetalol were applied for 72 

hours. For the MCF-7/1000Dox cell line, 100 and 200 ÕM propranolol; 15, 30, and 60 ÕM 

labetalol were applied for 48 hours; 80 and 160 ÕM propranolol; 60, 100, and 200 ÕM labetalol 

were applied for 72 hours. Cells were counted as previously described, suspended at 1x106 

cells/mL and stained according to the manufacturer's protocol. Measurements were performed 

using Calibur (BD Biosciences, US) flow cytometry (Laser -excitation: 488nm 

FITC detection in FL-1 (530/30 nm band-pass filter) 

7AAD in FL-3 >670 nm long-pass filter), and early and late apoptotic cells and necrotic cells 

were analyzed [139]. Experiments were performed with at least three biological replicates. 
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3.6. Transcriptome Analysis 

3.6.1. Total RNA Isolation 

 Propranolol and labetalol were applied to MCF-7 and MCF-7/1000Dox cells for 48 hours at 

concentrations determined according to cellular response analysis conducted. Concentrations of 

propranolol were determined to be 50 ÕM for both MCF-7 and MCF-7/1000Dox cells. The 

concentrations of labetalol were determined to be 15 ÕM for the MCF-7 and MCF-7/1000Dox 

cells. Untreated cells served as controls. Cells were counted as previously described, seeded at 

2x106 cells/mL, and treated with the drug concentrations to be tested. After incubation period, 

total RNA was isolated from the cells using High Pure RNA Isolation Kit (Roche, Switzerland) 

according to the manufacturer's protocol. The cells were centrifuged at 1500 rpm for 5 minutes. 

The cell pellet was suspended in 200 ÕL PBS and 400 ÕL lysis/binding buffer was added and 

vortexed for 15 seconds. The cell suspension was centrifuged at 8000g for 15 seconds in a 

filter/collector tube. DNase I (stock 10 KU) is diluted 1:10 in DNase/RNase free eppendorf and 

added to 100 ÕL filter tube. The samples were then incubated at room temperature for 15 

minutes. After incubation, 500 ÕL of wash I buffer was added to the filter tube and centrifuged 

at 8000 g for 15 seconds. After centrifugation, the supernatant was discarded, 200 ÕL of wash 

II buffer was added to the filter tube, and it was centrifuged at 13000 g for 2 minutes. The filter 

tube was removed from the collection tube and placed in a sterile Eppendorf tube. To elute the 

RNA, 50 ÕL of elution buffer was added to the filter tube and centrifuged at 8000g for 1 minute. 

After centrifugation, the filter tube was discarded.  The isolated RNA was stored at -80ÜC. 

 Optical densities at 260 and 280 nm were measured to assess the concentration and purity 

of isolated RNA samples using NanoDrop (Denovix, USA).  RNA concentration is calculated 

using the absorbance at 260 nm, while RNA quality is assessed according to the absorbance ratio 

of 260 nm to 280 nm.  RNA samples having an A260/A280 ratio of 1.8-2 were considered for 

sequence analysis. 
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3.6.2. Preparation of the Sequencing Library 

 Total RNA isolated in two biological replicates was used to prepare the transcriptome 

sequencing library (Figure 3.6). Ribosomal RNA was extracted from the total RNA. The long 

mRNA molecules were fragmented into shorter fragments using a fragmentation buffer. Single-

stranded cDNA molecules were synthesized using short mRNA fragments as templates. The 

synthesis of a double-stranded cDNA molecule was accomplished. The 3' end was adenylated 

and the 5' end was repaired. Subsequently, DNA sequencing adapters were added to the short 

fragments. Fragments that were deemed to be appropriate were then used as templates and 

amplified by PCR. The cDNA library was subjected to sequencing on DNBSEQ platforms. 

 

Figure 3.7. Schematic illustration for transcriptome analysis (Created by BioRender.com 2025) 

3.6.3. Bioinformatics Analysis of the Obtained Transcriptome Sequences and 

Scanning from Genome Databases 

 For the purpose of data analysis, the quality of the obtained reads was checked using the 

FastQC (v0.11.9) program. The adapter regions and sequences exhibiting low-quality reads were 

eliminated from the transcriptomes using the Fastp program (v0.23.0), thereby ensuring the 

efficacy of the subsequent sequencing product for a more accurate assembly process. MultiQC 
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(v1.10.1) was utilized to amalgamate the results obtained from FastQC. The alignment of the 

cleaned reads was performed using the Hisat2 program. Completeness analyses were performed 

using the online tool gVolante2 via BUSCO v2/v3. Stringtie2 was used for the purpose of 

assembly with the cleaned reads. Subsequently, filtered clean reads were mapped to the 

reference genome. The subread program was utilized to perform the feature counts. The 

identification of differently and significantly expressed genes was facilitated by the deployment 

of the deseq2/limma/EdgeR programs, utilizing the R programming language. Gene ontology 

(GO) analysis was performed using the ShinyGO programs. 

The RNA sequencing services were provided by GENOKS (Ankara). A Q30 value above 

80% was accepted as the success criterion for preliminary quality control. Genes with expression 

changes greater than two-fold (p<0.05) were evaluated in relation to cellular effects and 

molecular pathways based on the analysis results. 

3.7. Statistical Analysis 

The mean Ñ standard error of the mean (SEM) is employed to express all data.  A one-way 

analysis of variance (ANOVA) was employed for all statistical analyses, which were carried out 

using GraphPad Prism 10.0 software (GraphPad Software Inc.).  To make comparisons between 

multiple groups, the Tukey Multiple Comparison Test was employed.  At p<0.05, the mean 

differences between the groups were accepted as statistically significant. 
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4. RESULTS  

4.1. Determination of the Effects of ɓ-Blockers on Cell Proliferation 

 The antiproliferative effects of propranolol in the concentration range of 0.78-400 ÕM and 

labetalol on the MCF-7 and MCF-7/1000Dox cell lines in the concentration range of 1.56-800 

ÕM were determined by the MTT assay over 48 and 72 hours on the MCF-7 and MCF-7/Dox 

cell lines. The measurements obtained from three experiments were expressed as % cell 

viability. The IC50 values for each ɓ-blockers were calculated from the logarithmic trend lines 

of the cell viability (%) versus concentration (propranolol and labetalol concentrations in ÕM) 

plots (Figure 4.1). 
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Figure 4.1. The antiproliferative effects of a) propranolol and b) labetalol on MCF-7 and MCF-7/1000Dox 

cells after 48 and 72 hours of exposure. 
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In the MTT experiments, the MCF-7/1000Dox cell proliferation versus labetalol 

concentration data fit third-degree polynomial curves at both 48 and 72 hours (see Figure 4.2). 

The calculated IC50 values according to the fitted model in the data range are given in Figure 4.3. 

 

 

Figure 4.2. The polynomial cell proliferation graph against a) 48 and b) 72 hours of labetalol exposure to 

MCF-7/1000Dox cells 
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The IC50 value is the drug concentration at which cell proliferation is reduced to 50%, 

calculated from the trendlines of the cytotoxicity graphs. As illustrated in Table 4.1, a 

quantitative analysis of the IC50 for both propranolol and labetalol is presented for the MCF-7 

and MCF-7/1000Dox cell lines. 

The results showed that both propranolol and labetalol caused a concentration dependent 

reduction in proliferation of the MCF-7 and MCF-7/1000Dox cell lines. Propranolol 

demonstrated a lower cytotoxic effect, which causes higher levels of cell proliferation in the 

MCF-7 and MCF-7/1000Dox cell lines after 48 hours compared to 72 hours (Figure 4.3a). 

However, labetalol demonstrated a lower cytotoxic effect, which causes higher levels of cell 

proliferation in the MCF-7 and MCF-7/1000Dox cell lines after 72 hours compared to 48 hours. 

(Figure 4.3b). The results indicate that the MCF-7/1000Dox cell line treated with propranolol 

exhibited a significantly higher IC50 value compared to the MCF-7 cell line. In addition, the 

drug resistant cells demonstrated a 5.6-fold resistance to propranolol and 7.8-fold resistance to 

labetalol in comparison to the MCF-7 cells (based on the 72h data). The IC50 values of 

propranolol and labetalol for resistant cells were significantly higher than the IC50 values 

obtained from MCF-7 cells. 
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Figure 4.3.  The IC50 values of a) propranolol and b) labetalol on MCF-7 and MCF-7/1000Dox cells. 

Statistical significance was determined by one-way ANOVA followed by Tukey's multiple comparisons test. 

Different letters represent statistical differences between the IC50 values (p<0.05). Data are expressed as mean Ñ 

SEM. 
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4.2.Determination of Long-term Survival Effects of ɓ-Blockers by Soft Agar Colony 

Formation Assay 

A soft agar colony formation assay was used to determine the long-term survival effects of 

the ɓ-blockers (propranolol and labetalol) on MCF-7 and MCF-7/1000Dox cells. The results 

were presented as a cellular growth curve, which is a graphical representation of the number of 

seeded cells as a function of the time period during which they are subjected to incubation. The 

long-term survival of the MCF-7 and MCF-7/1000Dox cells were measured at their respective 

IC50/2 and IC50 as determined by the MTT assay. The concentrations of both drugs used in the 

colony formation test are listed in the Table 4.1. The number of colonies was determined, and 

the results were presented as surviving fractions.  

Table 4.1. The concentrations of ɓ-Blockers on MCF-7 and MCF-7/1000Dox cells used in the colony 

formation 

  
48h 72h 

  
IC50/2 (µM) IC50 (µM) IC50/2 (µM) IC50 (µM) 

MCF-7 Propranolol 25 50 15 30 

Labetalol 7.5 15 50 100 

MCF-7/1000Dox Propranolol 100 200 80 160 

Labetalol 150 300 225 450 

 A previous study in our research group (Dikkatli, 2024) optimized the colony formation 

assay for MCF-7 and MCF-7/1000Dox cells using the protocol published by Brix et al. [135]. 

The treatment of MCF-7 and MCF-7/1000Dox cells with ɓ-blockers (propranolol and labetalol) 

and seven days of incubation in an agarose layer was based on the parameters determined after 

optimization experiments. Obtained from the optimization experiments, 7.500 cells were seeded 

on an agarose matrix for evaluating the long-term survival of MCF-7 and MCF-7/1000Dox cells, 

after treatment with propranolol and labetalol (Figure 4.4). The long-term survival of MCF-7 

and MCF-7/1000Dox cells after treatment with ɓ-blockers are represented in the bar graphs as 

functions of SF. 
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Figure 4.4. Soft agar colony formation results of propranolol and labetalol treatment on MCF-7 and MCF-

7/1000Dox cells after 7-day incubation 

 Treatment of MCF-7 and MCF-7/1000Dox cells with propranolol and labetalol treatment 

resulted in a dose-dependent decrease in the number of colonies formed at all concentrations 

tested, as compared to the control group (Figure 4.5). However, in the MCF-7 cells treated with 

labetalol, the 7.5 ɛM (IC50/2-48h) concentration led to an increase in the number of colonies 

compared to the control group. At a concentration of 7.5 ɛM labetalol for the MCF-7 cells, the 

compound demonstrated a proliferative effect. Similarly, in the MCF-7/1000Dox cells treated 

with labetalol, a concentration of 225 ɛM (IC50/2-72h) caused an increase in colony count 

compared to the 150 ɛM (IC50/2-48h) group. For MCF-7/1000Dox cells, the 225 ɛM labetalol 

concentration didnôt show a significant decrease in comparison with the control group. All data 

obtained revealed that treatment with propranolol and labetalol significantly suppressed 

uncontrolled cell proliferation, a fundamental characteristic of cancer, in MCF-7/1000Dox cells 

over the long term. (Figure 4.5). 
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Figure 4.5. Survival fraction was represented as the ratio of the colony number in treated cells with (a-b) 

propranolol and (c-d) labetalol to the colony number in untreated cells for (a-c) MCF-7 and (b-d) MCF-

7/1000Dox for 7 days. Statistical significance was determined by one-way ANOVA followed by Tukey's multiple 

comparisons test. Different letters represent statistical differences between the IC50 values (p<0.05). Data are 

expressed as mean Ñ SEM. 

4.3. Determination of the Effects of ɓ-Blockers on Cell Migration by Scratch Assay 

 The scratch test (in vitro wound healing) was used to determine the effects of ɓ-blockers 

(propranolol and labetalol) on the migration of MCF-7 and MCF-7/1000Dox cells. This test 

mimics cell migration during in vivo wound healing. As mentioned earlier (Section 4.2), to 

evaluate the effects of ɓ-blockers on cell migration of MCF-7 and MCF-7/1000Dox cells, IC50/2 

and IC50 values were obtained after 48 and 72h, determined by the MTT assay. Table 4.2 lists 
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the concentrations of both drugs used in the scratch assay. The process of wound healing was 

measured and expressed as a percentage of the initial scratch percentage (0 h) at 24-hour 

intervals over a period of 72 hours (Figure 4.6). This measurement was calculated using the 

equation previously mentioned (Equation 3.2). The results were presented graphically (Figure 

4.7), which illustrates the percentage of scratch closure, or wound healing, achieved by the cells 

as a function of the incubation time following the initial scratch.  

 

 

Figure 4.6. Representative micrographs of the wound healing assay (5x). a) Non treated MCF-7 cells, b) 

treatment with 50 ÕM labetalol MCF-7 cells, Scale bars represent 174.1 Õm.  

Accordingly, propranolol concentrations of 15, 25, 30, and 50 ÕM did not affect the 

migration of MCF-7 cells (p > 0.05) for the 24 h applications. However, the doubling of 

propranolol concentration from 15 to 30 ÕM and from 25 to 50 ÕM of propranolol significantly 

reduced (p<0.05) wound closure of MCF-7 cells after 48 and 72 hours. Increased propranolol 

concentrations had no effect on the migration of MCF-7/1000Dox cells (p > 0.05) after 24 h 

applications. Propranolol (200 ÕM) significantly inhibited MCF-7/1000Dox migration after 48 

h incubation. Increasing propranolol concentration to 80 and 200 ÕM caused further reduction 

(p< 0.05) in migration after 72 h. 

    0h                               24h                                      48h                              72h  

0h                          24h                                        48h                                     72h  

a) 

b) 
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Figure 4.7. Effect of propranolol on wound healing of (a) MCF-7 and (b) MCF-7/1000Dox cells. Statistical 

significance was determined by one-way ANOVA followed by Tukey's multiple comparisons test. Different 

letters represent significant difference between groups with p < 0.05 (i.e. control versus treatment, treatment in 

between application periods, and treatment at specific concentrations). Data are expressed as mean Ñ SEM.  

 The results demonstrated that labetalol concentrations of 7.5, 15, 50, and 100 ÕM did not 

affect the migration of MCF-7 cells (p>0.05) for the 24 and 48 h applications. However, when 

the application time reached 72 hours, labetalol significantly reduced (p<0.05) the migration of 

MCF-7 cells across all concentrations. A concentration of 7.5 ÕM labetalol resulted in 100% 
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MCF-7 cell death after 72 h application, consequently leading to zero wound healing. However, 

higher labetalol concentrations of 15, 50, and 100 ÕM, applied for the same duration to the 

MCF-7 cell line, further increased the initial wound area. Labetalol concentrations of 150, 225, 

and 300 ÕM had no effect on MCF-7/1000Dox cell migration (p>0.05) after 24 hours of 

application, whereas 450 ÕM labetalol significantly inhibited it (p<0.05). All tested labetalol 

concentrations significantly reduced migration (p<0.05) after both 48 and 72 h incubation. 

 

Figure 4.8. Effect of labetalol on wound healing of (a) MCF-7 and (b) MCF-7/1000Dox cells. Statistical 

significance was determined by one-way ANOVA followed by Tukey's multiple comparisons test. Different 

letters represent significant difference between groups with p < 0.05 (i.e. control versus treatment, treatment in 

between application periods, and treatment at specific concentrations). Data are expressed as mean Ñ SEM. 
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4.4. Impact of ɓ-Blocker Treatments on Cell Cycle Progression: A Flow Cytometric 

Analysis 

The impact of propranolol and labetalol on cell cycle progression was evaluated using flow 

cytometry. This method enabled the analysis of cell cycle phase distribution in the MCF-7 and 

MCF-7/1000Dox cell lines following drug exposure. The cells were treated with propranolol 

and labetalol at different concentrations as determined by experiments conducted in colony 

formation and wound healing assays. The IC50 value expresses the concentration required to 

inhibit cell growth or viability by 50% on a quantitative scale. However, if the IC50 is the highest 

concentration used, the observed cytotoxic effects may be sublethal. On the other hand, choosing 

the IC50 as the lowest concentration could interfere with the experiments due to its high toxicity. 

Therefore, experiments are conducted using concentrations such as IC50/2 and 2xIC50, in addition 

to IC50. This range allows to observe changes from the onset to the maximum effect of the drug. 

This provides detailed information about concentration dependent changes in biological 

responses of cells to the drug. 

The drug concentrations used in the cell cycle analysis are detailed in Table 4.2. The results 

were subsequently presented as the percentage of cell number in each phase of the cell cycle 

(G1, S, and G2). 

Table 4.2. The concentrations of ɓ-Blockers on MCF-7 and MCF-7/1000Dox cells used in the flow cytometry. 

Dot-plot graphs were obtained for different treatment groups based on cell cycle analyses 

performed using propidium iodide in flow cytometry. To analyze the cell population in these 

graphs, the accuracy of the analysis was increased by first gating singlet cells (Figure 4.9).  The 

proportions of cells in G1 and G2 phases were then calculated based on the DNA content of the 

  
 48h  72h 

MCF-7 
Propranolol (ÕM) 25 50 

 
15 30  

Labetalol (ÕM) 15 30 60 60 100 200 

MCF-7/1000Dox 
Propranolol (ÕM) 100 200  80 160 

 

Labetalol (ÕM) 15 30 60 60 100 200 
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cells. In the generated histogram, the leftmost peak in the FL-2 area represents cells in G1 phase, 

while the right side of the histogram shows the proportion of cells in G2 phase. In addition to 

these data, the G2/G1 ratio and the B.A.D. (Blockage of Apoptosis Debris) value, which is a 

quality control parameter, were also calculated. 

 

Figure 4.9. Representative of cell cycle analysis results obtained from flow cytometry experiments. Flow 

cytometric analyses were performed for each treatment group, graphs were generated based on SSC and FSC 

values, and the appropriate population was selected by singlet gating. By determining the amount of DNA in the 

cells, it was determined which stage of the cell cycle they were in. Graphs of all the experimental groups studied 

are given in detail in Appendix 2. (SSC; Side Scatter, FSC; Forward Scatter, Dox; Doxorubicin, Prop; 

Propranolol) 

According to cell cycle analysis results, propranolol did not significantly alter cell cycle 

phase distribution in MCF-7 and MCF-7/1000Dox cell lines at the tested concentrations and 

durations (48 and 72h) (p>0.05). In all MCF-7 and MCF-7/1000Dox cell lines treated with 

propranolol, the majority of cells (over 60%) in both the control group and the propranolol-

treated groups were found in the G1 phase (Figure 4.10). In the MCF-7 cell line treated with 

propranolol for 48 hours, both the control and drug-treated groups contained a lower percentage  

of cells in the G2 phase compared to the S phase (p<0.05). 48h treatment with propranolol did 
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not show a significant (p>0.05) effect on the cell cycle phase distribution in MCF-7 cells, and 

the cells continued to maintain their normal cycle profiles (Figure 4.10a). Despite the extended 

application period of 72h, propranolol did not have a significant (p>0.05) effect on the cell cycle 

of MCF-7 cells (Figure 4.10c). Following 48 and 72h treatments, propranolol did not affect the 

cell cycle phase distribution of the MCF-7/1000Dox cell line (Figure 4.10b and 4.10d). 

Considering all these results, although propranolol affects cell viability, colony formation 

capacity, and migration, this effect does not occur through a classical mechanism such as cell 

cycle blockade. 

 

Figure 4.10. The effect of propranolol on the cell cycle distribution of MCF-7 and MCF-7/1000Dox cells 

determined by flow cytometry following treatment with propranolol. The graphs show the percentage of cells in 

the G1, S, and G2 phases after (a-b) 48 h and (c-d) 72 h propranolol treatment of (a-c) MCF-7 and (b-d) MCF-

7/1000Dox cells. Data are presented as mean Ñ SEM of three independent experiments. Statistical significance 

was determined by one-way ANOVA followed by Tukey's multiple comparisons test. Groups with the same letter 

above the bars are statistically different from each other within the same cell cycle phase (p<0.05). 
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According to cell cycle analysis results, labetalol did not significantly (p>0.05) alter cell 

cycle phase distribution in MCF-7 cell line at the tested concentrations and durations (48 and 

72h) (Figure 4.11). 48 and 72h treatment with labetalol did not show a significant (p>0.05) effect 

on cell cycle phase distribution in MCF-7 cells. This result was similar to the 48 and 72h results 

obtained for propranolol (Figure 4.11a and 4.11c). A 48h treatment with labetalol did not affect 

cell cycle phase distribution in MCF-7/1000Dox cells (Figure 4.11b). However, after 72 hours 

of application to the MCF-7/1000Dox cell line, a statistically significant increase was detected 

in the proportion of cells in the G2 phase in the control and 200 ÕM labetalol groups. At high 

concentrations and following extended exposure (72h), labetalol induced an accumulation in the 

G2 phase of the MCF-7/1000Dox cell line, culminating in G2 phase arrest (Figure 4.11d). 

 

Figure 4.11. The effect of labetalol on the cell cycle distribution of MCF-7 and MCF-7/1000Dox cells 

determined by flow cytometry following treatment with labetalol. The graphs show the percentage of cells in the 

G1, S, and G2 phases after (a-b) 48 h and (c-d) 72 h propranolol treatment of (a-c) MCF-7 and (b-d) MCF-

7/1000Dox cells. Data are presented as mean Ñ SEM of three independent experiments. Statistical significance 

was determined by one-way ANOVA followed by Tukey's multiple comparisons test. Groups with the different 

letters above the bars are statistically different from each other within the same cell cycle phase (p<0.05). 
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4.5. The Effect of ɓ-Blocker Treatment on Apoptosis: A Flow Cytometric Assessment 

 To investigate potential apoptotic effects of propranolol and labetalol on cells, a flow 

cytometry-based analysis was used. The apoptosis analysis was performed using Annexin V-

FITC/7-AAD staining to differentiate between viable, early apoptotic, late apoptotic and 

necrotic cell populations. The drug concentrations used in the apoptosis analysis were previously 

listed in Table 4.3. The percentage of cells in each of the three distinct populations, viable and 

apoptotic is displayed. The results were analyzed as a dot plot (Figure 4.12). In this plot, cells 

negative for both molecules (AnnexinV-, 7-AAD-) were considered healthy; those positive for 

only AnnexinV (AnnexinV+, 7-AAD-) were considered early apoptotic, and those positive for 

both (AnnexinV+, 7-AAD+) were considered late apoptotic. Cells that were only positive for 7-

AAD (AnnexinV-, 7-AAD+) were considered to have undergone cell death through a different 

pathway than apoptosis, e.g. necrosis. 

 

Figure 4.12. Representative of apoptosis determination results obtained from flow cytometry analyses. 

Annexin V and 7-AAD were used to determine the percentage of apoptotic cells in the apoptosis analysis. Data 

were analyzed using the proportion of cell populations in four different areas in a dot-plot. Graphs of all the 

experimental groups studied are given in detail in Appendix 3.  
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 The effect of 48h treatment with propranolol administration on apoptosis of MCF-7 cells is 

not significant (p>0.05) (Figure 4.13a). Extending the treatment period (72h) did not 

demonstrate a significant (p>0.05) effect of propranolol on apoptosis of MCF-7 cells (Figure 

4.13b; Figure 4.14). Propranolol did not induce a significant level of apoptosis (p>0.05) in MCF-

7 cells at any of the concentrations or exposure times tested (Figure 4.13). Propranolol is a 

powerful, dose-dependent inducer of apoptosis in MCF-7/1000Dox cells within 48h (p<0.05) 

(Figure 4.13a). Although propranolol exhibited a strong apoptotic effect on the MCF-7/1000Dox 

cell line after 48h of treatment, it did not induce significant apoptosis after 72h of treatment 

(p>0.05) (Figure 4.13b). Propranolol induced apoptosis in MCF-7/1000Dox cells was observed 

after 48h, yet these cells appeared to evade the apoptotic effects of propranolol after 72h. 

Consequently, MCF-7/1000Dox cells may exhibit a resistance mechanism associated with pro-

apoptotic pathways. 

 

Figure 4.13. Propranolol induced apoptosis in MCF-7 and MCF-7/1000Dox cells. The graphs show the 

percentage of Annexin V-positive cells as a measure of apoptosis. MCF-7 and MCF-7/1000Dox cells were treated 

for (a) 48 and (b) 72 hours with propranolol at their respective relevant concentrations. Data are presented as 

mean Ñ SEM of three independent experiments. Statistical significance was determined by one-way ANOVA 

followed by Tukey's multiple comparisons test. Columns labeled with the different letters within each panel are 

statistically different from one another (p<0.05). 
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Figure 4.14. Representative micrographs of the apoptosis analysis (20X) 

48h treatment with labetalol at all concentrations had a significant effect (p<0.05) on 

apoptosis of MCF-7 cells (Figure 4.15a). However, 72h treatment of 200 ÕM labetalol showed 

significant difference (p<0.05) when compared to control group and 60 and 100 ÕM labetalol 

applications (Figure 4.15b). A 72h treatment with labetalol has been shown to induce apoptosis 

in MCF-7 cells at high concentrations (200 ÕM). 48h labetalol treatment in MCF-7/1000Dox 

cells have a significant effect on apoptosis (p<0.05) (Figure 4.15a). Labetalol was a highly 

effective apoptosis inducer in the MCF-7/1000Dox cell line, similar to that in the MCF-7 cell 

line, at a high concentration (200 ÕM) for 72h, showing a significant difference compared to the 

control group and other concentrations (p<0.05) (Figure 4.15b). The observed G2 phase arrest 

in the MCF-7/1000Dox cell line after 72h labetalol treatment is likely a prelude to the induction 

of apoptosis, triggered by high doses and prolonged exposure. 
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Figure 4.15. Labetalol induced apoptosis in MCF-7 and MCF-7/1000Dox cells. The graphs show the 

percentage of Annexin V-positive cells as a measure of apoptosis. MCF-7 and MCF-7/1000Dox cells were treated 

for (a) 48 and (b) 72 hours with labetalol at their respective relevant concentrations. Data are presented as mean Ñ 

SEM of three independent experiments. Statistical significance was determined by one-way ANOVA followed by 

Tukey's multiple comparisons test. Columns labeled with the different letters within each panel are statistically 

different from one another (p<0.05) 

4.6. Principal Component Analysis of Gene Expression After ɓ-Blocker Treatment 

According to preliminary quality controls percentage of total reads with average Phred 

quality score were Ó30 (Q30 value), which corresponds to 99.9% base call accuracy. Based on 

the results of prior experiments conducted before RNA sequencing for transcriptomic profiling, 

one concentration (for one drugs) and one time interval were selected for each group. The groups 

that showed the most different effects in colony formation, migration, cell cycle, and apoptosis 

experiments were used for transcriptomic profiling. Section 3.6.1 details the concentrations and 

time intervals used. 

Principal component analysis (PCA) is a statistical method used to reduce high-dimensional 

data to a lower dimension. PCA transforms the original variables into new, independent variables 

called principal components [145]. In transcriptomic data analysis, PCA plays an important role 

in dimension reduction, visualization, sample clustering, and quality control. The X-axis (PC1) 

and Y-axis (PC2) represent the two largest sources of variation in the data. PC1 explains 34.12% 

of the total variance, and PC2 explains 22.13% (Figure 4.16). Together, these two components 
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explain 56.25% of the total variance. The distances between examples reflect the similarity of 

gene expression profiles. PC1 is the axis that separates the MCF-7 and MCF-7/1000Dox cell 

groups. Due to their genetic differences, the MCF-7 and MCF-7/1000Dox groups constitute the 

largest source of variation in the dataset. Both drugs caused small-scale differences in gene 

expression when applied to both cell groups. Labetalol application to both cell groups is more 

scattered than the others. 

 

Figure 4.16. Principal component analysis of propranolol and labetalol treatment.  

4.7. Raw Read Counts After ɓ-Blocker Treatment 

In transcriptomic data analysis (RNA-Seq), a bar graph showing "total raw read counts 

(millions)" is often used for quality control. The number of reads varies per sample. Read counts 

help us understand the scope and depth of RNA-Seq analyses. Between 30 and 40 million reads 

per sample are sufficient to obtain reliable, reproducible gene expression analysis results. The 

raw read counts for the first and second replicates of the MCF-7-Control, MCF-7-50ÕM-

propranolol, MCF-7/1000Dox-Control, and MCF-7/1000Dox-15ÕM-labetalol groups ranged 
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from 30 to 90 million (Figure 4.17). Generally, all groups have sufficient reading depth, which 

makes the dataset more reliable.  However, while the first replicate of the 15 ÕM labetalol 

application in the MCF-7 and MCF-7/1000Dox cell lines had sufficient read counts (40-50 

million), the second replicate did not (3 million). Due to the low raw read counts, this group 

may require more careful evaluation in the analysis. 

 

Figure 4.17. Total raw read counts
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4.8. Differential Gene Expression Between the Control and ɓ-Blocker Treatment Groups 

 Differential Gene Expression Analysis (DGE) is an important analysis for transcriptomic 

studies. It is used to identify statistically significant differences in gene expression levels 

between two or more experimental conditions. MCF-7 and MCF-7/1000Dox cell lines treated 

with 50 ɛM propranolol and 15 ɛM labetalol was analyzed in comparison to untreated cell lines 

(control group) and the number of genes exhibiting upregulation and downregulation were 

determined. Differential Gene Expression Analysis was performed using statistically significant 

(p<0.05) gene expressions. It provides a quantitative result indicating which genes are expressed 

at higher or lower levels in one group compared to another. Figure 4.18 shows the number of 

genes whose expression levels have changed up or down (differentially expressed).  

 

Figure 4.18. Differential Gene Expression Analysis of propranolol and labetalol treatment 

Comparing the MCF-7 control group with the 15 ÕM labetalol treatment group revealed that 

286 genes were upregulated, and 1 gene was downregulated. With the 50 ɛM propranolol 

treatment, 31 genes were upregulated and 54 were downregulated. Comparing the MCF-

7/1000Dox control group with the 15 ɛM labetalol treatment showed that 62 genes were 

upregulated and 2 were downregulated. The 50 ɛM propranolol treatment revealed that 326 

genes were upregulated and 164 were downregulated. 
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For gene expressions to be considered ñalteredò, they must meet two criteria. Firstly, they 

must be statistically significant (p-value). Secondly, they must exhibit a fold change greater than 

2-fold. Volcano plots were used to filter the genes, and significant fold change values that were 

more than 2-fold upregulated and less than 2-fold downregulated were considered for further 

analysis. Log2 fold change (log2FC) and adjusted p-value (padj) are the two main axes of a 

volcano plot. The names of the genes with the most significant and highest expression changes 

are provided in the graphs (Figure 4.19). In the context of gene expression analysis, genes 

exhibiting expression levels between 2-fold and 2-fold increase were designated as "not 

significant". 
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Figure 4.19. Volcano plots for (a-b) MCF-7 and (c-d) MCF-7/1000Dox cells treated cells with (a-c) labetalol 

and (b-d) propranolol 

In transcriptomic (RNA-Seq) analyses, Venn diagrams are used to compare gene lists 

obtained from different experimental comparisons. This analysis allows us to easily compare 

the effects of different conditions on gene expression. Venn diagram illustrates the relationships 

between two or more sets (lists or datasets), showing their common points (intersection) and 

differences (unique elements). During the Venn diagram analysis, only the list of genes 

associated with cancer. The list of genes associated with cancer was extracted using the 

"CancerDB" database as a reference (https://cancerdb.com/index.html).  The aim of this thesis 

study was to reposition ɓ-blockers in cancer chemotherapy; detailed analyses of transcriptomic 

profiling were performed using genes associated with cancer.  

a) b) 

c) d) 
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The number of genes demonstrating upregulation in MCF-7 and MCF-7/1000Dox cell lines 

treated with 50 ɛM propranolol and 15 ɛM labetalol was analyzed in comparison to untreated 

cell lines (control group). In the MCF-7 cell line, 2 genes were identified that exhibited an 

upregulation in response to propranolol, independent of the influence of other groups. Labetalol 

upregulates the expression of 68 genes in the MCF-7 cell line (Figure 4.20). Propranolol 

upregulates the expression of 57 genes in the MCF-7/1000Dox cell line. 15 ɛM labetalol 

treatment, in both cell lines upregulate the expression of a gene which is FCN1. Similar to 50 

ɛM propranolol, in both cell lines upregulate the expression of a gene which is TNFSF12-

TNFSF13. This finding indicates that these two drugs, despite exhibiting different concentration 

and chemical structures, can elicit a similar cellular response. This result suggests that 

propranolol and labetalol affect a common gene response in resistant cells.  

 

Figure 4.20. Comparison of genes up regulated in MCF-7 and MCF-7/1000Dox treated with 50 ɛM 
propranolol and 15 ɛM labetalol compared to untreated MCF-7 and MCF-7/1000Dox cells 

The number of genes demonstrating downregulation (Figure 4.21) in MCF-7 and MCF-

7/1000Dox cell lines treated with 50 ɛM propranolol and 15 ɛM labetalol was analyzed in 

comparison to untreated cell lines (control group). Propranolol down regulated the expression 

of 6 genes in the MCF-7 cell line. Propranolol down regulated the expression of 2 genes in the 
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MCF-7/1000Dox cell line.  The findings showed that downregulated genes, associated with 

histone proteins.  In addition to these results, no genes were found to be down regulated by either 

drug. 

 

Figure 4.21. Comparison of genes down regulated in MCF-7 and MCF-7/1000Dox treated with 50 ɛM 
propranolol and 15 ɛM labetalol compared to untreated MCF-7 and MCF-7/1000Dox cells 

In order to enhance comprehension of the biological significance of the gene lists obtained 

by DGE analysis and filtered by volcano plots, the altered gene lists were subjected to further 

evaluation. Genes associated with cancer were considered. In consequence, a list of genes 

associated with cancer was generated from the altered genes, as detailed in Tables 4.3 and 4.4. 
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Table 4.3. Altered cancer-associated genes in response to 50 ɛM propranolol treatment of MCF-7 and MCF-7/1000Dox cells  

Cell Line Group Gene Name Description Fold Change Adj_P_Val 
M

C
F

-7
 

U
P

 

TNFSF12-

TNFSF13 
TNFSF12-TNFSF13 Readthrough [Source:HGNC Symbol;Acc:HGNC:33537] 242.121 0.000536 

CAV1 Caveolin 1 [Source:HGNC Symbol;Acc:HGNC:1527] 28.902 0.0047 

DKK3 
Dickkopf WNT Signaling Pathway Ķnhibitor 3 [Source:HGNC 

Symbol;Acc:HGNC:2893] 
18.938 0.0198 

COL3A1 Collagen Type III Alpha 1 Chain [Source:HGNC Symbol;Acc:HGNC:2201] 8.884 0.000669 

TNC Tenascin C [Source:HGNC Symbol;Acc:HGNC:5318] 7.614 0.000123 

COL12A1 Collagen Type XII Alpha 1 Chain [Source:HGNC Symbol;Acc:HGNC:2188] 6.72 0.00354 

TGFBI 
Transforming Growth Factor Beta Ķnduced [Source:HGNC 

Symbol;Acc:HGNC:11771] 
6.335 6.97E-06 

GREM1 
Gremlin 1, DAN Family BMP Antagonist [Source:HGNC 

Symbol;Acc:HGNC:2001] 
5.176 0.000669 

MMP14 Matrix Metallopeptidase 14 [Source:HGNC Symbol;Acc:HGNC:7160] 3.735 0.0189 

SERPINE2 Serpin Family E Member 2 [Source:HGNC Symbol;Acc:HGNC:8951] 3.526 0.00504 

EFEMP1 
EGF Containing Fibulin Extracellular Matrix Protein 1 [Source:HGNC 

Symbol;Acc:HGNC:3218] 
2.512 0.0306 

D
O

W
N

 

H3C2 H3 Clustered Histone 2 [Source:HGNC Symbol;Acc:HGNC:4776] 0.093 0.0000195 

H3C13 H3 Clustered Histone 13 [Source:HGNC Symbol;Acc:HGNC:25311] 0.106 0.000095 

H3C7 H3 Clustered Histone 7 [Source:HGNC Symbol;Acc:HGNC:4773] 0.139 0.00239 

H2BC4 H2B Clustered Histone 4 [Source:HGNC Symbol;Acc:HGNC:4757] 0.202 0.0047 

H3C11 H3 Clustered Histone 11 [Source:HGNC Symbol;Acc:HGNC:4771] 0.123 0.0286 

H2BC17 H2B Clustered Histone 17 [Source:HGNC Symbol;Acc:HGNC:4758] 0.15 0.0469 

M
C

F
-7

/ 
1

0
0

0
D

o
x 

U
P

 

TNFSF12-

TNFSF13 
TNFSF12-TNFSF13 Readthrough [Source:HGNC Symbol;Acc:HGNC:33537] 72.453  

TNFRSF11B 
TNF Receptor Superfamily Member 11b [Source:HGNC 

Symbol;Acc:HGNC:11909] 
19.444 0.000308 

PER1 Period Circadian Regulator 1 [Source:HGNC Symbol;Acc:HGNC:8845] 18.901 5.8E-51 

DUSP2 Dual Specificity Phosphatase 2 [Source:HGNC Symbol;Acc:HGNC:3068] 10.846 4.43E-09 

ADAM33 
ADAM Metallopeptidase Domain 33 [Source:HGNC 

Symbol;Acc:HGNC:15478] 
8.414 0.00809 
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Table 4.3. (Continued.) 

  

CSF3R 
Colony Stimulating Factor 3 Receptor [Source:HGNC 

Symbol;Acc:HGNC:2439] 
7.665 0.0214 

FLCN Folliculin [Source:HGNC Symbol;Acc:HGNC:27310] 7.453 1.43E-23 

TNFAIP3 TNF Alpha Ķnduced Protein 3 [Source:HGNC Symbol;Acc:HGNC:11896] 7.193 1.04E-12 

PDGFRA 
Platelet Derived Growth Factor Receptor Alpha [Source:HGNC 

Symbol;Acc:HGNC:8803] 
6.883 0.0473 

NR1D1 
Nuclear Receptor Subfamily 1 Group D Member 1 [Source:HGNC 

Symbol;Acc:HGNC:7962] 
5.457 4.49E-22 

DNAJB1 
Dnaj Heat Shock Protein Family (Hsp40) Member B1 [Source:HGNC 

Symbol;Acc:HGNC:5270] 
5.178 2.44E-18 

TRIB3 Tribbles Pseudokinase 3 [Source:HGNC Symbol;Acc:HGNC:16228] 4.702 4.18E-16 

GADD45B 
Growth Arrest And DNA Damage Ķnducible Beta [Source:HGNC 

Symbol;Acc:HGNC:4096] 
4.538 2.65E-18 

PIM3 
Pim-3 Proto-Oncogene, Serine/Threonine Kinase [Source:HGNC 

Symbol;Acc:HGNC:19310] 
4.417 1.81E-16 

BIRC3 Baculoviral IAP Repeat Containing 3 [Source:HGNC Symbol;Acc:HGNC:591] 4.182 3.31E-16 

E2F7 E2F Transcription Factor 7 [Source:HGNC Symbol;Acc:HGNC:23820] 4.1 0.0000779 

B2M Beta-2-Microglobulin [Source:HGNC Symbol;Acc:HGNC:914] 4.063 7.76E-13 

CREBRF CREB3 Regulatory Factor [Source:HGNC Symbol;Acc:HGNC:24050] 3.93 1.28E-10 

SESN2 Sestrin 2 [Source:HGNC Symbol;Acc:HGNC:20746] 3.782 2.99E-14 

MMP1 Matrix Metallopeptidase 1 [Source:HGNC Symbol;Acc:HGNC:7155] 3.554 3.14E-10 

TNC Tenascin C [Source:HGNC Symbol;Acc:HGNC:5318] 3.528 0.0000104 

EPAS1 Endothelial PAS Domain Protein 1 [Source:HGNC Symbol;Acc:HGNC:3374] 3.443 0.000118 

IRF1 Ķnterferon Regulatory Factor 1 [Source:HGNC Symbol;Acc:HGNC:6116] 3.325 1.49E-07 

PTPRK 
Protein Tyrosine Phosphatase Receptor Type K [Source:HGNC 

Symbol;Acc:HGNC:9674] 
3.29 1.01E-06 

NFKBIA NFKB Ķnhibitor Alpha [Source:HGNC Symbol;Acc:HGNC:7797] 3.214 1.69E-13 

H1-2 
H1.2 Linker Histone, Cluster Member [Source:HGNC 

Symbol;Acc:HGNC:4716] 
3.1 4.74E-06 

RRAGC Ras Related GTP Binding C [Source:HGNC Symbol;Acc:HGNC:19902] 3.054 9.37E-06 
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Table 4.3. (Continued.) 

  

TIPARP 
TCDD Ķnducible Poly(ADP-Ribose) Polymerase [Source:HGNC 

Symbol;Acc:HGNC:23696] 
2.917 3.46E-08 

DDIT3 DNA Damage Ķnducible Transcript 3 [Source:HGNC Symbol;Acc:HGNC:2726] 2.886 7.01E-07 

H2BC8 H2B Clustered Histone 8 [Source:HGNC Symbol;Acc:HGNC:4746] 2.881 0.0155 

RND3 Rho Family Gtpase 3 [Source:HGNC Symbol;Acc:HGNC:671] 2.87 3E-08 

IRS2 Ķnsulin Receptor Substrate 2 [Source:HGNC Symbol;Acc:HGNC:6126] 2.825 0.000004 

BTG1 BTG Anti-Proliferation Factor 1 [Source:HGNC Symbol;Acc:HGNC:1130] 2.587 0.000925 

GREM1 
Gremlin 1, DAN Family BMP Antagonist [Source:HGNC 

Symbol;Acc:HGNC:2001] 
2.566 0.00119 

BCL3 BCL3 Transcription Coactivator [Source:HGNC Symbol;Acc:HGNC:998] 2.549 0.0000526 

DUSP4 Dual Specificity Phosphatase 4 [Source:HGNC Symbol;Acc:HGNC:3070] 2.537 0.00836 

MLH1 Mutl Homolog 1 [Source:HGNC Symbol;Acc:HGNC:7127] 2.514 0.000762 

CGAS Cyclic GMP-AMP Synthase [Source:HGNC Symbol;Acc:HGNC:21367] 2.429 0.0000278 

RYBP RING1 And YY1 Binding Protein [Source:HGNC Symbol;Acc:HGNC:10480] 2.419 0.00365 

PIM1 
Pim-1 Proto-Oncogene, Serine/Threonine Kinase [Source:HGNC 

Symbol;Acc:HGNC:8986] 
2.416 5.54E-07 

BCL9L BCL9 Like [Source:HGNC Symbol;Acc:HGNC:23688] 2.398 6.42E-06 

ELF3 E74 Like ETS Transcription Factor 3 [Source:HGNC Symbol;Acc:HGNC:3318] 2.382 0.0072 

CLDN1 Claudin 1 [Source:HGNC Symbol;Acc:HGNC:2032] 2.382 0.00247 

GRB7 
Growth Factor Receptor Bound Protein 7 [Source:HGNC 

Symbol;Acc:HGNC:4567] 
2.376 0.000332 

DAPK3 Death Associated Protein Kinase 3 [Source:HGNC Symbol;Acc:HGNC:2676] 2.373 3.28E-06 

BCL6 BCL6 Transcription Repressor [Source:HGNC Symbol;Acc:HGNC:1001] 2.338 0.00035 

NFKBIE NFKB Ķnhibitor Epsilon [Source:HGNC Symbol;Acc:HGNC:7799] 2.291 0.000475 

ERRFI1 
ERBB Receptor Feedback Ķnhibitor 1 [Source:HGNC 

Symbol;Acc:HGNC:18185] 
2.272 0.00466 

ATP6V1B2 
Atpase H+ Transporting V1 Subunit B2 [Source:HGNC 

Symbol;Acc:HGNC:854] 
2.203 0.00823 

RICTOR 
RPTOR Ķndependent Companion Of MTOR Complex 2 [Source:HGNC 

Symbol;Acc:HGNC:28611] 
2.161 0.0239 

CREBBP CREB Binding Protein [Source:HGNC Symbol;Acc:HGNC:2348] 2.155 0.00248 
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Table 4.3. (Continued.) 

 

 

PPARG 
Peroxisome Proliferator Activated Receptor Gamma [Source:HGNC 

Symbol;Acc:HGNC:9236] 
2.132 0.0113 

CREB3L2 
Camp Responsive Element Binding Protein 3 Like 2 [Source:HGNC 

Symbol;Acc:HGNC:23720] 
2.118 0.000499 

SQSTM1 Sequestosome 1 [Source:HGNC Symbol;Acc:HGNC:11280] 2.092 0.0000211 

ELL 
Elongation Factor For RNA Polymerase II [Source:HGNC 

Symbol;Acc:HGNC:23114] 
2.084 0.0094 

STK40 Serine/Threonine Kinase 40 [Source:HGNC Symbol;Acc:HGNC:21373] 2.07 0.0499 

RBM15 RNA Binding Motif Protein 15 [Source:HGNC Symbol;Acc:HGNC:14959] 2.064 0.000637 

H3-3B H3.3 Histone B [Source:HGNC Symbol;Acc:HGNC:4765] 2.055 2.48E-06 

WEE1 WEE1 G2 Checkpoint Kinase [Source:HGNC Symbol;Acc:HGNC:12761] 2.037 0.0117 

CARS1 Cysteinyl-Trna Synthetase 1 [Source:HGNC Symbol;Acc:HGNC:1493] 2.034 0.000257 

GADD45A 
Growth Arrest And DNA Damage Ķnducible Alpha [Source:HGNC 

Symbol;Acc:HGNC:4095] 
2.021 0.00836 

XBP1 X-Box Binding Protein 1 [Source:HGNC Symbol;Acc:HGNC:12801] 2.01 0.000372 

HERPUD1 
Homocysteine Ķnducible ER Protein With Ubiquitin Like Domain 1 

[Source:HGNC Symbol;Acc:HGNC:13744] 
2.009 0.00291 

GATA6 GATA Binding Protein 6 [Source:HGNC Symbol;Acc:HGNC:4174] 2.006 0.0102 

BNIP1 BCL2 Ķnteracting Protein 1 [Source:HGNC Symbol;Acc:HGNC:1082] 2.005 0.00583 

CDKN1A 
Cyclin Dependent Kinase Ķnhibitor 1A [Source:HGNC 

Symbol;Acc:HGNC:1784] 
2.004 0.00593 

D
O

W
N

 DHFR Dihydrofolate Reductase [Source:HGNC Symbol;Acc:HGNC:2861] 2.016 0.00678 

H1-5 
H1.5 Linker Histone, Cluster Member [Source:HGNC 

Symbol;Acc:HGNC:4719] 
0.162 0.0109 
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Table 4.4. Altered cancer-associated genes in response to 15 ɛM labetalol treatment of MCF-7 and MCF-7/1000Dox cells. 

Cell Line Group Gene Name Description Fold Change Adj_P_Val 
M

C
F

-7
 

U
P

 

PDGFRA 
Platelet Derived Growth Factor Receptor Alpha [Source:HGNC 

Symbol;Acc:HGNC:8803] 
893.087 0.000278 

ALOX5 Arachidonate 5-Lipoxygenase [Source:HGNC Symbol;Acc:HGNC:435] 751.674 0.00178 

IGFBP7 
Ķnsulin Like Growth Factor Binding Protein 7 [Source:HGNC 

Symbol;Acc:HGNC:5476] 
694.012 0.002 

DKK3 
Dickkopf WNT Signaling Pathway Ķnhibitor 3 [Source:HGNC 

Symbol;Acc:HGNC:2893] 
638.45 0.0392 

SNAI2 
Snail Family Transcriptional Repressor 2 [Source:HGNC 

Symbol;Acc:HGNC:11094] 
625.182 0.00453 

RAC2 Rac Family Small Gtpase 2 [Source:HGNC Symbol;Acc:HGNC:9802] 540.59 0.00274 

CAV1 Caveolin 1 [Source:HGNC Symbol;Acc:HGNC:1527] 515.107 0.0316 

SOD3 Superoxide Dismutase 3 [Source:HGNC Symbol;Acc:HGNC:11181] 503.445 0.00998 

PRF1 Perforin 1 [Source:HGNC Symbol;Acc:HGNC:9360] 470.407 0.0209 

TNFSF12 TNF Superfamily Member 12 [Source:HGNC Symbol;Acc:HGNC:11927] 470.407 0.0209 

MPEG1 Macrophage Expressed 1 [Source:HGNC Symbol;Acc:HGNC:29619] 441.865 0.0183 

MMP2 Matrix Metallopeptidase 2 [Source:HGNC Symbol;Acc:HGNC:7166] 369.437 0.0097 

ITGA4 Ķntegrin Subunit Alpha 4 [Source:HGNC Symbol;Acc:HGNC:6140] 355.992 0.00428 

PDGFD Platelet Derived Growth Factor D [Source:HGNC Symbol;Acc:HGNC:30620] 352.427 0.0323 

LOXL4 Lysyl Oxidase Like 4 [Source:HGNC Symbol;Acc:HGNC:17171] 341.649 0.007 

COL1A2 Collagen Type I Alpha 2 Chain [Source:HGNC Symbol;Acc:HGNC:2198] 329.214 0.00565 

FOXQ1 Forkhead Box Q1 [Source:HGNC Symbol;Acc:HGNC:20951] 326.863 0.0264 

BTK Bruton Tyrosine Kinase [Source:HGNC Symbol;Acc:HGNC:1133] 322.699 0.0392 

PRRX1 Paired Related Homeobox 1 [Source:HGNC Symbol;Acc:HGNC:9142] 313.755 0.000000972 

MMP1 Matrix Metallopeptidase 1 [Source:HGNC Symbol;Acc:HGNC:7155] 291.453 0.000000123 

MMP3 Matrix Metallopeptidase 3 [Source:HGNC Symbol;Acc:HGNC:7173] 275.646 0.00000359 

COL3A1 Collagen Type III Alpha 1 Chain [Source:HGNC Symbol;Acc:HGNC:2201] 267.234 0.00921 

VIM Vimentin [Source:HGNC Symbol;Acc:HGNC:12692] 254.204 0.00602 

SFRP2 Secreted Frizzled Related Protein 2 [Source:HGNC Symbol;Acc:HGNC:10777] 221.667 0.0172 

GSTP1 Glutathione S-Transferase Pi 1 [Source:HGNC Symbol;Acc:HGNC:4638] 207.416 0.000523 
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Table 4.4. (Continued.) 

  

TNC Tenascin C [Source:HGNC Symbol;Acc:HGNC:5318] 200.926 0.000000482 

TGFBI 
Transforming Growth Factor Beta Ķnduced [Source:HGNC 

Symbol;Acc:HGNC:11771] 
199.881 0.00000013 

COL4A2 Collagen Type IV Alpha 2 Chain [Source:HGNC Symbol;Acc:HGNC:2203] 198.495 0.00382 

FSTL1 Follistatin Like 1 [Source:HGNC Symbol;Acc:HGNC:3972] 186.774 0.0311 

FBLN2 Fibulin 2 [Source:HGNC Symbol;Acc:HGNC:3601] 157.559 0.00000479 

ADAMTS1 
ADAM Metallopeptidase With Thrombospondin Type 1 Motif 1 [Source:HGNC 

Symbol;Acc:HGNC:217] 
153.031 0.00279 

COL12A1 Collagen Type XII Alpha 1 Chain [Source:HGNC Symbol;Acc:HGNC:2188] 146.727 0.00000106 

GREM1 
Gremlin 1, DAN Family BMP Antagonist [Source:HGNC 

Symbol;Acc:HGNC:2001] 
115.745 0.0000031 

ITGBL1 Ķntegrin Subunit Beta Like 1 [Source:HGNC Symbol;Acc:HGNC:6164] 108.893 0.00428 

FN1 Fibronectin 1 [Source:HGNC Symbol;Acc:HGNC:3778] 108.476 0.000000972 

COL8A1 Collagen Type VIII Alpha 1 Chain [Source:HGNC Symbol;Acc:HGNC:2215] 104.957 0.000173 

PTPRC 
Protein Tyrosine Phosphatase Receptor Type C [Source:HGNC 

Symbol;Acc:HGNC:9666] 
103.503 0.000757 

STING1 
Stimulator Of Ķnterferon Response Cgamp Ķnteractor 1 [Source:HGNC 

Symbol;Acc:HGNC:27962] 
97.265 0.00111 

MMP14 Matrix Metallopeptidase 14 [Source:HGNC Symbol;Acc:HGNC:7160] 95.792 0.00000821 

HCK 
HCK Proto-Oncogene, Src Family Tyrosine Kinase [Source:HGNC 

Symbol;Acc:HGNC:4840] 
93.325 0.00199 

SERPINE1 Serpin Family E Member 1 [Source:HGNC Symbol;Acc:HGNC:8583] 90.261 0.0000847 

FBN1 Fibrillin 1 [Source:HGNC Symbol;Acc:HGNC:3603] 87.805 0.0000132 

CLDN11 Claudin 11 [Source:HGNC Symbol;Acc:HGNC:8514] 84.857 0.0000478 

SLIT3 Slit Guidance Ligand 3 [Source:HGNC Symbol;Acc:HGNC:11087] 81.796 0.0000494 

CD74 CD74 Molecule [Source:HGNC Symbol;Acc:HGNC:1697] 81.765 0.000709 

ADAM12 ADAM Metallopeptidase Domain 12 [Source:HGNC Symbol;Acc:HGNC:190] 78.987 0.00111 

CDH11 Cadherin 11 [Source:HGNC Symbol;Acc:HGNC:1750] 74.844 0.000905 

FGR 
FGR Proto-Oncogene, Src Family Tyrosine Kinase [Source:HGNC 

Symbol;Acc:HGNC:3697] 
69.943 0.0392 

GPX1 Glutathione Peroxidase 1 [Source:HGNC Symbol;Acc:HGNC:4553] 68.186 0.00119 
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Table 4.4. (Continued.) 

  

UCHL1 Ubiquitin C-Terminal Hydrolase L1 [Source:HGNC Symbol;Acc:HGNC:12513] 64.959 0.0263 

MGAM Maltase-Glucoamylase [Source:HGNC Symbol;Acc:HGNC:7043] 59.288 0.015 

FGF7 Fibroblast Growth Factor 7 [Source:HGNC Symbol;Acc:HGNC:3685] 58.483 0.0358 

ADAMTSL1 ADAMTS Like 1 [Source:HGNC Symbol;Acc:HGNC:14632] 57.845 0.0091 

COL14A1 Collagen Type XIV Alpha 1 Chain [Source:HGNC Symbol;Acc:HGNC:2191] 57.756 0.0119 

IL16 Ķnterleukin 16 [Source:HGNC Symbol;Acc:HGNC:5980] 56.819 0.013 

CSF3R Colony Stimulating Factor 3 Receptor [Source:HGNC Symbol;Acc:HGNC:2439] 55.934 0.000666 

ADAMTS2 
ADAM Metallopeptidase With Thrombospondin Type 1 Motif 2 [Source:HGNC 

Symbol;Acc:HGNC:218] 
51.975 0.00694 

ITGA11 Integrin Subunit Alpha 11 [Source:HGNC Symbol;Acc:HGNC:6136] 51.351 0.00111 

AXL AXL Receptor Tyrosine Kinase [Source:HGNC Symbol;Acc:HGNC:905] 49.012 0.000821 

DPYD Dihydropyrimidine Dehydrogenase [Source:HGNC Symbol;Acc:HGNC:3012] 46.653 0.0209 

ELN Elastin [Source:HGNC Symbol;Acc:HGNC:3327] 45.383 0.0012 

TGFBR2 
Transforming Growth Factor Beta Receptor 2 [Source:HGNC 

Symbol;Acc:HGNC:11773] 
44.209 0.00331 

MSN Moesin [Source:HGNC Symbol;Acc:HGNC:7373] 43.057 0.000343 

FGF2 Fibroblast Growth Factor 2 [Source:HGNC Symbol;Acc:HGNC:3676] 41.029 0.015 

ADGRA2 
Adhesion G Protein-Coupled Receptor A2 [Source:HGNC 

Symbol;Acc:HGNC:17849] 
39.136 0.00178 

FBLN5 Fibulin 5 [Source:HGNC Symbol;Acc:HGNC:3602] 35.349 0.00211 

FBLN1 Fibulin 1 [Source:HGNC Symbol;Acc:HGNC:3600] 34.393 0.00318 

FBN2 Fibrillin 2 [Source:HGNC Symbol;Acc:HGNC:3604] 32.248 0.0279 

COL5A2 Collagen Type V Alpha 2 Chain [Source:HGNC Symbol;Acc:HGNC:2210] 30.975 0.00371 

FCN1 Ficolin 1 [Source:HGNC Symbol;Acc:HGNC:3623] 30.549 0.0047 

ETS1 
ETS Proto-Oncogene 1, Transcription Factor [Source:HGNC 

Symbol;Acc:HGNC:3488] 
28.984 0.0142 

IGFBP3 
Ķnsulin Like Growth Factor Binding Protein 3 [Source:HGNC 

Symbol;Acc:HGNC:5472] 
28.055 0.000821 

PRKCB Protein Kinase C Beta [Source:HGNC Symbol;Acc:HGNC:9395] 27.366 0.0209 

CSF1 Colony Stimulating Factor 1 [Source:HGNC Symbol;Acc:HGNC:2432] 24.171 0.00935 

SLIT2 Slit Guidance Ligand 2 [Source:HGNC Symbol;Acc:HGNC:11086] 22.132 0.0241 
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Table 4.4. (Continued.) 

  

CDH13 Cadherin 13 [Source:HGNC Symbol;Acc:HGNC:1753] 21.045 0.0381 

ITGB2 Ķntegrin Subunit Beta 2 [Source:HGNC Symbol;Acc:HGNC:6155] 20.266 0.0241 

DDR2 
Discoidin Domain Receptor Tyrosine Kinase 2 [Source:HGNC 

Symbol;Acc:HGNC:2731] 
17.291 0.0293 

COL6A1 Collagen Type VI Alpha 1 Chain [Source:HGNC Symbol;Acc:HGNC:2211] 17.142 0.0047 

COL1A1 Collagen Type I Alpha 1 Chain [Source:HGNC Symbol;Acc:HGNC:2197] 10.461 0.0177 

M
C

F
-7
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FCN1 Ficolin 1 [Source:HGNC Symbol;Acc:HGNC:3623] 15.212 0.0182 

BMP6 Bone Morphogenetic Protein 6 [Source:HGNC Symbol;Acc:HGNC:1073] 9.281 0.0133 

SOX4 SRY-Box Transcription Factor 4 [Source:HGNC Symbol;Acc:HGNC:11200] 7.742 0.0065 

RGS16 Regulator Of G Protein Signaling 16 [Source:HGNC Symbol;Acc:HGNC:9997] 7.419 0.034 

TRIB3 Tribbles Pseudokinase 3 [Source:HGNC Symbol;Acc:HGNC:16228] 6.049 0.000477 

PER1 Period Circadian Regulator 1 [Source:HGNC Symbol;Acc:HGNC:8845] 4.127 0.00221 

SESN2 Sestrin 2 [Source:HGNC Symbol;Acc:HGNC:20746] 3.952 0.00289 
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4.9. Gene Ontology and KEGG Analysis 

In order to better understand the biological significance of the gene lists obtained by DGE 

analysis, Gene Ontology (GO) enrichment analysis was performed for each experimental 

comparison. Biological process is the largest and the most diverse of the three ontology aspects 

in the GO, which are biological processes, cellular locations and molecular functions. GO 

analysis for biological processes involves categorizing genes or proteins in order to gain insights 

into the underlying biological processes [146]. 

The results of the GO enrichment analysis were then ranked in descending order according 

to the fold enrichment value. Fold enrichment is a metric that quantifies the extent to which a 

biological process is enriched or dominant within a given gene list that has been analyzed. 

Consequently, the higher biological processes at the top of the list demonstrate the most 

significant effects of drug applications on the gene expression of sensitive and resistant cells. 

Consequently, the 10 most predominant biological processes were selected for 

subsequent analysis. 

According to the Table 4.5, among the upregulated genes in the MCF-7 cell line, processes 

related to ñAldosterone Metabolic Process (GO:0032341)ò were particularly prominent with 

207.2-fold enrichment. Other important processes identified in this study include ñG protein-

coupled receptor signaling pathway involved in heart proc. (GO:0086103)ò, ñExtracellular 

matrix organization (GO:0030198)ò and ñWound healing (GO:0042060)ò. Among the 

downregulated genes (Table 4.5), the most enriched biological process identified was 

ñInterleukin-7-mediated signaling pathway (GO:0038111)ò with 506.6-fold enrichment. Other 

important processes identified in this study include ñNucleolar chromatin organization 

(GO:1990700)ò, ñResponse to interleukin-7 (GO:0098760)ò, and ñCellular response to 

interleukin-7 (GO:0098761)ò.  

According to gene ontology (GO) analyses of the downregulated genes in the MCF-7/1000 

cell line in response to propranolol treatment, enrichment did not yield any results. The most 

enriched biological process identified among the upregulated genes (Table 4.5) was "Germinal 
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center formation (GO:0002467)ò, with 80.1-fold enrichment. Other important processes 

identified include ñNeg. reg. of toll-like receptor 4 signaling pathway (GO:0034144)ò, ñNeg. 

reg. of transcription, DNA-templated (GO:0045892)ò and ñReg. of apoptotic proc. 

(GO:0042981)ò. 
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Table 4.5. Significantly enriched genes in MCF-7 and MCF-7/1000Dox propranolol treatment groups by GO analysis for biological processes 

Cell 

Line 
Group p value 

Fold 

Enrichment 
GO ID Pathway Related Genes 

M
C

F
-7

 

U
P

 
0.0326 207.2 GO:0032341 Aldosterone metabolic proc. DKK3 

0.0326 190.0 GO:0086103 
G protein-coupled receptor signaling 

pathway involved in heart proc. 
CAV1 

4.11E-06 30.4 GO:0030198 Extracellular matrix organization TNC CAV1  COL12A1  TGFBI  MMP14  COL3A1 

0.001184 28.1 GO:0007162 Neg. reg. of cell adhesion TNC  TGFBI  SERPINE2  MMP14 

0.003641 19.8 GO:0048732 Gland development TNC  DKK3  CAV1  SERPINE2 

0.006669 15.6 GO:0042060 Wound healing TNC  CAV1  SERPINE2  COL3A1 

0.011961 12.2 GO:0070848 Response to growth factor TNC  DKK3  CAV1  COL3A1 

0.005024 10.4 GO:0035295 Tube development TNC  CAV1  TGFBI  SERPINE2  MMP14 

0.016047 9.6 GO:0030334 Reg. of cell migration CAV1  SERPINE2  MMP14  COL3A1 

D
O

W
N

 

3.43E-10 506.6 GO:0038111 
Interleukin-7-mediated signaling 

pathway 
H3C13  H3C11  H3C7  H3C2 

1.06E-09 370.7 GO:1990700 Nucleolar chromatin organization H3C13  H3C11  H3C7  H3C2 

1.10E-09 353.4 GO:0098760 Response to interleukin-7 H3C13  H3C11  H3C7  H3C2 

1.10E-09 353.4 GO:0098761 Cellular response to interleukin-7 H3C13  H3C11  H3C7  H3C2 

1.36E-09 330.4 GO:0007000 Nucleolus organization H3C13  H3C11  H3C7  H3C2 

3.83E-09 249.1 GO:0030521 
Reg. of androgen receptor signaling 

pathway 
H3C13  H3C11  H3C7  H3C2 

9.47E-12 144.3 GO:0006334 Nucleosome assembly H2BC4  H3C13  H2BC17  H3C11  H3C7  H3C2 

1.30E-11 109.1 GO:0006333 Chromatin assembly or disassembly H2BC4  H3C13  H2BC17  H3C11  H3C7  H3C2 
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Table 4.5. (Continued.) 

  
2.53E-11 94.2 GO:0006323 DNA packaging H2BC4  H3C13  H2BC17  H3C11  H3C7  H3C2 

6.05E-11 79.2 GO:0006338 Chromatin remodeling H2BC4  H3C13  H2BC17  H3C11  H3C7  H3C2 

M
C

F
-7

/1
0

0
0

D
o

x 

U
P

 

0.000185 80.1 GO:0002467 Germinal center formation BCL3  BCL6  TNFAIP3 

0.004608 62.3 GO:0034144 
Neg. reg. of toll-like receptor 4 

signaling pathway 
TNFAIP3  NR1D1 

3.33E-08 5.5 GO:0045892 
Neg. reg. of transcription, DNA-

templated 

CREBBP  BCL3  XBP1  TRIB3  BCL6  GADD45A  IRF1  

NR1D1  DNAJB1  PPARG  GATA6  FLCN  SQSTM1  

ELF3  RYBP  CREBRF  E2F7  DDIT3  PER1  H1-2 

9.32E-10 5.5 GO:0042981 Reg. of apoptotic proc. 

CREBBP  BIRC3  HERPUD1  BCL3  GADD45B  XBP1  

NFKBIA  BNIP1  BCL6  GADD45A  TNFAIP3  

CDKN1A  PPARG  BTG1  PIM1  GATA6  FLCN  

SQSTM1  RYBP  DAPK3  DDIT3  IRS2  STK40  PIM3 

1.28E-09 5.3 GO:0043067 Reg. of programmed cell death 

CREBBP  BIRC3  HERPUD1  BCL3  GADD45B  XBP1  

NFKBIA  BNIP1  BCL6  GADD45A  TNFAIP3  

CDKN1A  PPARG  BTG1  PIM1  GATA6  FLCN  

SQSTM1  RYBP  DAPK3  DDIT3  IRS2  STK40  PIM3 

3.33E-08 4.5 GO:1902680 Pos. reg. of RNA metabolic proc. 

CREBBP  BCL3  MLH1  XBP1  NFKBIA  ELL  EPAS1  

IRF1  NR1D1  PPARG  PIM1  GATA6  FLCN  SQSTM1  

RBM15  ELF3  RYBP  CREBRF  E2F7  DDIT3  PER1  

CREB3L2  BCL9L 

3.33E-08 4.5 GO:1902531 
Reg. of intracellular signal 

transduction 

BIRC3  HERPUD1  BCL3  GADD45B  XBP1  NFKBIA  

TRIB3  BCL6  ERRFI1  GADD45A  RRAGC  TNFAIP3  

DUSP4  NR1D1  PDGFRA  FLCN  SQSTM1  RICTOR  

CGAS  DDIT3  PER1  IRS2  STK40 
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Table 4.5. (Continued.) 

  

1.35E-07 4.6 GO:0080134 Reg. of response to stress 

CREBBP  BIRC3  HERPUD1  GADD45B  XBP1  

NFKBIA  BCL6  ERRFI1  GADD45A  TNFAIP3  IRF1  

NR1D1  DNAJB1  PPARG  PDGFRA  CLDN1  RICTOR  

CGAS  CREBRF  DDIT3  PER1 

5.46E-06 4.1 GO:0045595 Reg. of cell differentiation 

CREBBP  XBP1  NFKBIA  TRIB3  BCL6  ERRFI1  

CSF3R  IRF1  NR1D1  PPARG  H3-3B  BTG1  PDGFRA  

PIM1  GATA6  FLCN  RBM15  DDIT3  BCL9L 

9.51E-06 3.9 GO:0042127 Reg. of cell population proliferation 

TNC  XBP1  NFKBIA  BCL6  ERRFI1  TNFAIP3  

CDKN1A  IRF1  NR1D1  PPARG  BTG1  PDGFRA  

PIM1  GATA6  FLCN  CLDN1  RICTOR  E2F7  IRS2 
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 According to gene ontology (GO) analyses of the downregulated genes in the MCF-7 and 

MCF-7/1000 cell lines in response to labetalol treatment (Table 4.6), enrichment did not yield 

any results. The most enriched biological process identified among the upregulated genes in the 

MCF-7 cell line was ñBone trabecula formation (GO:0060346)ò, which was enriched 84.0-fold 

(Table 4.6). Other important processes identified include ñEndodermal cell differentiation 

(GO:0035987)ò, ñExtracellular matrix organization (GO:0030198)ò, and ñExtracellular 

structure organization (GO:0043062)ò.   

Among the upregulated genes in the MCF-7/1000 cell line (Table 4.6), the most enriched 

biological process identified was ñMitral valve morphogenesis (GO:0003183)ò with 379.9-fold 

enrichment. Other important processes identified include ñComplement activation, lectin 

pathway (GO:0001867)ò, ñCardiac chamber formation (GO:0003207)ò, and 

ñColumnar/cuboidal epithelial cell differentiation (GO:0002065)ò.



91 

 

Table 4.6. Significantly enriched genes in MCF-7 and MCF-7/1000Dox labetalol treatment groups by GO analysis for biological processes  

Cell 

Line 
Group p value 

Fold 

Enrichment 
GO ID Pathway Related Genes 

M
C

F
-7

 

U
P

 
8.17E+09 84.0 GO:0060346 Bone trabecula formation MMP2  COL1A1  FBN2 

8.23E+00 60.4 GO:0035987 Endodermal cell differentiation 
MMP2  COL12A1  ITGA4  FN1  COL4A2  COL6

A1  COL8A1  MMP14  ITGB2  COL5A2 

1.21E-25 24.6 GO:0030198 Extracellular matrix organization 

TNC  ELN  FBLN1  MMP2  CAV1  SERPINE1  

COL1A1  COL12A1  ITGA4  FN1  TGFBI  PDG

FRA  COL4A2  ETS1  ITGA11  LOXL4  FGF2   

FBN2  FBLN5  COL6A1  COL8A1  SFRP2  ADA

M12  MMP3  ADAMTS1  MMP14  ITGB2   

DDR2  FBLN2  COL1A2  FBN1  COL3A1   

ADAMTSL1  COL14A1  MMP1  COL5A2 

1.21E-25 24.6 GO:0043062 Extracellular structure organization 

TNC  ELN  FBLN1  MMP2  CAV1  SERPINE1  

COL1A1  COL12A1  ITGA4  FN1  TGFBI  PDG

FRA  COL4A2  ETS1  ITGA11  LOXL4  FGF2   

FBN2  FBLN5  COL6A1  COL8A1  SFRP2   

ADAM12  MMP3  ADAMTS1  MMP14  ITGB2  

 DDR2  FBLN2  COL1A2  FBN1  COL3A1  

 ADAMTSL1  COL14A1  MMP1  COL5A2 

1.21E-25 24.4 GO:0045229 
External encapsulating structure 

organization 

TNC  ELN  FBLN1  MMP2  CAV1  SERPINE1  

COL1A1  COL12A1  ITGA4  FN1  TGFBI  PDG

FRA  COL4A2  ETS1  ITGA11  LOXL4  FGF2  F

BN2  FBLN5  COL6A1  COL8A1  SFRP2  ADA

M12  MMP3  ADAMTS1  MMP14  ITGB2  DDR

2  FBLN2  COL1A2  FBN1  COL3A1  ADAMTSL

1  COL14A1  MMP1  COL5A2 
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Table 4.6. (Continued.) 

  

3.35E-10 7.7 GO:0016477 Cell migration 

FGR  SNAI2  CD74  ADGRA2  FBLN1  GSTP1  

HCK  CAV1  SERPINE1  COL1A1  ITGA4  FN1  

CSF3R  RAC2  PDGFRA  ETS1  ITGA11  FGF2  

FGF7  CDH13  SLIT2  SFRP2  IGFBP3  MSN  A

DAMTS1  MMP14  ITGB2  DDR2  FSTL1  TGF

BR2  COL1A2  AXL  COL3A1  PDGFD  IL16  C

SF1  MMP1  ITGBL1  GPX1  TNFSF12 

9.79E-09 7.3 GO:0007155 Cell adhesion 

CLDN11  SNAI2  CD74  TNC  FBLN1  HCK  CA

V1  SERPINE1  COL1A1  COL12A1  ITGA4  FN

1  CSF3R  TGFBI  RAC2  PDGFRA  ETS1  ITGA

11  FBLN5  CDH11  CDH13  COL6A1  COL8A1

  SFRP2  MSN  ADAM12  MMP14  ITGB2  DDR

2  IGFBP7  TGFBR2  FBLN2  FBN1  AXL  COL

3A1  ADAMTSL1  CSF1  COL14A1  ITGBL1 

9.79E-09 7.3 GO:0022610 Biological adhesion 

CLDN11  SNAI2  CD74  TNC  FBLN1  HCK  CA

V1  SERPINE1  COL1A1  COL12A1  ITGA4  FN

1  CSF3R  TGFBI  RAC2  PDGFRA  ETS1  ITGA

11  FBLN5  CDH11  CDH13  COL6A1  COL8A1

  SFRP2  MSN  ADAM12  MMP14  ITGB2  DDR

2  IGFBP7  TGFBR2  FBLN2  FBN1  AXL  COL

3A1  ADAMTSL1  CSF1  COL14A1  ITGBL1 

9.79E-09 6.9 GO:0048870 Cell motility 

FGR  SNAI2  CD74  ADGRA2  FBLN1  GSTP1  

HCK  CAV1  SERPINE1  COL1A1  ITGA4  FN1  

CSF3R  RAC2  PDGFRA  ETS1  ITGA11  FGF2  

FGF7  CDH13  SLIT2  SFRP2  IGFBP3  MSN  A

DAMTS1  MMP14  ITGB2  DDR2  FSTL1  TGF

BR2  COL1A2  AXL  COL3A1  PDGFD  IL16  C

SF1  MMP1  ITGBL1  GPX1  TNFSF12 
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Table 4.6. (Continued.) 
M

C
F

-7
/1

0
0

0
D

o
x 

U
P

 

0.036033 379.9 GO:0003183 Mitral valve morphogenesis SOX4 

0.036033 316.6 GO:0001867 
Complement activation, lectin 

pathway 
FCN1 

0.036033 316.6 GO:0003207 Cardiac chamber formation SOX4 

0.036033 82.6 GO:0002065 
Columnar/cuboidal epithelial cell 

differentiation 
SOX4  BMP6 

0.036033 22.1 GO:0002833 Pos. reg. of response to biotic stimulus FCN1  BMP6 

0.036033 11.9 GO:0000122 
Neg. reg. of transcription by RNA 

polymerase II 
TRIB3  BMP6  PER1 

0.036033 11.4 GO:0009725 Response to hormone TRIB3  BMP6  PER1 

0.036033 11.2 GO:0031401 Pos. reg. of protein modification proc. TRIB3  SOX4  BMP6 

0.036033 8.5 GO:0010628 Pos. reg. of gene expression FCN1  SOX4  BMP6 

0.036033 8.4 GO:0045892 
Neg. reg. of transcription, DNA-

templated 
TRIB3  BMP6  PER1 
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To understand the functional importance of the altered genes derived from the differential 

gene expression analysis in biological pathways, KEGG pathway enrichment analysis was 

performed for each experimental comparison. This analysis identified the biochemical and 

signaling pathways in which the genes showing expression changes are involved. 

KEGG analysis demonstrated that propranolol treatment in the MCF-7 cell line primarily 

affected pathways related to ñprotein digestion and absorption (KEGG:04974)ò as indicated by 

23.5-fold enrichment (Table 4.7). In addition, ñfocal adhesion pathways (KEGG:04510)ò 

showed 12-fold enrichment. Downregulated genes were mainly related to ñtranscriptional 

misregulation in cancer pathways (KEGG:05202)ò as revealed by 35.4-fold enrichment. On the 

other hand, in the MCF-7/1000Dox cell line, the ñTNF signaling pathway (KEGG:04668)ò and 

ñpathways in cancer (KEGG:05200)ò were affected by propranolol treatment. In the MCF-

7/1000Dox cells, the downregulated genes did not relate to any pathways. 
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Table 4.7. Significantly enriched KEGG pathways in MCF-7 and MCF-7/1000Dox propranolol treatment groups 

Cell 

Line 
Group p Value 

Fold 

Enrichment 
KEGG ID  Pathway Related Genes 

M
C

F
-7

 

U
P

 0.017771 23.5 KEGG:04974 Protein digestion and absorption COL3A1, COL12A1 

0.032905 12.0 KEGG:04510 Focal adhesion CAV1, TNC 

D
O

W
N

 

4.14E-08 64.3 KEGG:05322 Systemic lupus erythematosus H3C2, H3C13, H3C7, H3C11, H2BC17 

2.42E-07 45.4 KEGG:05034 Alcoholism H3C2, H3C13, H3C7, H3C11, H2BC17 

2.49E-07 45.1 KEGG:04613 
Neutrophil extracellular trap 

formation 
H3C2, H3C13, H3C7, H3C11, H2BC17 

6.12E-05 35.4 KEGG:05202 
Transcriptional misregulation in 

cancer 
H3C2, H3C13, H3C7, H3C11 

0.000165 27.6 KEGG:05131 Shigellosis H3C2, H3C13, H3C7, H3C11 

M
C

F
-7

/1
0

0
0

D
o

x 

U
P

 

0.013634 9.4 KEGG:05222 Small cell lung cancer GADD45B, BIRC3, NFKBIA, GADD45A, CDKN1A 

0.003323 9.2 KEGG:04668 TNF signaling pathway TNFAIP3, BIRC3, IRF1, NFKBIA, BCL3, CREB3L2 

0.017486 8.9 KEGG:05215 Prostate cancer PDGFRA, NFKBIA, CREBBP, CREB3L2, CDKN1A 

0.022116 8.5 KEGG:04064 NF-kappa B signaling pathway TNFAIP3, GADD45B, BIRC3, NFKBIA, GADD45A 

0.007599 7.9 KEGG:04068 FoxO signaling pathway GADD45B, IRS2, BCL6, CREBBP, GADD45A, CDKN1A 

0.008115 6.3 KEGG:05202 
Transcriptional misregulation in 

cancer 

GADD45B, BIRC3, BCL6, PPARG, H3-3B, GADD45A, 

CDKN1A 

0.009838 6.1 KEGG:05169 Epstein-Barr virus infection 
TNFAIP3, GADD45B, B2M, NFKBIA, NFKBIE, 

GADD45A, CDKN1A 

7.43E-05 4.6 KEGG:05200 Pathways in cancer 

CSF3R, PDGFRA, GADD45B, BIRC3, MMP1, EPAS1, 

NFKBIA, MLH1, PIM1, DAPK3, CREBBP, PPARG, 

GADD45A, CDKN1A 

0.000129 3.4 KEGG:05206 MicroRNAs in cancer PDGFRA, TNC, IRS2, PIM1, CREBBP, CDKN1A 

0.001084 2.9 KEGG:04010 MAPK signaling pathway DUSP2, PDGFRA, GADD45B, DUSP4, GADD45A 
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The KEGG pathway map (Figure 4.22) shows how the upregulated genes related ñthe focal 

adhesion pathwayò in the propranolol-treated MCF-7 cells. KEGG analysis revealed that the 

expression of genes highlighted in red was increased, as were the biological processes involving 

the genes such as PKC and PI3K. This suggests that proliferation and survival pathways were 

elevated in propranolol-treated sensitive cells for the elimination of propranolol-induced 

cytotoxicity. As illustrated in Figure 4.23, the KEGG pathway enrichment map obtained from 

the downregulated genes demonstrates a 35.4-fold enrichment of the "transcriptional 

misregulation in cancer" pathway. H3 (Histone 3) clusters (Table 4.7) highlighted in red was 

decreased, which may affect the biological processes related to regulation of gene expression 

such as ñnucleolar chromatin organizationò, ñnucleolus organizationò, ñnucleosome assemblyò, 

ñchromatin assembly or disassemblyò, ñDNA packagingò, and ñchromatin remodelingò (Table 

4.5). Interestingly, H3 clusters are negative regulators of cell cycle progression [147].
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Figure 4.22. KEGG map demonstrating the upregulated genes and/or functional group of genes (red) in the ñfocal adhesionò pathway in the MCF-7 cell line 

in response to propranolol treatment 
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Figure 4.23. KEGG map demonstrating the downregulated cluster of gene (red) in the ñtranscriptional misregulation in cancerò pathways in the MCF-7 cell 

line in response to propranolol treatment 
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As illustrated in Figure 4.24, the KEGG pathway map demonstrates the enrichment of the 

upregulated genes in the "pathways in cancer" in the propranolol-treated MCF-7/1000Dox cells. 

Analysis revealed that the expression of genes and/or functional group of genes highlighted in 

red was increased, as were biological processes involving the genes such as IkBŬ, p21, Pim1/2, 

HIFŬ, and GADD45 (Table 4.5). This finding indicates that the cell has developed a response to 

the damage induced by propranolol, characterized by the upregulation of proliferative and pro-

apoptotic processes, as well as the maintenance of genomic instability and 

sustained angiogenesis. 
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Figure 4.24. KEGG map demonstrating the upregulated genes and/or functional group of genes (red) in the ñpathway in cancerò in the MCF-7/1000Dox cell 

line in response to propranolol treatment 



101 

 

The KEGG analysis of the labetalol-treated MCF-7 and MCF-7/1000Dox cell lines revealed 

the enriched pathways in which the upregulated genes were involved (Table 4.8) due to the 

absence of downregulated genes. Analysis of the differentially expressed genes in the MCF-7 

cell line reveals a significant enrichment of genes associated with ñprotein digestion and 

absorption pathways (KEGG:04974)ò (14.5-fold enrichment). Additionally, the ñpathways in 

cancerò exhibited 3.7-fold enrichment. The investigation of the differentially expressed genes 

in MCF-7/1000Dox cells also identified a 15.9-fold enrichment of those associated with the 

ñTGF-beta signaling pathway (KEGG:04350)ò. 
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Table 4.8. Significantly enriched KEGG pathways in MCF-7 and MCF-7/1000Dox labetalol treatment groups  

Cell 

Line 
Group p Value 

Fold 

Enrichment 
KEGG ID  Pathway Related Genes 

M
C

F
-7

 

U
P

 

9.87E-08 14.5 KEGG:04974 Protein digestion and absorption 
COL1A2, COL3A1, COL4A2, COL12A1, COL8A1, 

COL14A1, ELN, COL5A2, COL6A1, COL1A1 

1.41E-06 13.4 KEGG:04933 
AGE-RAGE signaling pathway in 

diabetic complications 

MMP2, COL1A2, COL3A1, COL4A2, FN1, 

SERPINE1, TGFBR2, PRKCB, COL1A1 

9.52E-06 13.4 KEGG:04512 ECM-receptor interaction 
ITGA4, COL1A2, TNC, COL4A2, FN1, ITGA11, 

COL6A1, COL1A1 

4.31E-08 9.6 KEGG:04510 Focal adhesion 

PDGFRA, RAC2, CAV1, ITGA4, PDGFD, COL1A2, 

TNC, COL4A2, FN1, ITGA11, PRKCB, COL6A1, 

COL1A1 

0.014528 9.4 KEGG:01521 
EGFR tyrosine kinase inhibitor 

resistance 
PDGFRA, PDGFD, AXL, FGF2, PRKCB 

0.000182 6.6 KEGG:04810 Regulation of actin cytoskeleton 
PDGFRA, RAC2, ITGA4, PDGFD, FN1, FGF7, 

ITGA11, MSN, FGF2, ITGB2 

4.98E-06 5.9 KEGG:04151 PI3K-Akt signaling pathway 

PDGFRA, ITGA4, PDGFD, COL1A2, TNC, COL4A2, 

FN1, FGF7, CSF3R, ITGA11, FGF2, CSF1, COL6A1, 

COL1A1 

0.005906 5.7 KEGG:04015 Rap1 signaling pathway 
PDGFRA, RAC2, PDGFD, FGF7, FGF2, PRKCB, 

CSF1, ITGB2 

0.012944 5.1 KEGG:04014 Ras signaling pathway 
PDGFRA, RAC2, PDGFD, FGF7, FGF2, ETS1, 

PRKCB, CSF1 

0.002834 3.7 KEGG:05200 Pathways in cancer 
PDGFRA, RAC2, MMP2, MMP1, GSTP1, COL4A2, 

FN1, FGF7, CSF3R, TGFBR2, FGF2, ETS1, PRKCB 

M
C

F
-7

/1
0

0
0

D
o

x 

U
P

 

0.044951 49.9 KEGG:04710 Circadian rhythm PER1 

0.044951 15.7 KEGG:04931 Insulin resistance TRIB3 

0.044951 15.9 KEGG:04350 TGF-beta signaling pathway BMP6 

0.047588 10.8 KEGG:04390 Hippo signaling pathway BMP6 

0.044951 17.5 KEGG:04713 Circadian entrainment PER1 

0.047588 5.5 KEGG:05206 MicroRNAs in cancer SOX4 
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As illustrated in Figure 4.25, the KEGG pathway map demonstrates the alterations in the 

expression of genes associated with the ñpathway in cancerò in the MCF-7 cell line following 

treatment with labetalol. The results revealed that the expression of genes and/or functional 

group of genes highlighted in red were upregulated, as did biological processes such as 

ñextracellular matrix organizationò, ñextracellular structure organizationò, ñcell migrationò, and 

ñcell adhesionò (Table 4.6). Among the genes, PRKCA/B/G, PDGFRA, and FGF2/7 are also of 

particular significance due to their association with pathways such as ñEGFR tyrosine kinase 

inhibitor resistanceò, ñPI3K-Akt signaling pathwayò, and ñRas signaling pathwayò (Table 4.8). 

The KEGG pathway map (Figure 4.26) illustrates the upregulated gene expression related with 

the ñTGF-beta signaling pathwayò in the MCF-7/1000Dox cells following treatment with 

labetalol, which is one of the major regulators of the cell cycle arrest and apoptosis induction. 

The upregulated BMP6 gene is involved in transcriptional and post-translational regulation of 

gene expression. 
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Figure 4.25.  KEGG map demonstrating the upregulated genes and/or functional group of genes (red) in the ñpathway in cancerò in the MCF-7 cell line in 

response to labetalol treatment 
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Figure 4.26.  KEGG map demonstrating the upregulated genes and/or functional group of genes (red) in the ñTGF-Beta signaling pathwayò in the MCF-

7/1000Dox cell line in response to labetalol treatment
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5. DISCUSSION 

The genes responsible for encoding ɓ-adrenergic receptors (ADRB genes) are activated by 

norepinephrine and epinephrine, which induce the "fight or flight" response. Norepinephrine 

and epinephrine adrenergic receptor activation is blocked by ɓ-blockers. Propranolol exhibits 

equal antagonist effects on both ɓ1-AR and ɓ2-AR. However, labetalol has a different antagonist 

effect compared to propranolol due to its vasodilatory effects. Several clinical and preclinical 

studies support the use of ɓ-blockers in conjunction with chemotherapy for breast cancer, but 

these findings are not uniformly consistent [148]. Barron et al. [121] found in their study that 

cancer patients using propranolol (non-selective for ɓ1-AR and ɓ2-AR) had higher survival 

rates, lower tumor grades, and lower metastasis incidence compared to patients using atenolol 

(ɓ1-AR selective) [121].  

This thesis study investigates the cellular and molecular effects of ɓ-blockers, propranolol 

and labetalol, on MCF-7 and MCF-7/1000Dox cell lines and elucidates different mechanisms 

of action of these drugs. The results demonstrated that both drugs exhibit different effect profiles 

on both cell lines, dependent on the treatment concentration and time. Cytotoxicity studies 

indicated that both drugs exhibit different cytotoxic effects on the MCF-7 cell line over time 

(Figure 4.2). Labetalol exhibited higher cytotoxic effects compared to propranolol at the end of 

48h incubation (Labetalol IC50: 15.6 ÕM vs. Propranolol IC50: 51.3 ÕM). At 72 hours, the 

cytotoxic effect of propranolol increased (IC50: 30.0 ÕM), while the cytotoxic effect of labetalol 

decreased significantly (IC50: 100.5 ÕM) (Figure 4.3). This suggests that MCF-7 cells may have 

developed an adaptation mechanism in response to prolonged exposure to labetalol.  

Doxorubicin resistant MCF-7/1000Dox cells were found to be cross-resistant to propranolol 

and labetalol compared to MCF-7 cells. The 48 and 72h IC50 of labetalol (300 ÕM and 450 ÕM, 

respectively) were significantly higher than those of propranolol. This finding suggests that 

propranolol was more effective than labetalol in drug resistant cells. Similarly, MCF-7/1000Dox 

cells exhibited approximately 8-fold cross-resistance to labetalol, whereas approximately 6-fold 

cross-resistance was attained with propranolol. The elevated IC50 of two ɓ-blockers and 
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concomitant cross-resistance may be due to the efflux of drugs through P-gp from MCF-

7/1000Dox cells, which overexpress active P-gp [63]. In fact, a previous study showed that 

another ɓ-blocker, atenolol, is a P-gp substrate [149]. In addition to drug efflux through ATP-

binding cassette (ABC) transporters, it was demonstrated that epithelial-mesenchymal transition 

(EMT), alterations in ECM components, suppression of apoptosis, and elevation of pathways 

related to cell survival are among the mechanisms contributing to multidrug resistance (MDR) 

in MCF-7/1000Dox cells [106, 131, 150]. These mechanisms may also contribute to the cellular 

resistance that develops against propranolol and labetalol in these cells. 

 The long term anti-proliferative potential of propranolol and labetalol in MCF-7 and 

MCF-7/1000Dox cell lines was evaluated using soft agar colony formation assay. Colony 

formation is a more clinical relevant measure of toxicity since it demonstrates the proliferation 

capacity of cells over extended periods of time in a three-dimensional culture environment. The 

results suggest that both drugs significantly reduced the clonogenic survival of cells with this 

effect increasing in a concentration and time dependent manner. 

 Propranolol treatment significantly reduced the survival fraction in both MCF-7 and 

MCF-7/1000Dox cells compared to the control group (Figure 4.5). The results indicated that 

propranolol inhibited long-term cell proliferation and suppressed tumor growth in both MCF-7 

and MCF-7/1000Dox cells. The anti-proliferative effect of propranolol may be related to its 

ability to block beta-adrenergic receptors, thereby affecting cancer cell growth and survival 

signaling pathways (cAMP/PKA, MAPK, PI3K/Akt). In a clinical study, a patient with stage III 

HER2-negative breast cancer treated with propranolol exhibited decreased expression of Ki-67 

(a proliferative protein) and Bcl-2 (a pro-survival marker), while the p53 (a pro-apoptotic 

protein) expression increased [121, 151]. 

 Similarly, labetalol treatment significantly reduced the survival fraction in both MCF-7 

and MCF-7/1000Dox cells (Figure 4.5). Although it did not demonstrate a substantial effect at 

lower concentrations and shorter exposure times (48 hours) in comparison to propranolol, it 

strongly reduced the survival fraction at higher concentrations or longer exposure times (72 
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hours). Studies have reported that labetalol exhibits anti-cancer activity through the inhibition 

of proliferation and induction of apoptosis in different cancer cell lines, and that this effect is 

mediated through the PI3K, Akt, and GSK-3ɓ phosphorylation pathway [152]. 

 The outcomes of the colony formation assay, which demonstrate that propranolol and 

labetalol inhibit cell proliferation, are significant findings, in consideration of the fact that 

uncontrolled cell growth is a hallmark of cancer progression. The concentration and time-

dependent reduction in survival fraction further support the potential of these drugs for 

repurposing in cancer treatment. Notably, the observation that both drugs suppressed colony 

formation, including in MCF-7/1000Dox cells (Figure 4.5), suggested the potential for these 

drugs to play a promising role in combination therapy with conventional chemotherapeutic 

agents. 

 The results on the effect of propranolol and labetalol on cancer cell invasion and 

migration were in concordance with those of the colony formation assays. The migration ability 

of cancer cells, a critical indicator of their metastatic potential, was evaluated using wound 

healing assay. As indicated by the wound healing assay, MCF-7 cells in the control group 

exhibited a closure rate of  90.51% of the wound at 72 hours (Figure 4.7). However, in the groups 

treated with increasing concentrations of propranolol, this rate underwent a significant decrease. 

Treated with 50 ÕM of propranolol, the cells exhibited a significant decrease in migration ability, 

reaching approximately 50% of the level observed in the control group after a 72-hour period. 

Conversely, at elevated concentrations, cell migration was found to be suppressed over time. 

MCF-7/1000Dox cells in the control group closed 67.76% of the wound at 72 hours. However, 

in the groups treated with increasing concentrations of propranolol, this percentage decreased 

significantly. In the group treated with the highest concentration of 200 ÕM propranolol, cell 

migration decreased to 13.43% after 72 hours (Figure 4.7). This finding suggests that the 

continuous presence of propranolol maintains its inhibitory effect on cell migration. This finding 

further substantiates our hypothesis that propranolol exerts cytotoxic effects in resistant cells, 

despite the presence of cross-resistance to propranolol among these cells. In accordance with 
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the preceding reports, the application of propranolol has been demonstrated to suppress the 

movement of cancer cells and, consequently, their metastatic potential [153,154].  

Labetalol has been demonstrated to inhibit cell migration in a concentration- and time-

dependent manner (Figure 4.8). At high concentrations, labetalol has been shown to cause cells 

to migrate away from the wound area (negative migration). As indicated by the wound healing 

assay, MCF-7 cells in the control group, which did not undergo drug application, exhibited a 

closure rate of 62.06% of the wound at 72 hours. However, in the groups treated with labetalol, 

this rate underwent a significant decrease in accordance with increasing concentrations. In 

concentrations of 15 ÕM and above, cell migration was observed to come to a cessation and 

even attain negative values. A significant decline in migration rate was observed after 72 hours 

of exposure to 15 ÕM propranolol, with a rate of -49.60%. This rate further decreased to -75.51% 

at 100 ÕM. A negative migration rate indicates that cells migrate away from the wound area due 

to drug-induced toxicity rather than moving toward the wound site.  

 Labetalol has also been shown to inhibit cell migration in MCF-7/1000Dox cells in a 

concentration- and time-dependent manner, with complete inhibition of migration observed at 

high concentrations. The results demonstrated that 40.00% of the wounds closed in the control 

group of MCF-7/1000Dox cells without drug application after 72 hours. However, this rate 

decreased significantly in the groups treated with labetalol as the concentration increased. 

Concentrations of 300 ÕM and 450 ÕM resulted in the complete inhibition of cell migration at 

48 hours and 72 hours, respectively. The findings indicate that labetalol exerts a pronounced 

inhibitory effect on the motility and invasive capacity of doxorubicin resistant breast cancer 

cells.  

Studies suggest that blocking beta-adrenergic receptors may affect processes such as cell 

growth, angiogenesis, and metastasis of cancer cells [152]. The mechanism by which 

propranolol inhibits cell migration may involve various pathways, such as modulation of 

signaling pathways associated with EMT, regulation of cytoskeletal proteins, or reduction in the 

expression of cell adhesion molecules [155, 156]. 
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Subsequent analyses of the cell cycle and apoptosis provide further evidence to support 

the hypothesis that the cytotoxic effects are the result of a diversity of molecular mechanisms. 

The pro-apoptotic effects of propranolol have been previously associated with the blockade of 

ɓ-adrenergic receptor signaling in studies [151]. Propranolol did not result in a substantial 

increase in cell cycle arrest or apoptosis in MCF-7 cells. However, a strong induction of 

apoptosis was observed in MCF-7/1000Dox cells after 48 hours of treatment, and this effect was 

no longer evident by 72 hours. This finding indicates that the induction of apoptosis by 

propranolol in resistant cells is suppressed by the response mechanisms of cells in prolonged 

exposure times. The apoptotic response in MCF-7/1000Dox cells, which is brief yet potent, 

suggests that the cells rapidly evade the initial apoptotic effect, likely due to the pro-apoptotic 

resistance mechanisms developed in these cells [131]. 

 The effects of labetalol exhibited a divergent profile in comparison to those of 

propranolol treatment. Labetalol significantly increased apoptosis of MCF-7 cells after 48 hours, 

yet had no effect on MCF-7/1000Dox cells. However, at 72 hours of treatment, at high 

concentrations (200 ÕM), it was observed to cause G2 phase arrest in both the MCF-7 and MCF-

7/1000Dox cell lines, followed by the induction of a strong apoptotic response. The results of 

the study indicate that the cytotoxic effect of labetalol occurs through a mechanism that targets 

the G2/M checkpoint and subsequently initiates programmed cell death [152]. It has been 

established that G2 phase arrest constitutes a cellular response that enables the repair of DNA 

damage. However, when such repair is not feasible, this response facilitates the transition to 

apoptosis [157]. This finding, when considered in conjunction with existing literature on the 

subject, suggests the potential of labetalol to induce cell death through molecular pathways that 

result in a blockade of the G2/M phase at high concentrations. 

Labetalol impedes the migratory capacity of MCF-7 and MCF-7/1000Dox cells through 

a process involving cell death, rather than through a direct inhibition of migration. Moreover, 

the findings from the flow cytometry analysis suggest a correlation between labetalol induced 

apoptosis of MCF-7 and MCF-7/1000Dox cells and the observed migratory outcomes. The 

observation that labetalol did not demonstrate a significant effect, such as cell cycle arrest, 
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suggests that its cytotoxic effect is not predominantly attributable to cell cycle blockade. Rather, 

it is likely to be due to apoptosis. Complete inhibition of cell migration by labetalol provides 

substantial evidence for its potential use as an adjuvant agent in the treatment of metastatic breast 

cancer, particularly in drug-resistant tumors. 

PCA analysis shows clear differences between the MCF-7 and MCF-7/1000Dox cell 

lines, primarily due to their genetic variations [150]. These differences significantly impact the 

gene expression profiling in the resistant cell line. Additionally, the fact that the two cell lines 

are positioned on different PCA axes confirms the accuracy of the RNA-seq results. In the 

second sample treated with labetalol, there was a noticeable difference in gene expression 

profiles between the two cell lines. This variation is likely to be caused by the lower total raw 

read counts in that sample, which reflects the quality of the RNA-seq data. While normalization 

can adjust for differences in read counts, all groups, despite minor differences, had sufficient 

read counts to ensure reliable analysis. 

Venn diagrams provide a numerical representation of the genes that are shared among all 

groups as well as those that are unique to particular groups. A single gene, TNFSF12-TNFSF13, 

was identified as being upregulated in the MCF-7 and MCF-7/1000Dox cell lines following 

treatment with propranolol. Furthermore, this gene demonstrated a 242-fold increase in the 

MCF-7 cell line and a 72-fold increase in the MCF-7/1000Dox cell line (Figure 4.20). The 

protein encoded by the TNFSF12-TNFSF13 gene is a hybrid protein composed of the 

cytoplasmic and transmembrane domains of family the tumor necrosis factor (TNF) member 12 

fused to the C-terminal domain of family member 13. The hybrid protein is membrane anchored 

and presents the receptor-binding domain of family member 13 at the cell surface [158]. It is 

involved in a variety of biological processes, including apoptosis, signaling pathways, and 

angiogenesis. The results of KEGG analyses also revealed that various signaling pathways, 

including cell proliferation, evading apoptosis, genomic instability, and sustained angiogenesis 

were affected. Higher levels of TNFSF13 in breast cancer cell lines were associated with 

resistance to paclitaxel and doxorubicin. High TNFSF13 might lead to increased autophagy 

which can contribute to survival and drug resistance through Akt-mTOR pathway [159, 160]. 
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FCN1 genes were commonly identified as elevated in the MCF-7 and MCF-7/1000Dox 

cell lines following treatment with labetalol. The FCN1 gene encodes the ficolin-1 protein [161]. 

FCN1 stimulates monocytes through G-protein-coupled receptors, resulting in cytokine release 

and interleukin-8 (IL-8) synthesis [162]. ȸ-blockers inhibit G-protein-coupled receptor 

activation and some inflammatory pathways. Elevated FCN1 expression may signify that cells 

initiate pro-inflammatory processes in response to increased cellular stress due to labetalol 

treatment. 

A subsequent investigation identified a decrease in the DHFR (encodes the enzyme 

dihydrofolate reductase) expression in the MCF-7/1000Dox cells following treatment with 

propranolol. DHFR is critical for fundamental metabolic processes. Elevated DHFR activity can 

confer resistance to some chemotherapeutic drugs [154, 163]. Various DHFR inhibitors have 

been investigated over the past decade [164]. Consistent with this, the downregulation of DHFR 

in MCF-7/1000Dox cells by propranolol is significant. 

The gene that demonstrated the most significant increase in expression following 

labetalol treatment was identified as the PDGFRA (platelet-derived growth factor receptor 

alpha) gene, which exhibited an 893-fold change. PDGFRA protein activates signaling 

pathways such as MAPK and PI3K/AKT [165, 166], which regulates cell growth, proliferation, 

differentiation, and survival [166, 167]. KEGG pathway analysis demonstrated alterations in the 

PI3K-Akt signaling pathway. Furthermore, PDGFRA signaling has also been associated with 

inflammation in the tumor microenvironment [166]. The upregulation of PDGFRA in labetalol 

applied cells could be a cellular response to counteract the inhibitory effect of ɓ-blockers on 

inflammatory pathways.  
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6. CONCLUSION 

It has been demonstrated that ɓ-blockers, including propranolol and labetalol, exhibit 

intricate and distinct molecular actions on breast cancer cells that extend beyond their 

established mechanisms of action. The integration of the obtained data on cellular toxicity, cell 

cycle, apoptosis, and gene expression offers a promising avenue for the repositioning of these 

drugs in the treatment of cancer. Propranolol completely blocked the migration of MCF-

7/1000Dox cells. In contrast, labetalol exhibited a detrimental effect on the migration rate of 

MCF-7 cells in the wound area, suggesting that the drug exerts its inhibitory effect not only on 

cell migration but also on their capacity to adhere and survive. These findings provide 

substantial evidence in support of the hypothesis that ɓ-blockers have the capacity to inhibit 

metastasis. Although propranolol exerts minimal influence on the cell cycle in MCF-7/1000Dox 

cells, it has been observed to induce apoptosis, resulting in cell death. The capacity of labetalol 

to elicit apoptosis associated with G2 phase arrest at elevated concentrations in the MCF-

7/1000Dox cell line indicates that the drug may possess a cell cycle-targeted mechanism of 

action. 

Differential Gene Expression Analysis was performed using statistically significant gene 

expressions in propranolol and labetalol applied to MCF-7 and MCF-7/1000Dox cells for 48 

hours. A comparison was made between each drug treatment and its untreated cell control. The 

number of genes that exhibited upregulation and downregulation was determined. Volcano plots 

were utilized to filter the genes, and statistically significant fold change values that were more 

than 2-fold upregulated and less than 2-fold downregulated were considered for further analysis. 

In order to enhance comprehension of the biological significance of the gene lists obtained by 

DGE analysis and filtered by volcano plots, the altered gene lists were subjected to further 

evaluation. Genes associated with cancer were considered. To elucidate the biological functions 

and pathways in broader biological networks that are significantly affected by the set of genes, 

those identified as differentially expressed cancer-associated genes due to propranolol and 

labetalol treatments, gene ontology enrichment analysis based on biological process and KEGG 

pathway enrichment analysis were performed. The filtered and processed RNA-seq data yielded 
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insights into the differential molecular responses of sensitive and doxorubicin-resistant cells to 

propranolol and labetalol. These findings offer a partial explanation for the observed 

physiological alterations at the cellular level. Treatment of MCF-7 cells with labetalol primarily 

resulted in an upregulation of genes associated with cellular progression and survival. This 

phenomenon is widely regarded as a cellular response to mitigate the deleterious effects of the 

drug. Propranolol treatment, on the other hand, enriched the genes related to extracellular matrix, 

cell adhesion, and motility biological processes, which in turn affect survival of cancer cells. 

MCF-7/1000Dox cells demonstrated cross-resistance to both propranolol and labetalol. The 

alterations in propranolol-exposed cells have been associated with cellular stress, DNA damage 

and repair, and sustained angiogenesis, as indicated by recent studies. Alterations in propranolol 

applied cells were related to cellular stress, DNA damage and repair response and sustained 

angiogenesis as indicated by KEGG analysis. 

To our knowledge, this is the first study to demonstrate the cellular and molecular effects of 

propranolol and labetalol in multidrug resistant breast carcinoma cells. The aim was to compare 

the potential cytotoxicity and efficacy of ɓ-blockers in vitro and determine the altered molecular 

mechanisms of drug treatment. To date, no study has reported on the effects of these ɓ-blockers 

on the transcriptome of breast cancer cells. The present study demonstrates that both propranolol 

and labetalol have anti-proliferative, anti-migratory, and gene regulatory effects on breast cancer 

cells. The data presented herein demonstrate that these drugs target the fundamental 

characteristics of cancer cells and have the potential to modulate resistance-related gene 

expression. These findings provide a promising basis for future studies on therapeutic strategies, 

including combinations and repositioning. 

The findings of the study may be limited to a specific breast carcinoma subtype, Luminal A 

in particular due to the models used. The effects of propranolol and labetalol may differ on other 

subtypes of breast cancer. Moreover, although the effects of propranolol and labetalol have been 

the subject of extensive research, their synergistic, additive, or antagonistic effects when used 

in combination with traditional chemotherapeutic agents have not been thoroughly investigated. 

The study does not provide information on the processes by which the drugs penetrate cells, 
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distribute within cells, and are metabolized (pharmacokinetics). In addition, specific cellular 

mechanisms should be studied at proteome and functional levels. These limitations restrict the 

extent to which in vitro findings can be translated into clinical practice. 
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