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AN ABSTRACT OF THE THESIS OF 

 

 

 

Sara Ahmad Assi     for Master of Science 

Major: Biology 

 

 

 

Title: Mechanisms implicated in the enhanced sensitivity of MDA-MB-231 breast cancer 

cells to anti-neoplastic agents post sub-lethal HIFU exposure 

 

High Intensity Focused Ultrasound (HIFU) is an ex-corporeal medical device that was first 

introduced in the 1940s for the treatment of neurological disorders and has been subjected 

to several improvements since then. It is a non-invasive and non-ionizing therapeutic 

method that is now utilized to destroy a wide variety of tumors including breast cancer. At 

the focal point where the acoustic waves are intensified, cell death can result from 

cavitation and/or thermal ablation effects. However, the effects of sub-lethal HIFU 

exposure on cell function are not clearly understood. Previous work from our laboratory 

showed that sub-lethal HIFU exposure of MDA-MB-231 breast cancer cells in vitro results 

in significant alterations in transcript expression of a number of mechanosensitive genes, 

including Cav-1 gene which encodes for caveolin-1 protein. Moreover, there was enhanced 

cellular sensitivity to suboptimal cytotoxic doses of Paclitaxel and Doxil. Therefore, we 

hypothesized that sonoporation and/or caveolin-dependent endocytosis are among the 

mechanisms involved in this enhanced in vitro sensitivity of MDA-MB-231 cells post sub-

lethal HIFU.  For the purpose of this study, we utilized a commercial HIFU setup that 

operates at the fundamental resonance of 0.5MHz. To examine if sonoporation is 

implicated in the enhanced drug uptake post sub-lethal HIFU, we assessed the uptake of 

FITC-dextran by two methods: cell fixation followed by flow cytometry or laser confocal 

microscopic imaging and analysis. To determine if caveolin-dependent endocytosis is 

implicated as a mechanism of enhanced drug uptake, we pre-treated the cells with 

Genistein, a specific potent inhibitor of this pathway. Cellular viability was quantified 

using trypan blue vital stain exclusion assay. We found no significant change in FITC-

dextran uptake in MDA-MB-231 cells post sub-lethal HIFU exposure at 30hr prior to the in 

vitro addition of agents by flow cytometry and laser confocal microscopy. Similarly, no 

significant change in FITC-dextran uptake was observed at the 6hr time point by laser 

confocal microscopy. Interestingly, pre-treatment with Genistein resulted in a significant 

increase in cellular viability in comparison to control group particularly 30hr prior to the in 

vitro addition of Doxil. Taken together, our findings highlight the implication of caveolae-

dependent endocytosis in cellular sensitivity of MDA-MB-231 breast cancer cells to 

suboptimal cytotoxic doses of agents post sub-lethal HIFU exposure. Ongoing work and 

future directions will focus on validating the latter results using various levels of exposure. 
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CHAPTER I 

 

INTRODUCTION 

 

A. General Overview 

 

High Intensity Focused Ultrasound (HIFU) is a therapeutic modality used to 

destroy solid tumors. At the focal point, cell death can result from cavitation and/or thermal 

ablation effects. However, the effects of sub-lethal HIFU exposure on cell function are not 

well understood.  Scientists have reported that pressure/tension waves post HIFU exposure 

cause cellular deformations at the tissue level. Subsequently, previous colleagues from our 

laboratory were interested to see if there is any alteration in the expression of a selection of 

mechanosensitive genes post sub-lethal HIFU exposure. Previous work from our laboratory 

showed that sub-lethal HIFU exposure (i.e., exposure where cells are receiving residual 

HIFU) of MDA-MB-231 breast cancer cells in vitro results in significant alterations in 

transcript expression of a number of mechanosensitive genes, including Cav-1 gene (α-

isoform) which encodes for caveolin-1 protein. During that time, a study published in 2012 

showed that the Cav-1 gene (α-isoform) facilitates apoptosis in cancer cells in response to 

the drug Paclitaxel (Shajahan et al., 2012).  Subsequently, we were interested to see if there 

was enhanced cellular sensitivity to suboptimal cytotoxic doses of Paclitaxel and 

Doxorubicin post sub-lethal HIFU exposure and indeed enhanced cytotoxic response was 

obtained to anti-neoplastic agents post sub-lethal HIFU exposure. What we were next 

interested in is to decipher the mechanisms that are implicated in this enhanced in vitro 

sensitivity. Therefore, we rationalized that sonoporation and/or caveolae-dependent 
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endocytosis are among the mechanisms involved in this enhanced in vitro sensitivity of 

MDA-MB-231 cells post sub-lethal HIFU.  

 

B. Mammary Gland   

1. Overview 

 

      The mammary gland is a secretary organ located in the breasts of female 

mammals and is distinguished by its ability to produce milk in order to feed and nurture 

young offspring. It is composed of multiple cell types, including epithelial cells that are 

comprised of apically oriented luminal cells lining the milk ducts and alveoli and of basally 

oriented myoepithelial cells in contact with the basement membrane; adipocytes that 

constitute a large fraction of the stromal fat pad; fibroblasts, immune, lymphatic and 

vascular cells that are present throughout the fat pad (Inman et al., 2015). 

 

2. Development Processes & Pathways 

 

      The development of a mammary gland begins during embryonic life, pauses at 

birth and carries on at puberty through adulthood (Watson & Khaled, 2008).  What is 

mainly known about this development is derived from mouse models which should be 

projected to humans, while bearing in mind the physical and genetic variability between 

both species (Lanigan et al., 2007). In mice, mammary gland development is first observed 

on day 10 of gestation with the emergence of mammary lines between the fore and hind 

limb buds. Within 24-36 hours of the formation of the mammary lines, five pairs of lens-
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shaped mammary placodes are observed. At embryonic day 14, each mammary placode 

develops and invaginates into the underlying mesenchyme to form a mammary bud. This is 

followed by ductal branching which occurs around week 16 and continuous until puberty. 

Simultaneously, the ductal lumen along with the nipples begins to develop. This 

development will continue throughout puberty reaching pregnancy, where the maturation of 

the milk producing glands will be achieved (Cowin & Wysolmerski, 2010). Development 

of the mammary gland involves a series of integrated signaling specifically during puberty. 

Paracrine signaling is set in motion by ovarian and pituitary hormones, including estrogen 

and growth hormones through the release of various endocrine signals, such as IGF1, HGF, 

EGF and FGF while autocrine signaling is triggered by cues such as transforming growth 

factor-β (TGF-β) that negatively controls mammary gland morphogenesis by inducing 

ECM production or by activating non-canonical WNT signaling to inhibit proliferation and 

possibly to regulate cell adhesion and migration (Gjorevski et al., 2011). 

 

C. Breast Cancer  

1. Overview 

 

      Breast cancer is not only the most frequent type of cancer found in women but 

it is also considered to be the second leading cause of death among women worldwide 

(Youlden et al., 2014). Many factors are known to increase the risk of breast cancer such as 

obesity, age, hormonal supplements, lack of breastfeeding, and family history. Types of 

breast cancer vary according to the tissue and organs they originate from.  The most 

common types of breast cancer begins in cells of the ducts where abnormal cells replace 
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normal epithelial cells of the breast and this is referred to as ductal carcinoma in situ 

(DCIS). When it breaks through the wall of the ducts and spreads from where it has begun 

to surrounding tissue, it is referred to as invasive ductal carcinoma (IDC). Breast cancer 

may also begin in the cells of the lobules where it is referred to as lobular carcinoma in situ 

(LCIS). Likewise, when it spreads and becomes infiltrating, it is referred to as invasive 

lobular carcinoma (IBC) (American Cancer Society, 2015).  

 

2. Molecular Subtypes of Breast Cancer 

 

      Breast cancer is a heterogeneous group of diseases that is distinguished by at 

least four main molecular subtypes identified based on the traditional biological marker 

profiling including the presence or absence of hormone (estrogen or progesterone) 

receptors (HR+/HR-) and excess levels of human epidermal growth factor receptor 2 

(HER2+/HER2-). The four main molecular subtypes are luminal A (HR+/HER2-) which 

expresses either of the hormone receptors or both but not HER2 receptor; luminal B which 

also expresses any or both of the hormone receptors but are further defined by the 

expression of HER2 or Ki67 which is an indicator of a great amount of actively dividing 

cells; triple negative (HR-/HER2-) which do not express any hormone receptors nor the 

HER2 receptor; and HER2 enriched (HR-/HER2+) which do not express any of the 

hormone receptors as well but produces excess of HER2 receptor. It is worth mentioning 

that classification methods are being refined as various molecular techniques including 

gene expression profiling techniques evolve (American Cancer Society, 2015). Moreover, 

each of the molecular subtypes is associated with a distinct course of treatment and 
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prognosis. In order to generate the most effective treatment, a wide variety of cell lines 

have been established in vitro to represent the heterogeneity of breast cancers. Among the 

various breast cancer cell lines established, MCF-7 falls into the luminal A subtype, BT-

474 falls into the luminal B subtype, MDA-MB-231 falls into the triple negative subtype 

and MDA-MB-453 falls into the HER2 enriched subtype. Noteworthy, many studies have 

reported that MDA-MB-231 is considered of a basal subtype as well since it expresses the 

epidermal growth factor receptor (EGFR) in addition to the triple negative phenotype 

(Subik et al., 2010). One of the defining characteristics of basal like cancers is the 

expression of CK5/6 and/or EGFR in combination with the lack of expression of ER, PR, 

and HER2. Some studies have used the terms triple-negative and basal-like interchangeably 

while others indicated that although there are various similarities between both breast 

cancers, these two terms are not synonymous (Badve et al., 2011). 

 

3. Pathways Implicated in Breast Cancer  

a. Proteins and Mutations Involved 

Molecular and genetic events underlying breast cancer development vary greatly 

among different tumors.  Initiation of breast cancer is contributed by mutations of tumor 

suppressor genes such as p53, BRCA1 and BRCA2 or epigenetic functional inactivation of 

further tumor suppressor genes such as SYK and NES1 besides to changes in proto-

oncogenes, such as HER2/neu (Buchholz et al., 2002). Other mechanisms and pathways 

that influence tumor development include HER family members which regulate biological 

processes such as cell survival and differentiation; members of the mitogen activated 

http://www.sciencedirect.com/science/article/pii/S1053429602800303
http://www.sciencedirect.com/science/article/pii/S1053429602800303
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protein kinase (MAPK) family that control cell proliferation, differentiation, and survival; 

phosphatidylinositol 3-kinase (PI3K) pathway that plays a central role in cell growth, cell 

motility, cell survival, and angiogenesis; and apoptotic signaling pathways. In addition, 

deregulation of apoptosis plays a key role in tumorigenesis as it allows cancer cells to 

escape death and therefore become resistant to anticancer treatments. Moreover, 

angiogenesis is considered a fundamental step in the development of tumors and metastasis 

so any alteration in angiogenic proteins such as Vascular Endothelial Growth Factor 

(VEGF) and Platelet Derived Growth Factor (PDGF) serve to play a role in breast cancer 

development. These proteins are involved in numerous cellular activities including 

survival, mitogenesis, differentiation and migration (Rosen et al., 2010). 

 

D. Breast Cancer Treatments 

1. Overview & Emerging Therapeutic Modalities 

 

      Breast cancer treatment varies due to the multitude of cancer types and 

depending on various factors including the type, stage and grade of the cancer. Surgical 

treatment is very common for early stage breast cancer patients and it includes lumpectomy 

or mastectomy. Lumpectomy involves removing cancerous tissue along with the tumor 

border while mastectomy involves removing the whole breast. Radiation therapy, which 

employs high energy beams to kill cancer cells, is commonly used post surgery to eradicate 

any remaining cancer cells in the breast. Systemic therapy is also very common and it 

involves the use of drugs that travel through the bloodstream to treat cancer cells all around 

the body. Depending on the type of cancer, systemic therapy varies and different drugs are 
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administered including chemotherapeutic drugs, targeted drugs and hormonal drugs all of 

which have a different mechanism of action. Chemotherapeutic drugs work by attacking 

and killing fast growing cells such as cancer cells. Hormonal drugs work by lowering or 

blocking the levels of body’s natural hormones which sometimes serve to promote cancer 

growth. Targeted drugs are new and effective since they only target specific molecules in or 

on cancer cells and often have mild side effects (American Cancer Society, 2015). Breast 

cancer treatments have developed over the years to include minimally invasive modalities 

such as cryoablation which treats the tumor through a freezing process (Chandra et al., 

2016); laser ablation which treats the tumor through a beam of laser light (Schwartzberg et 

al., 2016), and ultrasound ablation which is distinguished from other ablation methods in 

that it is completely non-invasive. These modalities are currently experimental and larger 

clinical trials need to be performed as ablation techniques may play a significant role in the 

treatment of breast cancer in the future (Boolbol et al., 2015). 

 

2. Antineoplastic Agents 

a. Overview 

     Cancer chemotherapy involves the use of antineoplastic agents, also referred to 

as chemotherapy agents, which are injected intravenously or given as tablets through the 

mouth and can travel through the bloodstream all across the body to kill fast growing 

cancer cells. The era of chemotherapy started in the early 1940s when Louis Goodman and 

Alfred Gilman convinced their collaborator, Gustav Lindskog, to use nitrogen mustard to 

treat a patient with non-Hodgkins lymphoma. Their reasoning was based on autopsy 

http://cancerres.aacrjournals.org/search?author1=BS+Schwartzberg&sortspec=date&submit=Submit
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findings during the First World War, which showed that soldiers were dying of exposure to 

sulphur mustard gas. Accordingly, Goodman and Gilman performed experiments in mice 

with lymphoid cancer where they injected a similar agent and observed a striking level of 

tumor regression which then led them to convince their collaborator to do similarly with the 

affected patient. Cancer chemotherapy evolved over the years introducing a wide range of 

drugs including antifolates, alkylating agents, combination chemotherapy and anti-

angiogenic agents (Chabner & Roberts, 2005). 

      Anti-neoplastic agents can be divided into different groups based on their 

structure and mechanism of action. For instance, anti-metabolites are a group of 

chemotherapy drugs that obstruct the normal metabolic pathways within cells. Because 

their structure is analogue to the nucleotide bases, they act at the DNA level and 

incorporate themselves in the DNA sequence leading to DNA arrest and cell death (Kaye, 

1998). Many anti-metabolites have been used in the treatment of solid tumors one is which 

5-fluorouracil, a pyrimidine anti-metabolite that is commonly used to treat colorectal cancer 

(González-Sarrías et al., 2015). Alkylating agents also constitute a class of anti-neoplastic 

agents and they kill cancer cells by damaging the DNA directly leading to cross linking and 

mutagenic damage. The repair system and normal base pairing can also be affected among 

other cellular pathways (Fu et al., 2012). Another class of anti-neoplastic agents is the 

topoisomerase inhibitors which act by inhibiting the action of topoisomerase enzymes. 

Under normal status, these enzymes regulate the super coiling of DNA strands which is 

fundamental to DNA transcription and replication. Thus, the topoisomerase inhibitors 

would interfere with DNA replication resulting in cell death (Dezhenkova et al., 2014). 
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b. Types of Chemotherapy drugs  

i. Paclitaxel   

 

 Overview 

      Anti-neoplastic agents also constitute mitotic inhibitors which have a different 

mechanism of action from the classes of chemotherapy drugs mentioned earlier. Based on 

their mechanism of mitosis inhibition, mitotic inhibitors belong to four different categories; 

mitosis checkpoint inhibitors, microtubulin enzyme inhibitors, mitosis enzyme inhibitors 

and microtubulin binders (Tsao & Papadimitrakopoulou, 2011). Paclitaxel, with the 

trademark “Taxol” belongs to the microtubulin binder’s category and was isolated in the 

early 1960s from the bark of the western yew, Taxus brevifolia, hence its name "Taxol" 

(Wani et al., 1971). It was first approved by the Food and Drug administration (FDA) in 

1992 for the treatment of ovarian cancer (Orr et al., 2003) and has been later used to treat 

other tumors such as breast cancer, lung cancer, liver, and lymphoma (Priyadarshini, 2012).  

 Mechanism of Action 

      Paclitaxel is a cytoskeletal drug that inhibits the disassembly of microtubules 

by stabilizing them. Microtubules are a component of the cytoskeleton consisting of tubulin 

heterodimers of α and β subunits, the basic structural and “building blocks” of 

microtubules. Microtubules are important in several cellular processes such as formation of 

mitotic spindles which are in turn needed for the cell division of M phase. Paclitaxel works 

by penetrating through the cell and specifically binding to the β tubulin subunit on the inner 
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surface of microtubules. Paclitaxel locks tubulin by forming a microtubule-paclitaxel 

complex that prevents microtubules from assembling. This has a major effect on cell 

function since the shortening and lengthening of microtubules are essential for their 

function.  For instance, chromosomes depend upon this characteristic of microtubules 

during mitosis since without it; they won’t be able to attain a metaphase spindle 

configuration. Moreover, disruption of microtubule dynamics blocks the progression of 

mitosis by arresting the cell cycle at the G2/M phase, and eventually leading to apoptosis 

(Figure 1) (Barbuti & Chen, 2015). Noteworthy, under normal conditions, presence of GTP 

is required for microtubule polymerization, however; paclitaxel has the capability to 

polymerize tubulin in the absence of GTP (Orr et al., 2003).   

 Resistance to Paclitaxel 

      Despite that Paclitaxel has shown to be an effective anti-cancer drug against 

several cancers, drug resistance has been limiting its success. Chemotherapy might fail 

either due to the cancer being innately resistant to the drug and/or to the acquirement of 

resistance during treatment. Resistance develops based on many factors that are acquired 

through a series of modifications. To account for this resistance, several possible 

mechanisms have been proposed for instance, cancer cells can escape the microtubule 

stabilizing action of Paclitaxel by three ways (Figure 1); over-expression of P-glycoprotein 

(also termed as ABCB1), a 170 KDa protein encoded by the multidrug resistant (MDR1) 

gene being one of the major mechanisms of resistance to Paclitaxel (Juliano & Ling, 1976), 

disruption of both microtubule network and spindle function in cell division by formation 
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of mutations in both subunits of tubulin, and reduced function of apoptotic proteins such as 

Bcl-2 and p53 inhibiting the apoptotic response. (Barbuti & Chen, 2015). 

 

 

 

 

 

 

 

 

Figure 1: Schematic representation of Paclitaxel’s mechanism of action (shown in black 

arrows) and possible resistance routes (shown in red bars). Paclitaxel penetrates through 

the cells and binds to β tubulin subunit disrupting microtubule dynamics. This leads to 

mitotic arrest at the G2/M phase followed by apoptosis. Cancer cells have been found to 

escape this mechanism by overexpressing transmembrane transporters such as P-

glycoprotein (1), mutations in either subunit of tubulin (2) or a reduced function of 

apoptotic proteins (3) (Barbuti & Chen, 2015). 
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ii. Doxorubicin 

 

 Overview 

      Doxorubicin, sold under the trade name Adramycin, is a class I anthracylin 

antibiotic drug isolated by chemical semi-synthesis from a bacterial species, Streptomyces 

peucetius, in the 1960 near the Adriatic Sea (Blum & Carter, 1974). It is used to treat a 

variety of cancers including breast, cervical, prostate, lung, bone and thyroid (Tacar et al., 

2013).  

 

 Mechanism of Action 

      Doxorubicin works by intercalating DNA and interfering with macromolecular 

biosynthesis (Perez-Arnaiz et al., 2014). This intercalation leads to the inhibition of one of 

the main enzymes, Type II Topoisomerase, which catalyzes the unwinding of DNA for 

transcription. After the enzyme has broken the DNA chain for replication, doxorubicin 

stabilizes it and hence prevents the DNA helix from being released preventing DNA 

replication and initiating DNA damage. When the attempts to repair DNA damage fail, 

apoptotic response is triggered and cellular growth is hindered at G1 and G2 phases 

(Rivankar, 2014). Doxorubicin has also shown to inhibit the primary DNA 

methyltransferase responsible for DNA methylation in mammalian cells, DNA methyl 

transferase 1 (DNMT1), in human colon cancer cells. Interference with the function of 

DNMT1 leads to chromosomal instability, transcriptional deregulation and apoptotic cell 

death (Yokochi & Robertson, 2004). Other doxorubicin actions include the production of 
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free radicals which leads to further DNA damage and macromolecular inhibition, and this 

is considered partially responsible for the cytotoxicity of the drug (Tacar et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

 Resistance to Doxorubicin 

      Similarly to Taxol, Doxorubicin resistance is limiting its success. Doxorubicin 

resistance has been observed in a number of cancer cells including melanoma cells where it 

has been shown that doxorubicin resistance doxorubicin resistance is mediated by the ABC 

transporter, ABCB8, by protecting the genome of the mitochondria. Moreover, the 

Figure 2: Schematic illustration of Doxorubicin's mechanism of action. Doxorubicin 

intercalates into DNA and inhibits topoisomerase II by stabilizing the cleavable 

complex. In addition, doxorubicin inhibits DNA Methyl Transferase1. Both actions will 

therefore lead to apoptosis. Figure is amended from Lee et al., 2004; Younes, MSc, 

Thesis 2015. 



14 
 

knockdown of this ABC transporter with shRNA showed a decrease in doxorubicin 

resistance by 3-4 folds (Tacar et al., 2013).  MDR phenotype, which involves over-

expression of multidrug transporters such as P-glycoprotein, is one of the recognized 

mechanisms of drug resistance in cancer cells. Caveolin-1 protein has been shown to affect 

the MDR phenotype on cell membrane by hindering the entrance of drugs to the cells and 

thus playing a role in resistance to doxorubicin (Raghazan & Shajahan, 2014). It has been 

shown that a cav 1 mutant in cancer cells obstructs the interaction with P-glycoprotein and 

eliminates the inhibition of P-glycoprotien by Cav-1(Lee et al., 2016). 

 

3. Combination Therapy  

a.  Overview  

      Breast cancer is a heterogeneous group of neoplasm’s where each case is 

considered different and thus each patient will have a unique method of treatment based on 

several characteristics including the size of the cancer, probability of recurrence, and the 

general health of the patient. Resistance is a limiting factor for the success of cancer 

treatments and hence decreasing the likelihood that it will develop is essential to improve 

survival rates. For that reason, combination therapy is currently used. Combination therapy 

could involve the use of more than one treatment method and depending on the 

combination of treatment methods used, adjuvant and neoadjuvant therapies are given 

where the former refers to a therapy that is given after the main treatment and the latter 

refers to therapy that is given before the main treatment. For instance, it is common that in 

early stage breast cancer patient’s surgery is performed followed by chemotherapy, 
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radiation therapy and hormonal therapy. In some cases, systemic therapy could be given 

prior to surgery in order to shrink the size of the tumor and increase the success rate of the 

surgery. Moreover, combination therapy could also involve the use of more than one 

chemotherapy drug or more than one hormonal drug because each drug employs a distinct 

mechanism of action and so this will decrease the probability of resistance occurring later 

on (American Cancer Society, 2015).  The addition of pertuzumab, a drug that attaches on 

the HER2 to the treatment regimen, trastuzumab and docetaxel, has shown to improve the 

survival of the patients when compared with the addition of placebo in HER2+ breast 

cancer patients (Swain et al., 2015). The addition of palbociclib, a drug that targets cyclin-

dependent kinase (CDK) 4 and CDK6 to letrozole, an aromatase inhibitor improved 

progression-free survival in women with advanced oestrogen receptor-positive and HER2-

negative breast cancer (Finn et al., 2015). 

 

b. Standard Therapy in Combination With Experimental Therapy 

      Some therapies are currently experimental and are being tested in combination 

with standard therapy. For instance, High intensity focused ultrasound (HIFU) in 

combination with chemotherapy can lead to a better outcome. In one study, 

HIFU combined with chemotherapy showed to be safe and promising method in treating 

patients with hepatoblastoma (Wang et al., 2014). In another study, multi drug resistant 

breast cancer cells were diminished in 4 days when the combination of HIFU and low dose 

chemotherapy drug, Docetaxel was used (Vo et al., 2015). Moreover, the combination of 
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HIFU and radiotherapy has shown to improve symptoms and quality of life in patients with 

locally advanced pancreatic carcinoma (Li et al., 2016). 

 

4. High Intensity Focused Ultrasound  

a. Overview      

High Intensity Focused Ultrasound (HIFU) is an ex-corporeal medical device that 

was first introduced in the 1940s for the treatment of neurological disorders (Lynn et al., 

1942) and has been subjected to several improvements since then. It is a non-invasive and 

non-ionizing therapeutic method that can be utilized to treat a variety of solid tumors such 

as liver, prostate, breast, pancreas and kidney by destroying tissues that are deep inside the 

body (Maloney & Hwang., 2015). HIFU use is applied widely in Asia and in certain parts 

of Europe, but it has only been approved in the USA by the FDA for prostate tissue 

ablation (Book, 2015) and still pending approval for treatment of other organs. Because 

HIFU is a non-invasive procedure, the risks that are linked with invasive procedures are 

minimized since there is no need for transfusions or incisions in ablating the tumor. In 

addition, since HIFU is not associated with any ionizing radiation, the numbers of sessions 

are not limited and the treatment could be performed with the patient under several 

conditions whether fully conscious or lightly sedated. Moreover, HIFU could serve as an 

alternative treatment method for patients who do not have any other options available 

(Zhou, 2014). Moreover, there is a major difference between the shape of the HIFU 

transducer and that of the ordinary transducer. The shape of an ordinary ultrasound 

transducer is flat or convex thereby allowing the ultrasound waves to diverge, thus 
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dispersing their intensity. On the other hand, the shape of a HIFU transducer is concave 

allowing it to focus its high power on the focal spot resulting in tissue ablation (Figure 3). 

 

 

 

b. Biological and Mechanical Effects of HIFU  

      When HIFU operates at low intensities, it causes slow heating by which the 

tissue of interest is exposed and subjected to a direct increase in temperature by a few 

degrees above the normal body temperature. On the other hand, when HIFU operates at 

high intensities, a phenomenon termed cavitation will occur (Prasanna et al., 2008). 

Cavitation is referred to as the formation and destruction of bubbles which occurs when 

there is an alteration in the pressure of the liquid. When the pressure of the liquid becomes 

low, cavities are formed and bubbles will expand resulting in tissue damage. This effect is 

seen in tissues specifically at the focal spot. Noteworthy, cavitation can be attained through 

Figure 3: A schematic representation showing the difference between the shape of an 

ultrasound transducer and a HIFU transducer. Figure amended from Malkhasian L, MSc 

Thesis 2012. 
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the spontaneous formation of microbubbles under the influence of the high intensity 

ultrasound waves or it can be stimulated by exogenous application of microbubbles (Phenix 

et al., 2014). In the focal spot, cell death occurs by necrosis since HIFU employs a concave 

shaped ultrasound transducer that gives intensified energy which is focused at the target 

tissue. The surrounding tissue is believed to be left unharmed (Rove et al., 2010).  

i. Sonoporation 

 

     Mechanical effects of cavitation can alter the permeability of cell membranes 

by the formation of temporary pores, a process referred to as sonoporation (Uemura et al., 

2015). Formation of transient pores start to form when the cell membrane is disrupted by 

the expansion or collapse of the bubbles which produce forces around the cell membrane 

allowing molecules, otherwise impermeable, to get inside the cell resulting in increased 

membrane permeability (Figure 4). Depending on the presence or absence of microbubbles, 

the size of the pores varies from few nm to few µm. Studies demonstrated that the pore size 

increases with increasing experimental parameters such as acoustic pressure, sonication 

time and duty cycle. Furthermore, it has been shown that as the pore size increases, the cell 

viability decreases (Zhou et al., 2012).  In addition, sonoporation has been reported to 

impact the structure of organelles (Zeghimi et al., 2012). Sonoporation is still under 

extensive research and it is being investigated as a novel approach for gene or drug 

delivery.  
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ii. Sonoporation and Cancer 

 

      Pre-clinical studies have shown that sonoporation could be used to enhance the 

uptake of drugs into cells and reduce tumor burden. A clinical trial has shown that 

ultrasound in combination with microbubbles and chemotherapy can improve the uptake of 

chemotherapy drugs and can also increase the number of chemotherapy cycles since the 

drugs are released in a targeted location increasing local drug concentration (Kotopoulis et 

al., 2014). Another study where the combined effect of ethanol and HIFU was investigated 

and found synergistic in the ablation of liver tissue and liver cancer cells, the rate of 

diffusion of ethanol was increased due to HIFU induced sonoporation (Hoang et al., 2014). 

To study sonoporation, fluorescent labeled molecules with different localization profile 

depending on their molecular size are used. For instance, dextran molecule with a size of 3 

KDa diffuses into the cytosol and into the nucleus while a dextran molecule of size 70 kDa 

Figure 4: Schematic representation of the mechanism of sonoporation. Transient pores 

start to appear on the cell membrane when the bubbles are expanding and/or collapsing 

generating a force around the membrane causing the agents to go through the pores into 

the cells (Phenix et al., 2014). 
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was found only in the cytosol. Larger molecules of dextran with sizes over 150 KDa were 

observed as patchy structures in the cytoplasm (Meijering et al., 2009).  

iii. Biomedical Applications of HIFU 

 

    Generally, exposure levels of ultrasound could be varied resulting in diverse 

effects in their therapeutic outcome. When ultrasound is operated at a low power, beneficial 

biological effects may be produced while at high power; cells die due to irreversible 

necrosis. Therefore, ultrasound therapy is divided into “low power” and “high power” 

applications used for distinct purposes. Low power applications encompass physiotherapy, 

bone healing, and sonopheresis among others; while high power applications include the 

use of HIFU which has both thermal and mechanical effects. Apart from the use of HIFU in 

cancer therapy, it also used to treat vascular occlusion and haemostasis (Ter Haar, 2007). In 

addition, HIFU has been shown to be effective in reducing intraocular blood pressure in 

patients with refractory glaucoma (Melamed et al., 2015). 

c. HIFU treatment  

i. In cancer 

      The use of HIFU for tumor ablation has significantly improved over the years 

and this is because of the advances in imaging methods such as magnetic resonance 

imaging (MRI) and transducer technology. HIFU technology has developed to be a 

promising approach for the treatment of certain types of cancer including liver tumors 

where it has been shown to be safe and practical in a panel of 31 patients whom were 

employed into two ethically approved clinical trials (Leslie et al., 2012). HIFU has also 

shown to ablate a targeted spot of the pancreas without damaging the nearby tissue (Wu, 
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2014). HIFU has been applied to treat other tumors such as brain, kidney (Cranston, 2015) 

soft tissue sarcoma, breast, and bone tumors (Orsi et al., 2016). Its use has also been shown 

to be favorable in the treatment of prostate cancer where it resulted in almost complete 

ablation of the prostate gland (Nomura & Mimata, 2012). Furthermore, technical, imaging 

and technological advancements in HIFU have shown to improve clinical outcome in 

patients with prostate cancer (Uchida et al., 2015).  

 

ii.   In Breast Cancer 

 

      Though surgery is the standard method of treatment for breast cancer, some 

patients may not wish to undergo surgery because of the complications it might result in or 

because the cosmetic outcome isn’t so satisfactory. Since HIFU is a non-invasive 

technique, it might serve as an alternative option for many and might potentially result in a 

decreased risk of complications and an improved cosmetic result. The use of HIFU for 

breast cancer ablation has emerged over the years since it can be used in parallel with MRI 

(Marincola et al., 2014). Not only does MRI provide guidance, exceptional anatomical 

imaging and real-time monitoring of temperature but it is also fundamental to monitor the 

procedure of the treatment and confine the target area. 

     In 2001, a group of scientists described the first MRI-guided HIFU system to 

treat an invasive breast cancer patient showing that the therapy is feasible and effective 

(Huber et al. 2001). Other groups demonstrated a similar platform and showed that by 

means of MRI, HIFU treatment is a promising procedure for the treatment of invasive 

lobular and invasive ductal carcinoma. Nonetheless, minor skin burns resulted as a 
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complication in a few of the patients (Furusawa et al. 2006; Gianfelice et al. 2003). 

Moreover, a recent study published in 2016 described a MRI-guided HIFU platform where 

the breast is targeted laterally reducing the risk of unintended exposure to other organs next 

to the breast. In this study, 10 patients with invasive breast cancer underwent treatment and 

demonstrated a safe outcome in addition to proven necrosis (Merckel et al. 2016).  

 

E. Caveolae and Caveolins  

1. Overview of Caveolae and Caveolins 

 

            Caveolae were first described in the cell membrane by electron microscopy 

around 60 years ago by Palade in blood capillaries and by Yamada in the gall bladder 

epithelium and were described in nearly all cell types ever since (Palade, 1953; Yamada, 

1955). Caveolae are defined as non-clathrin coated membrane invaginations that are 50-

100nm wide composed of mainly cholesterol and sphingolipids (Figure 5A). They are 

found in most cell types but primarily abundant in endothelial cells, adipocytes and muscle 

cells. Caveolae play a central role in endocytosis, transcytosis, and have several functions 

in signal transduction. The major structural proteins of caveolae formation are members of 

the caveolin protein family. In vertebrates, the caveolin gene family consists of cav-1, cav-2 

and cav-3 genes, encoding for the proteins caveolin-1 (Cav-1), caveolin-2 (Cav-2), and 

caveolin-3 (Cav-3) respectively. Caveolae formation is defined mainly by the expression of 

caveolin-1 protein (Figure 5B) (Kiss et al., 2012).   
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After the caveolin proteins are produced in the endoplasmic reticulum (ER), they 

start to oligomerize and are then transported to the Golgi apparatus that interact with 

cholesterol to form a stable caveolin domain (Hayer et al., 2010). Thus, all three caveolin 

proteins are linked with membranes including the plasma membrane, Golgi apparatus and 

endoplasmic reticulum. Moreover, all caveolin proteins are small integral membrane 

proteins inserted into the caveolar membrane with a formation of a hairpin structure when 

inserted into the cytoplasmic leaflet of the membrane bilayer and with both the amino and 

carboxyl termini facing the cytoplasm (Figure 6). Cav-1 is expressed in almost all cells but 

mainly with high levels in adipocytes, fibroblasts and endothelial cells. Caveolin-2 can’t 

bind to cholesterol without interacting with caveolin 1 since it has been shown that it co-

localizes with caveolin-1. This in support of other studies that indicates that caveolin-2 is 

an accessory protein to caveolin-1. Unlike caveolin-1 and caveolin 2 which are expressed in 

most cell types, caveolin-3 is specific to muscle cells. Besides, caveolin-3 does not require 

Figure 5: Transmission electron micrographs of the structure of caveolae. Panel on 

the left (A) shows how the caveolae are connected to the membrane by 

invaginations and panel on the right (B) shows immunolocalization of Cav-1 protein 

at caveolar sites (Modified from Kiss, 2012). 
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caveolin-1 to drive caveolae formation. Moreover, caveolin-1 and caveolin-2 form stable 

hetero-oligomers while caveolin-1 and caveolin-3 can form homo-oligomers. (Kiss et al., 

2012) 

 

 

 

2. Caveolin-1 

a. Overview 

Caveolin-1 protein is encoded by cav-1 gene located on chromosome 7. It is a 22 

KDa protein consisting of 178 amino acids. Two isoforms exist for caveolin-1 protein, 

termed α and β. They are possibly generated by alternative splicing from two distinct 

mRNAs at least in some cell types signifying the presence of a transcriptional control over 

both isoforms. Both isoforms are identical except for the presence of 31 additional amino 

acids at the N terminus of α isoform (Kogo et al., 2004).  This difference results in a 24 

kDa Cav-1 α with 178 amino acids, opposed to a 21 kDa Cav1-β with 148 amino acids. 

Accordingly, the Cav-1 α is considered a slower migrating species than the faster Cav-1 β 

Figure 6: Schematic representation showing the organization of caveolins. 

Caveolins are integral membrane proteins with putative hairpin loop structures 

embedded within the membrane and both the amino-terminus and carboxyl-

terminus in the cytoplasm (Modified from Parton & del Pozo, 2013). 
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isoform. Moreover, Cav-1β lacks a tyrosine (Y) phosphorylation site at residue 14 which is 

present in cav-1 α. Src kinase phosphorylates Cav-1α at the tyrosine residue 14 (Y14) of its 

N-terminus. Phosphorylation at this amino acid leads to protein buildup at focal adhesion 

sites and consequent signal transduction (Hehlgans and Cordes, 2011). Additionally, some 

cysteine residues in the C-terminal domain of Cav-1 are S-acylated by palmitoylation 

(Parton et al., 2006).  

 

 

 

 

b. Role in Cancer 

      The relationship between cav-1 and its role as a tumor suppressor or a tumor 

promoter remains one of the most controversial areas in science. The most likely 

explanation for this discrepancy is tumor stage dependency and the cellular environment. 

Supporting the notion that cav-1 functions as a tumor suppressor, a study has shown that 

mRNA and protein levels of cav-1 were down-regulated in oncogene transformed 

fibroblasts in culture (Koleske et al., 1995). Re-expression of cav-1 in these cells resulted in 

a reverted transformed phenotype and prevented anchorage independent growth (Engelman 

Figure 7: Schematic representation showing the domain organization of CAV1 protein.   

Post-translational modifications and disease-associated mutations are represented. 

Palmitoylation (Palm) sites in CAV1 are pointed out in green, a Tyr phosphorylation site 

(Y14) in red, and the starting methionine (M33) of CAV1β is shown in black. Disease-

associated amino acid substitutions in CAV1 are shown in blue. P132L is a common 

mutation in CAV-1 resulting in breast cancer (BC) (Modified from Parton et al., 2006). 
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et al., 1997). Moreover, the expression of cav-1 was shown to be down-regulated in several 

tumor entities including human ovarian carcinoma (Weichen et al., 2001) and in colorectal 

cancer where loss of stromal cav-1 expression was associated with poor prognosis (Zhao et 

al., 2015). On the other hand, other reports have shown that cav-1 was over-expressed in 

different types of cancers including prostate, pancreas, esophageous and non-small cell 

lung carcinoma (Hehlgans & Cordes, 2011). In pancreatic cancer, Cav-1 was 

overexpressed in human pancreatic cell lines, mouse models, and human pancreatic 

tumors, and was associated with poorer tumor grade and clinical outcomes (Chatterjee et 

al., 2015). Taken together, these studies suggest that Cav-1 is implicated in both tumor 

suppression and oncogenesis. 

c. Role in Breast Cancer 

     Cav-1 has also shown to have a controversial role during breast carcinogenesis. 

Cav-1 was shown to be down-regulated in a series of breast cancer cell lines when 

compared to normal epithelial cell lines. Cav-1 expression in MCF7 and T47D breast 

cancer cell lines greatly reduces tumor cell growth and tumorigenicity in soft agar (Lee et 

al., 1998). In addition, transfection of cav-1 gene into MCF7 breast cancer cell line showed 

reduced cell proliferation and cell viability when compared to the vector control 

transfectants (Hino et al., 2003). In vivo studies showed a faster tumor formation in mice 

lacking Cav-1 expression (Ciocca et al., 2012). As for human studies, cav-1 expression was 

shown to be low in invasive lobular carcinomas and invasive ductal carcinomas by 

microarray analysis and immunohistochemistry (Weigelt et al., 2010). On the other hand, 

several lines of evidence have been shown in vitro and in vivo suggesting an oncogenic 
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function for cav-1. Caveolin-1 expression in the Hs578T cell line positively correlated with 

the number of colonies and colony size in soft agar and reduced apoptosis (Wu et al., 

2007). In addition, overexpression of cav-1 was observed in metastatic or deceased patients 

in a study done on 930 breast cancer patients (Garcia et al., 2007).  

 

3. Caveolin- 1 and Caveloe-Dependent Endocytosis 

 

      Caveolae are considered a sub domain of glycolipid rafts (Anderson, 1998) but 

because its formation is associated with cav-1, it is considered to have a different 

internalization pathway than that of rafts. Nonetheless, they do share fundamental 

similarities in their pathways which are defined by their clathrin independence, dynamin 

dependence, and sensitivity to cholesterol diminution (Nabi & Le, 2003).  

      In accordance with that cav-1 is crucial in the formation of caveolae, it has 

been shown that few to no caveolae are present in cells in which cav-1 expression is 

significantly diminished or absent and that re-introduction of cav-1 into these cells resulted 

in the re-formation of caveolae at the plasma membrane (Fra et al., 1995). Noteworthy, 

oligomerized caveolin and associated proteins and lipids allow caveolae to form a stable 

functional unit at the cell surface. Caveolae have the ability to stay at the cell membrane for 

a long period of time and their internalization can be triggered by various agents including 

Simian Virus 40 (SV40) virus which is the one of the most extensively studied ligands for 

caveolar endocytosis. SV40 virus has shown to be internalized specifically through 

caveolae-dependent endocytosis because when clathrin dependent endocytosis was 
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inhibited by expressing a dominant negative mutant of the EGF receptor pathway substrate 

15 (Eps15), endocytosis of SV40 was not affected. SV40 serves as a model ligand not only 

because it has many advantages but mainly because it is well identified in terms of structure 

and composition. SV40 is recruited to the plasma membrane by histocompatibility (MHC) 

class 1 antigens after which it diffuses down the membrane till it becomes trapped in 

caveolae for about 20 minutes. This is followed by caveolae and virus pinching off the cell 

membrane and moving as caveolin-coated endocytic vesicles into the cytoplasm. Binding 

of the SV40 to caveolae triggers a signal transduction cascade that has many effects 

including protein tyrosine phosphorylation and actin depolymerization. Phosphorylation of 

tyrosine residues by one or more tyrosine kinases occur within the caveolae. Afterwards, 

actin is sequestered to the virus loaded caveolae forming an actin patch. Subsequently, 

dynamin is also sequestered to the site but remains for a short period of time after which a 

burst of actin polymerization occurs on the actin patch. All of these changes are shown to 

be necessary for the formation and internalization of caveolar vesicles. Virus loaded 

caveolae vesicle is now released from the cell membrane and is internalized into the cytosol 

(Figure 8) (Pelkmans et al., 2002). Loaded caveolae vesicle now transports its cargo to a 

larger complex endosomal compartment termed caveosome. Caveosome have a neutral pH 

and a membrane rich in cholesterol and glycosphingolipids. Interestingly, caveosomes do 

not collect cargo endocytosed via clathrin-coated pits. During collecting the cargo from the 

caveolae vesicles, caveosomes become ever more dynamic and collect the cargo to the ER 

(Pelkmans et al., 2001). 
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Other ligands could also be internalized by caveolae-dependent endocytosis 

including cholera toxin (Montesano et al., 1982) and serum albumin (Schnitzer et al., 

1994). Moreover, other viruses enter cells by this route including polyoma virus where it 

was shown to enter mouse cells (Richterova et al., 2001).  Noteworthy, common inhibitors 

of caveolae-dependent endocytosis include filipin and genistein (Rejman et al., 2005). 

Genistein which is commonly known to be present in soy beans is a phytoestrogen that 

belongs to the category of isoflavones and was isolated in 1899 from Dyer’s broom 

(Genista tinctoria) (Perkin & Newbury, 1899). Genistein is a common inhibitor of tyrosine 

Figure 8: Schematic representation showing the early stages of SV40 internalization by 

caveolae. SV40 virus passes through the membrane and gets trapped in caveolae which are 

associated with the actin cytoskeleton (1). This binding triggers a signal transduction event 

leading to protein tyrosine phosphorylation and actin depolymerization (2). Monomeric 

actin is sequestered to the membrane forming an actin patch (3). This is followed by 

recruitment of dynamin and a burst of actin polymerization that acts on the actin patch (4). 

Virus loaded caveolae are now internalized into the cytosol (5) after which the actin 

cytoskeleton returns to its normal pattern (Pelkmans & Helenius, 2002). 
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protein kinases mostly of epidermal growth factor receptor (EGFR) and an inhibitor of 

caveolae pinching. It has been shown that it inhibits SV40 infection and SV40-induced 

alterations in the actin cytoskeleton (Pelkmans et al., 2002). 

 

F. Gap in Knowledge, Rationale, and Hypothesis  

 

     In previous studies in our laboratory (Lori Malkhassian MSc Thesis 2012; 

Ingrid Younes MSc Thesis 2015), we examined the alterations in mechanotransduction due 

to changes in the physical properties resulting from the exposure of MDA-MB-231 breast 

cancer cells and MCF-10A immortalized mammary epithelial cells to ultrasonic waves 

from a custom-designed HIFU setup and we looked at the resultant consequences on 

cellular response to anti-neoplastic agents. We assessed the in vitro effects of sub-lethal 

HIFU exposure on the expression of seven mechanosensitive genes namely CAV-1 

(Caveolin-1 α & β), Hic-5 (Hydrogen Peroxide-Inducible Clone 5), PXN (Paxillin), TTLL4 

(Tubulin-Tyrosine Ligase-Like Protein 4), TWIST1 (Twist-Related Protein 1), CTSD 

(Cathepsin D), and HSPA1A (Heat Shock Protein 70) whereby we quantified significant 

enhanced expression of CAV-1α, PXN, and Hic-5 that was immediate-early in MCF-10A 

cells and delayed in MDA-MB-231 Cells. Additionally, we noted a significant immediate -

early transient increase in TTLL4 expression in both cell lines and in TWIST1 expression in 

MDA-MB-231 cells. Notably, sub-lethal HIFU exposure had no significant effect on the 

expression of CAV-1(total pool; i.e. combined pool of α and β isoforms), CTSD, and 

HSPA1A in both cell lines. Moreover, sub-lethal HIFU exposure of cells at 6hr or 30hr 

prior to the in vitro addition of anti-neoplastic agents sensitized MDA-MB-231 and MCF-
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10A cells to sub-cytotoxic doses of Taxol (1.5nM, 7.5nM) and Doxil (0.05µM, 0.5µM) 

when tested over a period of four days. Furthermore, MDA-MB-231 cells surviving single 

or dual rounds of HIFU exposure at the focal spot and passaged over 3-to-6 weeks in tissue 

culture showed no significant change in their in vitro sensitivity to Taxol or Doxil (paper in 

preparation). 

Given that sub-lethal HIFU exposure sensitizes MDA-MB-231 cells to sub-

cytotoxic doses of Taxol and Doxil, we are next interested in deciphering the mechanisms 

that are implicated in this enhanced in vitro sensitivity of MDA-MB-231 to anti-neoplastic 

agents in order to provide mechanistic insight into the results previously obtained in our 

laboratory. With reference to the above, we hypothesized that sonoporation and 

caveoloe-dependent endocytosis are implicated in the enhanced sensitivity of MDA-

MB-231 cells post sub-lethal HIFU exposure. 

 

G. Objective of the Study and Specific Aims 

 

 The objective of this proposed research study is to identify the mechanisms that are 

implicated in the enhanced in vitro sensitivity of MDA-MB-231 cells to sub-cytotoxic 

doses of Taxol and Doxil post sub-lethal HIFU exposure.  The proposed study is comprised 

of two main specific aims subdivided:  

 

Aim 1 – To determine if sonoporation is implicated in the enhanced in vitro sensitivity of 

MDA-MB-231 cells to sub-cytotoxic doses of Taxol and Doxil post sub-lethal HIFU 

exposure. Specific tasks include:  
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Performing FITC-dextran uptake assay in mock-treated controls versus HIFU-treated 

MDA-MB-231 cells followed by flow cytometry acquisition and microscopic observation. 

Digitonin treatment will be used as a positive control for FITC-dextran uptake in cells. 

 

Aim 2 – To determine if caveolae-dependent endocytosis is implicated in the enhanced in 

vitro sensitivity of MDA-MB-231 cells to sub-cytotoxic doses of Taxol and Doxil post sub-

lethal HIFU exposure. Specific tasks include: 

Applying Genistein as an inhibitor of caveoloe-dependent endocytosis to check if it is 

implicated in the enhanced in vitro sensitivity. For this aim, two sub-cytotoxic doses were 

applied for each of Taxol and Doxil. Afterward, the cells that were subjected to sub-lethal 

HIFU exposure were then seeded at a density of 20, 000cells/well in 96-well plates. 

Genistein was then added to the cells after 6 hours and 30 hours. Genistein was then 

discarded from the cells and the chemotherapy drugs were added at the 6 hr time point and 

the 30hr time point. Viable cells were then counted using the trypan blue vital stain 

exclusion assay daily, over a period of 4 days. 
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CHAPTER II 

 

MATERIALS AND METHODS 

 

A. Cell Culture 

1. MDA-MB-231 

 

MDA-MB-231 is a human breast adenocarcinoma cell line that was kindly 

provided by the laboratory of Dr. Rabih Talhouk. This cell line is maintained and 

propagated using specialized media consisting of Roswell Park Memorial Institute RPMI 

1640 (Lonza), supplemented with 1% Penicillin-Streptomyocin (Lonza) and 10% Fetal 

Bovine Serum (FBS) (Sigma-Aldrich). The doubling time of these cells is about 26 hours. 

When a confluent density of 80% is reached, cells are washed with 5 ml of 1X Phosphate 

Buffered Saline (PBS) without Ca and Mg (Lonza). Cells are then trypsinized with 1 ml of 

2×Trypsin (Lonza) and incubated for 30 seconds in a 37°C CO2 (5%) incubator. Post 

incubation, cells are detached from the surface of the plate to then be neutralized with an 

adequate amount of media and be centrifuged at 600xg at 4°C for 5min. Post 

centrifugation, the pellet is re-suspended with 1ml of complete growth media. An 

appropriate volume of cells is distributed in the tissue culture plates that are pre-filled with 

10ml of complete growth media. 
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B. HIFU Experiments 

1. Cell Preparation pre-HIFU 

 

At 80% confluence, MDA-MB-231 cells are trypsinized and centrifuged as 

previously mentioned, then distributed over 0.2ml PCR tubes with a density of 2×105 cells 

in each tube (depending on the number of PCR tubes needed for the experiment, the 

number of plates of cells prepared is varied). After preparation, the tubes are placed in a 

thermostatic container and transferred to the Mechanical Engineering Department at AUB, 

where the HIFU cell suspension setup is located (Figure 9). The tubes are then immersed 

through their adequate holders in 37°C degassed, double distilled water, ready to be 

exposed to HIFU. The HIFU experimental conditions are: i) cells exposed at the focal 

point; 100%, ii) cells exposed to residual HIFU (i.e. sub-lethal exposure that is not at the 

focal spot; 25.7%), iii) cells immersed in the tank without being subjected to any exposure 

(mock control). The different experimental parameters used are as follows: Volts: 256Vpp, 

frequency: 500KHz, temperature of water tank: 37°C, duty cycle: 2%, sonication time: 

10msec, and total exposure time: 200msec 

 

2. Cell Re-suspension and Seeding Post-HIFU   

 

Post HIFU exposure, MDA-MB-231 cells are diluted and re-suspended with their 

appropriate media ready to be seeded at two different densities for different sets of 

experiments. The first set of experiments involves seeding the cells at a density of 72 

x104/4000μl (4 tubes) in each well in a 6 well plate to have sufficient number of cells for 
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analysis. The second set involves seeding the cells at a density of 2x104/100μl cells in each 

well in a 96-well plate. Cells are then placed in a 37°C CO2 (5%) incubator.  

 

 

 

 

C. Assessment of FITC-Dextran uptake 

1. Flow Cytometry 

 

Post HIFU exposure, MDA-MB-231 cells are seeded at a density of 72 

x104/4000μl per well in a 6 well plate for two time points (6 hours and 30 hours). At the 

respective time point, media is discarded and cells are washed once with 2ml of PBS (1X). 

FITC-Dextran (Sigma, Cat. # 46945-100MG-F), a fluorescent marker used to determine 

sonoporation, is then added at a concentration of 7.7 mg/ml (prepared in incomplete media; 

Figure 9: A photographic image of the HIFU cell-suspension setup (Courtesy of the 

laboratory of Dr. Ghanem Oweis, Department of Mechanical Engineering, FEA, AUB). 
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i.e. without FBS) to the cells for 1 hour. Cells are then washed twice with 2ml of PBS (1X) 

for 2 minutes. Post washing, cells are trypsinized and centrifuged as previously mentioned 

at 600xg at 4°C for 5min.  The cell pellet is washed once with 3ml of PBS (1X), then 

centrifuged again at 600xg, 4°C, for 5min. The cell pellet is then fixed with 4% PFA 

solution (Paraformaldehyde, Electron Microscopy Sciences) and homogenized for 20 

minutes at room temperature. Cells are then centrifuged at 600xg at 4°C for 5min and the 

cell pellet is rinsed once with 1ml of PBS (1X) post fixation. Cells are re-centrifuged and 

the cell pellet is finally re-suspended in 500µl of PBS and transferred to a BD Falcon 5ml 

polystyrene round-bottom tube (BD Biosciences REF: 352058) to be taken for flow 

cytometry data acquisition. Digitonin (Sigma Aldrich- D141) is used as a positive control 

to make sure that the cell membrane is permeabilized indeed to allow dextran uptake. It is 

used at a concentration of 20µM for 10 minutes. 

 

2. Microscopic Imaging 

 

FITC-dextran assessment by fluorescence microscopy is similar to the protocol 

designed for flow cytometry except that the cells are seeded on coverslips.  Post fixation 

and washing steps, the coverslips are mounted on slides using UltraCruz™ Hard-set 

Mounting Medium (Santa Cruz Biotech. Inc., sc-359850) based on manufacturer’s 

specifications. They are sealed with nail polish and stored at 4°C for microscopic imaging. 

Image acquisition was performed within 24 to 48hrs of staining using the LSM710 

Confocal Microscope (Carl Zeiss, DTS facility, AUB) of both FITC-Dextran and DAPI 

using the 63x/ 1.40 oil DIC M27 objective magnification. Eight frames were acquired per 
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slide with the 60X objective while three frames were acquired for the negative control. 

Cells were first examined with a standard phase-contrast microscope (Olympus 

microscope, Axiovert 200, Zeiss, CRSL facility, AUB) to assess overall confluence and 

spreading of cells. 

 

D. Assessment of Caveoloe-Dependent Endocytosis. 

 

Post HIFU exposure, cells are seeded at a density of 2x104/100μl cells per well in 

a 96-well plate for two time points (6 hours and 30 hours). These cells are cultured for 4 

time points, once per 24 hr increments. 

1. Preparation of Genistein 

 

Genistein (Sigma, G6649-25MG) is a chemical inhibitor of caveolae-dependent 

endocytosis and is diluted with Dimethyl Sulfoxide (DMSO). It was added at a 

concentration of 100μM to the cells either six or thirty hours post seeding for 30 minutes. A 

series of dilutions is prepared to obtain the specific concentration.  

2. Preparation of Anti-neoplastic agents  

 

Working concentrations of each of Taxol (Sigma, T7402) and Doxil (Sigma, 

D1515) were prepared to be added to the cells after discarding Genistein. The chosen 

concentrations for Taxol are 1.5nM and 7.5nM while for Doxil, we used 0.05μM and 

0.5μM. Taxol was diluted with Dimethyl sulfoxide (DMSO) while double distilled water 

was used for Doxil based on manufacturer’s specifications and preparation instructions.  
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E. Viability Assay 

1.  Microscopic Observation (Phase-Contrast) 

 

Cells, post HIFU and Genistein/chemo addition and prior to counting for the 4 

days, were examined by microscopic observation using a standard phase contrast 

microscope with a 40x magnification to exclude any potential artifact or contamination.  

 

2. Trypan Blue Vital Stain Exclusion   

 

Twenty four hours post chemotherapy drug addition, MDA-MB-231 cells already 

seeded in a 96-well plate are washed with 50μl Phosphate Buffered Saline (PBS) 1× then 

trypsinized with 10μl Trypsin (2X), and neutralized with the appropriate re-suspension 

media. They are then diluted with Trypan Blue on a 1:1 ratio of which 10μl is transferred to 

a hemacytometer counter grid for viable cell count through a light microscope. This 

procedure is repeated over 4 days.  

 

F. Statistical Analysis  

 

The statistical analysis for the FITC-dextran uptake assessments was done using t-

test while for assessing caveolin-dependent endocytosis, one way Anova was used. A p-

value of 0.05 represents the statistical significance. Furthermore, the average of each group, 

the standard deviation and the standard error of the mean were calculated and a comparison 

of each group to their control group was done. 
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CHAPTER III 

 

RESULTS 

 

A. Optimization of the different techniques used. 

1. Optimization of HIFU parameters in the commercial HIFU transducer setup to 

ensure adequate mechanical sub-lethal exposure. 

 

Numerous experimental trials were performed to optimize the HIFU parameters 

since we utilized a commercial HIFU transducer that is similar yet different to the custom 

built HIFU transducer used in previous studies in our laboratory. Similarly to the HIFU set 

up previously used in our laboratory, this HIFU reservoir is filled with degassed double 

distilled water warmed to 37 degrees. There is also an adjustable clamp that would enable 

us to localize in the cell sample not just at the focal spot, but also at sub-lethal HIFU 

exposures. The volume of the cell suspension in the sample tube was also set at 50μl and 

the cell count was chosen to be 200,000. The experimental parameters used were also the 

same corresponding to: Volts: 256Vpp, duty cycle: 2%, sonication time: 10msec, and total 

exposure time: 200msec, except for the frequency which was 500 KHz instead of 2 MHz. 

For the most part, we needed to find the location of the focal spot in order to find that of the 

sub-lethal percentages.  In the case of the commercial HIFU transducer, its circumference is 

quite large which means the circumference of the focal point is also large; 40 mm, so the 

challenge was not to find the focal spot but to find the borders of the focal point range to 

determine where it begins and ends. By finding the borders of the focal point range, we 

determined the exact location of the focal spot by subtracting the extremities and dividing 
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them by 2.  As a result, the focal point was determined to be 51 mm from the source of the 

transducer. Subsequently, we found the exact location of the sub-lethal percentage used by 

further calculations.  

 

2. Quantitative assessment of cell viability of MDA-MB-231 cells post sub-lethal HIFU 

exposure. 

 

      MDA-MB-231 cells were exposed to two different HIFU exposures; focal spot 

(where cells are receiving 100% of the HIFU intensity, and sub-lethal HIFU exposure; 

25.7%. After exposing the MDA-MB-231 cells to focal spot, sub-lethal HIFU and having 

mock HIFU cells as control, the samples were assessed over three consecutive days 

qualitatively by observing them using phase contrast microscopy, and quantitavely, by 

assessing cellular viability and proliferation using the trypan blue cell count method. 

Quantitative assessment by trypan blue revealed that there was no significant difference in 

cellular viability between mock control cells and cells subjected to sub-lethal HIFU at day 

1 (P-value>0.05). However, the difference was significant at day 2 with a 29% decrease 

between the two and also at day 3 reflected in a 20% decrease (P-value<0.05). 

Nevertheless, the compiled results showed a high significant difference between the cells 

subjected to sub-lethal HIFU and the cells exposed to the focal point reflected in 

approximately 99% decrease in cell count across all three days  with a (P-value<0.01). On 

the other hand, cells exposed to the focal point had very few cells with no notable 

proliferation over three days. Moreover, quantitative assessment by trypan blue showed a 

significant difference in cellular viability between cells subjected to HIFU at the focal point 

and the mock control cells reflected in approximately 99% decrease in cell count across all 
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three days with a (P-value<0.01) (Figure 10).  Data represent mean ± SEM of three 

independent experiments (each done in duplicates). 

  

 

 

 

 

 

 

3. Optimization of concentration of Genistein used to inhibit caveolae-dependent 

endocytosis. 

 

We aimed to test a suitable concentration of genistein that doesn’t compromise cell 

viability of cancer cells but is also reported in the literature to inhibit caveolae-dependent 

endocytosis. For this purpose, several optimization experiments were performed using 

Figure 10: Quantitative assessment of cell viability & proliferation of MDA-MB-231 

cells post HIFU exposure in comparison to mock – treated controls. Trypan blue 

viable cell counts were performed days 1-to-3 post exposure to HIFU. A significant 

difference in viability and proliferation was obtained between cells exposed at the 

focal point in comparison to the mock controls and sub-lethal HIFU exposed cells. 

Moreover, a significant difference was obtained between cells exposed to sub-lethal 

HIFU and mock HIFU cells at day 2 and day 3.Data represent mean ± SEM and 

asterisks represent statistical significance (*p0.05; **p0.01). 
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various concentrations and incubation times of genistein (Data not shown). Subsequently, 

we chose a dose of 100µM of Genistein for an incubation time of 30 minutes as it didn’t 

show any significance in cell viability compared to the negative control with a (P-

value>0.05). Parallel to Genistein addition, Dimethyl sulfoxide (DMSO) was added as a 

vehicle to cells at a concentration of 0.1%. Likewise, no significant difference was obtained 

between cells treated with DMSO and cells treated with genistein and the negative control 

cells (P-value>0.05). Noteworthy, cells were treated with Genistein and DMSO 30 hours 

post seeding (Figure 11).  Similar results were obtained for 6 hours post seeding (Data not 

shown). Data represent mean ± SEM of three independent experiments (each done in 

duplicates). 
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Figure 11: Assessment of viability of MDA-MB-231 cells following Genistein and DMSO 

treatment relative to control cells 30 hours post seeding. Trypan blue vital stain exclusion 

assay was used to count viable cells over a period of four days. Trypan blue assessment 

indicates that there is no significance difference between the negative control cells, cells 

treated with DMSO and cells treated with genistein. Data represent mean ± SEM of 3 

independent experiments (each done in duplicates) and asterisks represent statistical 

significance (*p0.05; **p0.01). 
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B. Assessment of FITC-dextran uptake added to MDA-MB- 231 cells post sub-lethal 

HIFU exposure. 

 

Since previous studies in our laboratory showed that sub-lethal HIFU exposure 

sensitizes MDA-MB-231 breast cancer cells to suboptimal cytotoxic doses of Taxol and 

Doxorubicin, our intention for the first aim of this study, was to determine if sonoporation 

is implicated as a mechanism of drug uptake. For that, MDA-MB-231 cells subjected to 

sub-lethal HIFU exposure and mock HIFU MDA-MB-231 cells were treated with FITC-

dextran, a marker for cellular permeability, either 6 hours or 30 hours post HIFU.  

Assessment of FITC-dextran uptake was determined by flow cytometry and laser confocal 

microscopy. 

 

1. No significant change in FITC-dextran uptake in sub-lethal HIFU exposed cells in 

comparison to mock – treated cells 30 hours post sub-lethal HIFU exposure by Flow 

Cytometry. 

 

To assess FITC-dextran uptake in sub-lethal HIFU exposed cells vs. mock – 

treated MDA-MB-231 cells 30 hours post sub-lethal HIFU exposure by flow cytometry, we 

analyzed six test samples; negative control cells (cells not exposed to HIFU nor stained 

with FITC-Dextran), positive control cells (cells permeabilized with digitonin and stained 

with FITC-Dextran), 25.7% HIFU exposed cells stained with FITC-Dextran, 25.7% HIFU 

exposed cells negative for FITC-Dextran, mock HIFU cells stained with FITC, and mock 

HIFU cells negative for FITC-Dextran. Flow cytometry data analysis revealed that the 

percentage of positive cells for FITC-Dextran in mock HIFU cells is 36% in comparison to 

that of the sub-lethal HIFU cells which is 38%. However, this slight increase, was not 

shown to be statistically significant between them with a (P-value>0.05). Moreover, a 
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significant difference in percentage of positive cells for FITC-Dextran have been observed 

between mock HIFU cells stained with FITC-Dextran and its respected control; mock 

HIFU cells negative for FITC-Dextran with a (P-value<0.01). In other words, percentage 

of positive cells in mock HIFU cells negative for FITC-Dextran is 2.2% which is 34% 

lower than that of mock HIFU cells stained with FITC-Dextran.  Likewise, a significant 

difference in percentage of positive cells for FITC-Dextran have been observed between 

sub-lethal HIFU cells stained with FITC-Dextran and its respected control; sub-lethal HIFU 

cells negative for FITC-Dextran reflected in a 32% decrease with a (P-value<0.01). 

Additionally, quantification by flow cytometry has shown that percentage of positive cells 

for FITC-Dextran is 50% in positive controls and 3% in negative controls (Figure 12B). 

Data represent mean ± SEM of four independent experiments. 
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Figure 12: Flow cytometry representative (A) and quantification of positive MDA-MB-231 

cells (B) for FITC-dextran in negative control cells, positive control cells, mock-treated cells 

stained with FITC-dextran, mock HIFU cells negative for FITC-dextran, sub-lethal HIFU 

cells stained with FITC-dextran and sub-lethal HIFU cells negative for FITC-dextran 30hr 

post HIFU exposure. No significant difference is observed between cells exposed to sub-lethal 

HIFU cells and mock controls. Illustration is a representative of 3 independent repeats. Data 

represent mean ± SEM of four independent experiments, 
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2.  No significant change in FITC-dextran uptake in sub-lethal HIFU exposed cells in 

comparison to mock – treated cells 30 hours post sub-lethal HIFU exposure by Laser 

Confocal Microscopy. 

 

In order to further validate the uptake of FITC-dextran at 30hr in sub-lethal HIFU 

exposed cells vs. mock control cells determined by flow cytometry, we followed the same 

procedure but stained the cells on coverslips instead and mounted them on slides to observe 

and acquire 2-D fluorescent images using laser confocal microscopy. Using the same 

exposure time and excitation wavelength, we obtained eight image frames for the sub-lethal 

HIFU exposed MDA-MB-231 cells and mock HIFU MDA-MB-231 cells. Qualitative 

analysis and cytoplasmic scoring was performed visually, by observing and comparing the 

FITC-dextran stain for each test sample (Figure 13A). On average, around 700 cells from 

each test were assessed. The data indicates an increase by 4% in FITC-dextran uptake in 

HIFU exposed cells in comparison to the mock HIFU cells. This increase, however, was 

not determined to be statistically significant (P-value >0.05). Cells permeabilized with 

digitonin and stained with FITC-dextran were used as a positive control. Likewise, using 

the same exposure time and excitation wavelength, we obtained four image frames.  On 

average, 300 cells were assessed. As a result, data reveals a significant difference between 

Mock HIFU cells and HIFU exposed cells in comparison to the positive control (P-

value<0.05) (Figure 13B). Scoring analysis data is represented as mean ± SEM of three 

independent experiments. 
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Figure 13: Visual cytoplasmic scoring of FITC-dextran uptake in sub-lethal HIFU exposed 

MDA-MB-231 cells vs. mock control cells 30 hours post HIFU exposure. Top Panel (A) are 

representative laser confocal microscopy images acquired at 63x magnification. DAPI was 

used to stain the nuclei (uppermost panel). FITC-dextran stain is shown in green (middle 

panel). Lower Panel (B) shows data obtained from cytoplasmic scoring. Visual scoring 

reveals no significant change in the uptake of FITC-dextran 30 hours post sub-lethal HIFU 

exposure in comparison to mock controls. Mock controls and HIFU exposed cells were 

shown to be significantly different from that of the positive control used. Data represent 

mean ± SEM of three independent experiments within an average of 700 cells scored for 

mock HIFU cells and also for HIFU exposed cells and an average of 300 cells for positive 

control cells. 
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3. No significant change in FITC-dextran uptake in sub-lethal HIFU exposed cells in 

comparison to mock – treated cells 6 hours post sub-lethal HIFU exposure by Laser 

Confocal Microscopy. 

 

We also wanted to assess the uptake of FITC-Dextran  in sub-lethal HIFU exposed 

cells in comparison to mock HIFU cells 6 hours post sub-lethal HIFU exposure by laser 

confocal microscopy. Similarly to the 30hr time point, we obtained eight image frames for 

HIFU exposed MDA-MB-231 cells and mock HIFU MDA-MB-231 cells using the same 

exposure time and excitation wavelength. Qualitative analysis and cytoplasmic scoring was 

performed visually, by observing and comparing the FITC-dextran stain for each test 

sample (Figure 14A). On average, around 700 cells from each test were assessed. The data 

indicates an increase by 2% in HIFU exposed cells in comparison to the mock HIFU cells. 

This increase, however, was not determined to be significant (P-value >0.05). As for the 

positive control, we obtained four image frames using the same exposure time and 

excitation wavelength.  On average, 300 cells were assessed. As a result, data reveals a 

significant difference between Mock HIFU cells and HIFU exposed cells in comparison to 

the positive control (P-value<0.05) (Figure 14B). Scoring analysis data is represented as 

mean ± SEM of three independent experiments. 
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Figure 14: Visual cytoplasmic scoring of FITC-dextran uptake in sub-lethal HIFU exposed 

MDA-MB-231 cells vs. mock-treated control cells 6 hours post HIFU exposure. Top Panel (A) 

are representative laser confocal microscopy images acquired at 63x magnification. DAPI was 

used to stain the nuclei (uppermost panel). FITC-dextran stain is shown in green (middle panel). 

Lower Panel (B) shows data obtained by cytoplasmic scoring. Visual scoring reveals no 

significant change in the uptake of FITC-dextran 6 hours post sub-lethal HIFU exposure in 

comparison to mock HIFU. Mock control cells and HIFU exposed cells were shown to be 

significantly different from that of the positive control used. Data represent mean ± SEM of three 

independent experiments within an average of 700 cells scored for mock HIFU cells and for 

HIFU exposed cells and an average of 300 cells for positive control cells. 
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C. Pre-treatment with Genistein reverses the enhanced in vitro sensitivity of MDA-

MB-231 cells to sub-cytotoxic concentrations of Taxol and Doxil post-sub-lethal 

HIFU exposure. 

 

For the second aim of this study, we wanted to determine if caveolae-dependent 

endocytosis is implicated as a mechanism of drug uptake in the enhanced in vitro 

sensitivity of MDA-MB-231 cells to sub-lethal anti-neoplastic agent’s concentration post-

sub-lethal HIFU exposure. For that, MDA-MB-231 cells subjected to sub-lethal HIFU 

exposure and mock HIFU were pre-treated with Genistein, a specific potent inhibitor of the 

caveolae-dependent endocytosis pathway, either 6 hours or 30 hours post HIFU. 

Subsequently, cells were exposed to either Taxol or Doxorubicin and cellular viability was 

quantified using trypan blue vital stain exclusion assay over four days. Percentage of viable 

MDA-MB-231 cells across all tested samples was determined and plotted in respect to the 

ultimate Mock HIFU control cells (untreated with anti-neoplastic agents and genistein) 

which were designated as 100% viable across each day.   

 

1.  Quantitative assessment of Genistein and Taxol added to MDA-MB- 231 cells 6 

hours post sub-lethal HIFU exposure. 

 

To determine if pre-treatment with genistein 6 hours post sub-lethal HIFU 

exposure will revert the enhanced in vitro sensitivity of MDA-MB-231 cells to the two sub-

lethal concentrations of Taxol, trypan blue vital stain exclusion assay was performed on 

MDA-MB-231 cells post sub-lethal HIFU exposure, genistein and taxol addition over a 

period of four days. At Day 1, for cells treated with 0 nM of Taxol, trypan blue assessment 

showed no significant difference in cellular viability between the mock HIFU cells treated 

with genistein and the mock HIFU cells untreated with genistein. Similarly, no significant 
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difference in cellular viability was noted between the sub-lethal HIFU cells treated with 

genistein and sub-lethal HIFU cells untreated with genistein (P-value>0.05). Nevertheless, 

trypan blue assessment revealed that cellular viability in sub-lethal HIFU cells untreated 

with genistein was decreased by 32% when compared to the mock HIFU cells untreated 

with genistein and this difference was shown to be statistically significant with a (P-

value<0.01). Moreover, a significant difference was noted between the mock HIFU cells 

untreated with genistein and sub-lethal HIFU cells treated with genistein reflected in a 45% 

decrease in cellular viability with a (P-value<0.01).  Likewise, similar results were 

obtained between sub-lethal HIFU cells treated and untreated with genistein when 

compared to mock HIFU cells treated with genistein. Similarly to cells treated with 0 nM of 

taxol, a similar pattern was obtained for cells treated with 1.5 nM of Taxol. Cellular 

viability of sub-lethal HIFU cells treated and untreated with Genistein was significantly 

reduced by 21% in both panels when compared to mock HIFU cells treated and untreated 

with Genistein (P-value<0.05).  As for cells treated with 7.5 nM of Taxol, cellular viability 

of sub-lethal HIFU cells untreated with genistein was shown to be significantly lower by 

24% in comparison to mock HIFU cells treated with Genistein (P-value<0.05). 

Noteworthy, cellular viability was increased by 8% in mock HIFU cells treated with 

Genistein when compared to mock HIFU cells untreated with Genistein. Likewise, cellular 

viability was increased by 14% in sub-lethal HIFU cells treated with genistein when 

compared to sub-lethal HIFU cells untreated with Genistein. This increase, however, was 

not statistically significant from that of the cells untreated with Genistein (P-value>0.05). 

Additionally, percentage of cellular viability of mock HIFU cells treated with 7.5 nM of 

Taxol and mock HIFU cells treated with 1.5 nM were significantly reduced by 69% and 
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45% correspondingly when compared to mock HIFU cells untreated with Taxol with a (P-

value<0.01). Likewise, percentage of cellular viability of sub-lethal HIFU cells treated with 

7.5 nM of Taxol and sub-lethal HIFU cells treated with 1.5 nM were significantly reduced 

by 34% and 53% correspondingly when compared to sub-lethal HIFU cells untreated with 

taxol with a (P-value<0.01). Data represent mean percentage difference ± SEM of three 

independent experiments, each done in duplicates (Figure 15A, see below). 

At Day 2, for cells treated with 0 nM of Taxol, similar results were obtained to that 

of cells treated with 0 nM of Taxol at day 1. As for cells treated with 1.5 nM of Taxol, 

cellular viability was significantly reduced by 12% in sub-lethal HIFU cells untreated with 

Genistein when compared to mock HIFU cells untreated with Genistein with a (P-

value<0.01). Moreover, percentage of cellular viability was significantly reduced by 9% in 

sub-lethal HIFU cells treated with Genistein when compared to mock HIFU cells untreated 

with Genistein (P-value<0.05).  Cellular viability was also significantly reduced by 10% in 

sub-lethal HIFU cells untreated with Genistein when compared to mock HIFU cells treated 

with Genistein with a  (P-value<0.05). MDA-MB-231 cells exposed to sub-lethal HIFU 

and treated with Genistein revealed a 3% increase in cellular viability in comparison to 

cells exposed to sub-lethal HIFU but untreated with Genistein. This increase, however, was 

not determined to be statistically significant (P-value>0.05). As for cells treated with 7.5 

nM of Taxol, cellular viability was significantly reduced by 6% in sub-lethal HIFU cells 

untreated with genistein when compared to mock HIFU cells untreated with Genistein and 

mock HIFU cells treated with Genistein. Moreover, a slight increase by 2% in cellular 

viability was observed in cells exposed to sub-lethal HIFU and treated with Genistein when 

compared to cells exposed to sub-lethal HIFU and untreated with Genistein. This slight 
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increase, however, was not determined to be statistically significant (P-value>0.05). 

Additionally, percentage of cellular viability of mock HIFU cells treated with 7.5 nM of 

Taxol and mock HIFU cells treated with 1.5 nM were significantly reduced by 88% and 

75% correspondingly when compared to mock HIFU cells untreated with Taxol with a (P-

value<0.01). Likewise, percentage of cellular viability of sub-lethal HIFU cells treated with 

7.5 nM of Taxol and sub-lethal HIFU cells treated with 1.5 nM were significantly reduced 

by 94% and 87% correspondingly when compared to sub-lethal HIFU cells untreated with 

taxol with a (P-value<0.01). Data represent mean percentage difference ± SEM of three 

independent experiments, each done in duplicates (Figure 15B, see below)  

At day 3, for cells treated with 0 nM of Taxol, cellular viability was nearly 30% 

significantly reduced in cells exposed to sub-lethal HIFU and untreated with Genistein in 

comparison to mock HIFU cells untreated with genistein with a  (P-value<0.05). 

Additionally, cellular viability was significantly reduced by 35% in cells exposed to sub-

lethal HIFU and untreated with genistein in comparison to mock HIFU cells untreated with 

genistein and mock HIFU cells treated with Genistein with a  (P-value<0.05).  As for cells 

treated with 1.5 nM of Taxol, cellular viability was increased by 7% in mock HIFU cells 

treated with Genistein when compared to mock HIFU cells untreated with Genistein. This 

increase was statistically significant with a (P-value<0.01). A significant reduction by 6% 

was noted in cells exposed to sub-lethal HIFU and untreated with genistein when compared 

to mock HIFU cells untreated with Genistein with a (P-value<0.01). Moreover, cellular 

viability was significantly reduced by 13% in cells exposed to sub-lethal HIFU and 

untreated with Genistein when compared to mock HIFU cells treated with Genistein with a 

(P-value<0.05). Moreover, a 10% significant decrease in cellular viability was noted in 
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cells exposed to sub-lethal HIFU and treated with genistein when compared to mock HIFU 

cells treated with genistein with a (P-value<0.05). A 3% increase was noted in cells 

exposed to sub-lethal HIFU and treated with Genistein relative to the cells exposed to sub-

lethal HIFU and untreated with Genistein, yet it was not determined to be statistically 

significant with a  (P-value>0.05). As for cells treated with 7.5 nM of Taxol, cellular 

viability was significantly reduced by 3% in cells exposed to sub-lethal HIFU and untreated 

with Genistein  when compared to mock HIFU cells untreated with Genistein with a (P-

value<0.05) and by 5% when compared to mock HIFU cells treated with Genistein with a 

(P-value<0.01). Moreover, a 3% decrease in cellular viability in sub-lethal HIFU cells 

treated with Genistein was observed when compared to mock HIFU cells treated with 

Genistein with a (P-value<0.05). Noteworthy, a 2% increase was observed in mock HIFU 

cells treated with Genistein and sub-lethal HIFU cells treated with Genistein when 

compared to mock HIFU untreated with Genistein and sub-lethal untreated with Genistein 

respectively. This increase, however, was shown not to be statistically significant (P-

value>0.05). Additionally, percentage of cellular viability of mock HIFU cells treated with 

7.5 nM of Taxol and mock HIFU cells treated with 1.5 nM were significantly reduced by 

94% and 88% correspondingly when compared to mock HIFU cells untreated with Taxol 

with a (P-value<0.01). Likewise, percentage of cellular viability of sub-lethal HIFU cells 

treated with 7.5 nM of Taxol and mock HIFU cells treated with 1.5 nM were significantly 

reduced by 68% and 65% correspondingly when compared to sub-lethal HIFU cells 

untreated with Taxol. Data represent mean percentage difference ± SEM of three 

independent experiments, each done in duplicates (Figure 15C, see below). 
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At day 4, for cells treated with 0 nM of Taxol addition, a similar pattern was 

obtained as for cells treated with 0 nM of Taxol at day 1. Concerning the cells treated with 

1.5 nM Taxol, around 2-3 % increase in cellular viability was observed in mock HIFU cells 

treated with Genistein and sub-lethal HIFU cells treated with Genistein in comparison to 

mock control cells untreated with Genistein and sub-lethal HIFU untreated with Genistein 

respectively. This increase, however, was not determined to be statistically significant (P-

value>0.05). Additionally, percentage of cellular viability of mock HIFU cells treated with 

7.5 nM of Taxol and mock HIFU cells treated with 1.5 nM were significantly reduced by 

98% and 93% correspondingly when compared to mock HIFU cells untreated with Taxol 

with a (P-value<0.01). Likewise, percentage of cellular viability of sub-lethal HIFU cells 

treated with 7.5 nM of Taxol and mock HIFU cells treated with 1.5 nM were significantly 

reduced by 80% and 77% correspondingly when compared to sub-lethal HIFU cells 

untreated with Taxol with a (P-value<0.01). Data represent mean percentage difference ± 

SEM of three independent experiments, each done in duplicates (Figure 15D, see below). 
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Figure 15: MDA-MB-231 cell viability following Taxol and Genistein pretreatment at 6hr 

post sub-lethal HIFU exposure (26%).  Trypan blue vital stain exclusion assay was used to 

count viable cells over a period of four days. Trypan blue assessment suggests that there is an 

enhanced in vitro sensitivity of MDA-MB-231 cells to sub-cytotoxic doses of Taxol post sub-

lethal HIFU and this sensitivity is reverted by the addition of genistein. Moreover, it was 

significant between mock HIFU cells treated and untreated with genistein at day 3. Data 

represent mean percentage ± SEM of 3 independent experiments (each done in duplicates; * 

p0.05; **p0.01). 
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Figure 15: MDA-MB-231 cell viability following Taxol and Genistein pretreatment at 6hr 

post sub-lethal HIFU exposure (26%).  Trypan blue vital stain exclusion assay was used to 

count viable cells over a period of four days. Trypan blue assessment suggests that there is 

an enhanced in vitro sensitivity of MDA-MB-231 cells to sub-cytotoxic doses of Taxol post 

sub-lethal HIFU and this sensitivity is reverted by the addition of Genistein. Moreover, it 

was significant between mock HIFU cells treated and untreated with Genistein at day 3. Data 

represent mean percentage ± SEM of 3 independent experiments (each done in duplicates; * 

p0.05; **p0.01). 
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2. Quantitative assessment of Genistein and Taxol added to MDA-MB- 231 cells 30 

hours post sub-lethal HIFU exposure. 

 

Similarly to the assessment of Genistein and Taxol added on MDA-MB-231 cells 

6 hours post sub-lethal HIFU exposure, we wanted to assess it 30 hours post sub-lethal 

HIFU exposure. At Day 1, for cells treated with 0 nM of Taxol, trypan blue assessment 

showed no significant difference in cellular viability between the mock HIFU cells treated 

with Genistein and the mock HIFU cells untreated with genistein. Similarly, no significant 

difference in cellular viability was noted between the cells subjected to sub-lethal HIFU 

treated with Genistein and cells subjected to sub-lethal HIFU and untreated with Genistein 

with a (P-value>0.05). A 28% reduction was noted in cells exposed to sub-lethal HIFU and 

treated with Genistein when compared to mock HIFU cells untreated with Genistein and 

this reduction was shown to be statistically significant with a (P-value<0.05).  As for cells 

treated with 1.5 nM Taxol, it is worth mentioning that there is a 10% increase in cellular 

viability in mock HIFU cells treated with genistein in comparison to mock HIFU cells 

untreated with Genistein. Similarly, there is a 3% increase in cellular viability in cells 

subjected to sub-lethal HIFU and treated with genistein in comparison to cells subjected to 

sub-lethal HIFU but untreated with Genistein. The increase, however, was not determined 

to be statistically significant (P-value>0.05). Likewise, for cells treated with 7.5 nM of 

Taxol, a 2% increase in cellular viability was noted in mock HIFU cells treated with 

genistein in comparison to mock control cells untreated with Genistein. In the same way, a 

5% increase in cellular viability was observed in cells subjected to sub-lethal HIFU and 

treated with Genistein in comparison to cells subjected to sub-lethal HIFU and untreated 

with Genistein, yet this was also determined not to be statistically significant (P-
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value>0.05). Data represent mean percentage difference ± SEM of three independent 

experiments, each done in duplicates. (Figure 16A, see below). 

At day 2, for cells treated with 0 nM of Taxol, 1.5 nM of Taxol and 7.5 nM of 

Taxol, trypan blue assessment revealed a similar pattern to the cells treated with 0 nM of 

Taxol, 1.5 nM of Taxol and 7.5 nM of Taxol, at day 2 post 6hr of sub-lethal HIFU 

exposure. Data represent mean percentage difference ± SEM of three independent 

experiments, each done in duplicates. (Figure 16B, see below). 

At day 3, for cells treated with 0, 1.5, and 7.5 nM of Taxol, a similar pattern was 

obtained to that of cells treated with 0, 1.5, and 7.5 nM of Taxol, at day 3 6hr post sub-

lethal HIFU exposure. Data represent mean percentage difference ± SEM of three 

independent experiments, each done in duplicates (Figure 16C, see below). 

Likewise, at day 4, for cells treated with 0 nM, 1.5 nM, and 7.5 nM of Taxol, a 

similar pattern was obtained to that of cells treated with 0 nM of taxol, 1.5 nM of taxol and 

7.5 nM of Taxol, at day 4 6hr post sub-lethal HIFU exposure. Data represent mean 

percentage difference ± SEM of three independent experiments, each done in duplicates 

(Figure 16D, see below). 

 Across all days, percentage of cellular viability of mock HIFU cells treated with 

7.5 nM of Taxol and mock HIFU cells treated with 1.5 nM were significantly reduced in 

comparison to mock HIFU cells untreated with taxol with a (P-value<0.01). Likewise, 

percentage of cellular viability of sub-lethal HIFU cells treated with 7.5 nM of Taxol and 
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mock –HIFU cells treated with 1.5 nM were significantly reduced in comparison to sub-

lethal HIFU cells untreated with Taxol with a (P-value<0.01). 

 

 

 

 

 

Figure 16: MDA-MB-231 cell viability following Taxol and Genistein pretreatment at 30hr 

post sub-lethal HIFU exposure (26%).  Trypan blue vital stain exclusion assay was used to 

count viable cells over a period of four days. Trypan blue assessment suggests that there is 

an enhanced in vitro sensitivity of MDA-MB-231 cells to sub-cytotoxic doses of Taxol 

post sub-lethal HIFU and this sensitivity is reverted by the addition of Genistein, yet it was 

not determined to be statistically significant. Data represent mean percentage ± SEM of 3 

independent experiments (each done in duplicates; * p0.05; **p0.01). 
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Figure 16: MDA-MB-231 cell viability following Taxol and Genistein pretreatment at 30hr 

post sub-lethal HIFU exposure (26%).  Trypan blue vital stain exclusion assay was used to 

count viable cells over a period of four days. Trypan blue assessment suggests that there is an 

enhanced in vitro sensitivity of MDA-MB-231 cells to sub-cytotoxic doses of Taxol post sub-

lethal HIFU and this sensitivity is reverted by the addition of Genistein, yet it was not 

determined to be statistically significant. Data represent mean percentage ± SEM of 3 

independent experiments (each done in duplicates; * p0.05; **p0.01). 
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3.  Quantitative assessment of Genistein and Doxil added to MDA-MB- 231 cells 6 

hours post sub-lethal HIFU exposure. 

 

Cellular viability of MDA-MB-231 cells was also assessed after the addition of 

Genistein and Doxil 6 hours post sub-lethal HIFU exposure by trypan blue exclusion assay 

over a period of four days. At day 1, for cells treated with 0 µM of doxorubicin, trypan blue 

assessment indicated a similar pattern to that of cells treated with 0 nM of Taxol at day 1 6 

hours post sub-lethal HIFU exposure. As for cells treated with 0.05 µM of doxorubicin, a 

4% increase in cellular viability was obtained in mock HIFU cells treated with Genistein 

compared to mock HIFU cells untreated with Genistein. This increase, however, was not 

determined to be statistically significant (P-value>0.05).  Similarly, in cells treated with 0.5 

µM of doxorubicin, an 11% increase in cellular viability was obtained in cells subjected to 

mock HIFU cells and treated with Genistein when compared to mock HIFU cells untreated 

with Genistein. Nevertheless, we did not detect any significant difference between them (P-

value>0.05). Moreover, a 6% increase was determined in cells exposed to sub-lethal HIFU 

and treated with Genistein in comparison to cells exposed to sub-lethal HIFU and untreated 

with Genistein, yet no significant difference was obtained (P-value>0.05). Moreover, a 

32%  significant reduction was obtained in cells exposed to sub-lethal HIFU and untreated 

with Genistein when compared to mock HIFU cells treated with Genistein with a (P-

value<0.05). Data represent mean percentage difference ± SEM of three independent 

experiments, each done in duplicates (Figure 17A, see below). 

At day 2, for cells treated with 0 µM of doxorubicin, trypan blue assessment 

indicated a similar pattern to that of cells treated with 0 nM of Taxol at day 1 6 hours post 
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sub-lethal HIFU exposure. As for cells treated with 0.05 µM of doxorubicin, a 2% increase 

in cellular viability was obtained in mock HIFU cells and sub-lethal HIFU cells treated 

with Genistein when compared to mock control cells and sub-lethal cells untreated with 

Genistein. This increase, however, was shown not to be statistically significant (P-

value>0.05). Likewise, for cells treated with 0.5 µM of doxorubicin, a 3% increase in 

cellular viability was obtained in mock HIFU cells and sub-lethal HIFU cells treated with 

Genistein when compared to mock HIFU cells and sub-lethal cells untreated with 

Genistein, yet this was shown not to be statistically significant (P-value>0.05). Data 

represent mean percentage difference ± SEM of three independent experiments, each done 

in duplicates (Figure 17B, see below). 

At day 3, for cells treated with 0 µM of doxorubicin, a similar pattern of results 

was obtained to that of cells treated with 0 nM of Taxol at day 1 6 hours post sub-lethal 

HIFU exposure. As for cells treated with 1.5 nM, a slight increase of 1% in cellular 

viability was indicated in mock HIFU cells treated with genistein in comparison to mock 

HIFU cells untreated with Genistein. Moreover, a slight increase of 2% in cellular viability 

was determined in cells exposed to sub-lethal HIFU and treated with Genistein in 

comparison to cells exposed to sub-lethal and untreated with Genistein. Nevertheless, this 

was not determined to be statistically significant (P-value>0.05). Data represent mean 

percentage difference ± SEM of three independent experiments, each done in duplicates 

(Figure 17C, see below). 

At day 4, for cells treated with 0 µM of doxorubicin, cellular viability was reduced 

by 20% in cells exposed to sub-lethal HIFU and untreated with genistein and by 22% in 
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sub-lethal HIFU cells and treated with Genistein in comparison mock HIFU cells untreated 

with Genistein. Both reductions were shown to be statistically significant with a (P-

value<0.05). As for cells treated with 0.05 µM of doxorubicin, cellular viability was 

reverted by 7% in mock control cells treated with Genistein and by 5% in sub-lethal HIFU 

cells treated with Genistein in comparison to mock HIFU cells untreated with Genistein and 

sub-lethal HIFU cells untreated with Genistein respectively. However, this was not 

determined to be statistically significant (P-value>0.05). As for cells treated with 0.5µM of 

doxorubicin, a 2% increase in cellular viability was obtained in mock HIFU cells and sub-

lethal cells treated with Genistein in comparison to mock HIFU cells and sub-lethal cells 

untreated with Genistein. However, this increase was not shown to be significant with a (P-

value>0.05). Data represent mean percentage difference ± SEM of three independent 

experiments, each done in duplicates (Figure 17D, see below). 

Across all days, percentage of cellular viability of mock HIFU cells treated with 

0.5µM of doxorubicin and mock control cells treated with 0.05 µM of doxorubicin were 

significantly reduced in comparison to mock HIFU cells treated with 0 µM of doxorubicin 

(P-value<0.01). Likewise, percentage of cellular viability of sub-lethal HIFU cells treated 

with 0.5µM of doxorubicin and mock HIFU cells treated with 0.05 µM of doxorubicin were 

significantly reduced in comparison to mock HIFU cells treated with 0 µM of doxorubicin 

(P-value<0.01). 
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Figure 17: MDA-MB-231 cell viability following Doxil and Genistein pretreatment 

at 6hr post sub-lethal HIFU exposure (26%).  Trypan blue vital stain exclusion assay 

was used to count viable cells over a period of four days. Trypan blue assessment 

suggests that there is an enhanced in vitro sensitivity of MDA-MB-231 cells to sub-

cytotoxic doses of Doxil post sub-lethal HIFU and this sensitivity is reversed in part 

by the addition of Genistein, yet it was not determined to be statistically significant. 

Data represent mean percentage ± SEM of 3 independent experiments (each done in 

duplicates; * p0.05; **p0.01). 
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Figure 17: MDA-MB-231 cell viability following Doxil and Genistein pretreatment 

at 6hr post sub-lethal HIFU exposure (26%).  Trypan blue vital stain exclusion assay 

was used to count viable cells over a period of four days. Trypan blue assessment 

suggests that there is an enhanced in vitro sensitivity of MDA-MB-231 cells to sub-

cytotoxic doses of Doxil post sub-lethal HIFU and this sensitivity is reversed in part 

by the addition of Genistein, yet it was not determined to be statistically significant. 

Data represent mean percentage ± SEM of 3 independent experiments (each done in 

duplicates; * p0.05; **p0.01). 
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4. Quantitative assessment of Genistein and Doxil added to  MDA-MB- 231 cells 30 

hours post sub-lethal HIFU exposure. 

 

Similarly to the assessment of Genistein and Doxil added to MDA-MB-231 cells 6 

hours post sub-lethal HIFU exposure, we wanted to assess it 30 hours post sub-lethal HIFU 

exposure. At Day 1, for cells treated with 0 µM of doxorubicin, trypan blue assessment 

showed no significant difference in cellular viability between any of the tested samples 

with a (P-value>0.05). As for cells treated with 0.05 µM of doxorubicin, a 20% decrease in 

cellular viability was obtained in cells exposed to sub-lethal HIFU and untreated with 

Genistein when compared to mock HIFU cells untreated with Genistein. This decrease was 

shown to be statistically significant with a (P-value<0.01). Moreover, cellular viability was 

decreased by 14% in cells exposed to sub-lethal HIFU and treated with Genistein and by 

25% in cells exposed to sub-lethal HIFU and untreated with Genistein in comparison to 

mock HIFU cells untreated with Genistein. The latter reduction was shown to statistically 

significant with a (P-value<0.05) while the former reduction was shown to be statistically 

significant with a (P-value<0.01). Noteworthy, cellular viability was enhanced by 11% in 

cells exposed to sub-lethal HIFU and treated with Genistein in comparison to cells exposed 

to sub-lethal HIFU and untreated with Genistein. However, this increase, was shown not to 

be statistically significant (P-value>0.05). Likewise for cells treated with 0.5 µM of 

doxorubicin, cellular viability was increased by 16% in mock control cells treated with 

Genistein and by 8% in sub-lethal HIFU exposed cells treated with Genistein in comparison 

to mock control cells untreated with Genistein and sub-lethal HIFU cells untreated with 

Genistein respectively. This reversal in cellular viability was not shown to be statistically 
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significant (P-value>0.05). Moreover, a significant decrease by 29% with a (P-value<0.05) 

was observed in sub-lethal HIFU cells treated with Genistein relative to mock control cells 

treated with Genistein. Data represent mean percentage difference ± SEM of three 

independent experiments, each done in duplicates (Figure 18A, see below). 

At day 2, for cells treated with 0 µM, 0.05 µM, and 0.5  µM of doxorubicin, trypan blue 

assessment revealed a similar pattern to the cells treated with 0 µM  doxorubicin,  0.05 µM 

of doxorubicin, and 0.5  µM of doxorubicin at day 2 post 6hr of sub-lethal HIFU exposure. 

Data represent mean percentage difference ± SEM of three independent experiments, each 

done in duplicates. (Figure 18B, see below). 

At day 3, for cells treated with 0 µM doxorubicin, trypan blue assessment revealed a similar 

pattern to that obtained in cells treated with 0 nM of Taxol at day1, 30 hours post sub-lethal 

HIFU exposure. As for cells treated with 0.05 µM  doxorubicin, cellular viability was 

increased by 11% in mock HIFU cells treated with Genistein when compared to mock 

HIFU cells untreated with Genistein and by 17% in sub-lethal HIFU exposed cells treated 

with Genistein when compared to sub-lethal HIFU exposed cells untreated with Genistein. 

This reversal in cellular viability was not shown to be statistically significant (P-

value>0.05). A 21% decrease in cellular viability was shown to be statistically significant 

with a (P-value<0.05) in sub-lethal HIFU exposed cells in comparison to mock control 

cells treated with Genistein. As for cells treated with 0.5 µM of doxorubicin, 18% increase 

in cellular viability was obtained in mock HIFU cells treated with Genistein and sub-lethal 

HIFU exposed cells treated with Genistein in comparison to mock HIFU cells untreated 

with Genistein and sub-lethal HIFU cells untreated with Genistein. This was shown to be 
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statistically significant with a (P-value<0.05). Moreover, a 28% significant decrease in 

cellular viability with a (P-value<0.01) was determined in sub-lethal HIFU exposed cells in 

comparison to mock HIFU cells treated with genistein. Data represent mean percentage 

difference ± SEM of three independent experiments, each done in duplicates (Figure 18C, 

see below). 

At day 4, for cells treated with 0 µM  doxorubicin, trypan blue assessment revealed a 

similar pattern to that obtained in cells treated with 0 nM of Taxol at day1, 30 hours post 

sub-lethal HIFU exposure. As for cells treated with 0.05 µM doxorubicin, a similar pattern 

was obtained to the cells treated with the same concentration of doxorubicin at day 3. 

Moreover, cellular viability was increased by 16% in mock HIFU cells treated with 

Genistein and by 20% in sub-lethal HIFU exposed cells treated with Genistein in 

comparison to mock HIFU cells untreated with Genistein and sub-lethal HIF U cells 

untreated with Genistein respectively. This reversal in cellular viability was shown to be 

statistically significant with a (P-value<0.05) for the latter and with a (P-value<0.01) for 

the former. As for cells treated with 0.5 µM doxorubicin, cellular viability was increased by 

18% in mock HIFU cells treated with Genistein in comparison to mock HIFU cells 

untreated with genistein with a (P-value<0.05). Data represent mean percentage difference 

± SEM of three independent experiments, each done in duplicates (Figure 18D, see below). 

     Across all days, percentage of cellular viability of mock HIFU cells treated with 0.5µM 

of doxorubicin and mock HIFU cells treated with 0.05 µM of doxorubicin were 

significantly reduced in comparison to mock HIFU cells treated with 0 µM of doxorubicin 

(P-value<0.01). Likewise, percentage of cellular viability of sub-lethal HIFU cells treated 
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with 0.5µM of doxorubicin and  mock HIFU cells treated with 0.05 µM of doxorubicin 

were significantly reduced in comparison to mock HIFU cells treated with 0 µM of 

doxorubicin (P-value<0.01). 

 

 

 

Figure 18: MDA-MB-231 cell viability following Doxil and Genistein pretreatment at 30hr 

post sub-lethal HIFU exposure (26%).  Trypan blue vital stain exclusion assay was used to 

count viable cells over a period of four days. Trypan blue assessment suggests that there is an 

enhanced in vitro sensitivity of MDA-MB-231 cells to sub-cytotoxic doses of Doxil post sub-

lethal HIFU and this sensitivity is reversed by the addition of Genistein, and was determined to 

be statistically significant at day 3 and day 4. Data represent mean percentage ± SEM of 3 

independent experiments (each done in duplicates; * p0.05; **p0.01). 
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Chapter IV 

Figure 18: MDA-MB-231 cell viability following Doxil and Genistein pretreatment at 

30hr post sub-lethal HIFU exposure (26%).  Trypan blue vital stain exclusion assay 

was used to count viable cells over a period of four days. Trypan blue assessment 

suggests that there is an enhanced in vitro sensitivity of MDA-MB-231 cells to sub-

cytotoxic doses of Doxil post sub-lethal HIFU and this sensitivity is reversed by the 

addition of Genistein, and was determined to be statistically significant at day 3 and 

day 4. Data represent mean percentage ± SEM of 3 independent experiments (each 

done in duplicates; * p0.05; **p0.01). 
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CHAPTER IV  

 

DISCUSSION 

 

 
Surgical treatment in combination with other types of systemic treatment has 

always been considered to be the first line of attack against most breast cancer cases. 

However, in recent years, aside from the standard treatment methods, there has been much 

attention in non-invasive treatment modalities for breast cancer, including HIFU.  The use of 

HIFU has been growing rapidly in the biomedical field particularly with the guidance of 

magnetic resonance imaging. Nevertheless, the effects of sub-lethal HIFU exposure on cell 

function are not well understood. Previous work from our laboratory showed that sub-lethal 

HIFU exposure of MDA-MB-231 breast cancer cells in vitro results in significant 

alterations in transcript expression of a number of mechanosensitive genes, including Cav-1 

gene (α-isoform) which encodes for caveolin-1 protein. Moreover, there was enhanced 

cellular sensitivity to suboptimal cytotoxic doses of Paclitaxel and Doxorubicin. In this 

study, we aim to identify the mechanisms implicated in the enhanced in vitro sensitivity of 

MDA-MB-231 cells to anti-neoplastic agents post sub-lethal HIFU exposure. Hence, we 

utilized a commercial HIFU transducer (frequency of 0.500 MHz) that is obtained by the 

laboratory of Dr. Ghanem Oweis from Sonic Concepts; the manufacturer and developer of 

a variety of products which include standard and custom HIFU transducers, Washington, 

USA. The HIFU setup pertaining to cell suspension and exposure was co-designed and 

manufactured by Dr.Ghanem Oweis’s Laboratory, at the Department of Mechanical 

Engineering, FEA, AUB, in Beirut, Lebanon. It closely mimics the HIFU models that have 
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been reported in several in vitro testing studies (Liu et al., 2005). Because we are utilizing a 

different HIFU transducer than the one previously used in our laboratory, and because its 

circumference is much larger, we had to perform numerous optimization trials to ensure 

reproducibility of the experimental parameters. As a result, we were unable to use all the 

parameters previously used by my colleagues (Younes, MSc; Malkhasian, MSc). From the 

sub-lethal HIFU exposures previously used in our laboratory; 75% and 83%, resulted in 

nearly complete cell death since they fell within the large focal point range. Hence, we had 

to discard them and pick a parameter that is sub-lethal and also reproducible. Thus, we 

chose 25.7% HIFU exposure since it was consistent and reproducible across independent 

experiments. We performed several experimental trials to quantitatively assess cell viability of 

MDA-MB-231 cells post sub-lethal HIFU exposure in comparison to cells exposed to focal 

point and mock HIFU cells. Trypan blue assessment method revealed a significant change 

between the mock HIFU cells and cells exposed to focal point. It is worth mentioning that 

cells subjected to sub-lethal HIFU were significantly different from the mock control cells at 

day 2 and day 3 which means their cell viability is compromised in comparison to mock 

control cells. On the other hand, this obvious decrease in cell viability was revealed between 

sub-lethal HIFU cells and mock HIFU cells but was not determined to be statistically 

significant by (Younes, MSc; Malkhasian, MSc). Nevertheless, a significant difference was 

observed between sub-lethal HIFU cells and cells exposed to focal point which means that 

despite that sub-lethal HIFU cells are compromised in terms of their cell viability in 

comparison to mock HIFU cells, they are still by far different from the cells exposed to focal 

point and still considered by far a sub-lethal exposure. Noteworthy, we tried to utilize HIFU 

exposures lower than that of 25.7% but we still faced issues with reproducibility.  
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Our objective was to decipher the possible mechanisms implicated in the enhanced in 

vitro sensitivity to anti-neoplastic agents either 6hr or 30 hr post sub-lethal HIFU exposure. 

These 2 time points were selected to reflect on the results previously obtained in our 

laboratory which were initially chosen because they reveal the early and delayed protein 

expression onset correspondingly. Our first aim under our objective was to determine if 

sonoporation plays a role in the enhanced in vitro sensitivity to anti-neoplastic agents post 

sub-lethal HIFU exposure. For that, we assessed the uptake of FITC-dextran, a marker for cell 

permeability, in mock-treated controls versus sub-lethal HIFU-treated MDA-MB-231 cells. 

Based on manufactured type, dextran varies in size. Dextran, of size 70kDa, used in this 

study can penetrate into the cytosol if cell membrane is made permeable to it (Meijering et 

al., 2009). Flow cytometry data analysis suggests that there is a slight increase in the uptake 

of FITC-dextran in sub-lethal HIFU treated cells in comparison to mock HIFU treated cells 

but the difference between them is not significant. It is worth mentioning here that under 

normal circumstances, FITC-dextran should not be able to cross the membrane (Forbes et al., 

2011). However, the fact that we could see positive cells for FITC-dextran in mock HIFU 

treated cells could be in part due to that these cells are stressed since they have been placed 

in suspension for around 30 minutes while taken to the engineering department. Their cell 

membrane structure might have been affected in a certain way because they are no longer 

adhered to their substratum (Ruddon, 2003). It is plausible that stress induced plasma 

membrane injury on the cells due to the mechanical activity imposed on them. The impact 

of stress on cancer cell membrane is poorly understood, yet, cancer cells depend on an 

effective plasma membrane repair that uses different machinery to help repair the damaged 

plasma membrane (Nylandsted, 2015). Hence, this might suggest a transient pore formation 
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on the cell membrane that might have resulted in the uptake of some FITC-dextran without 

compromising the viability of the cells. Moreover, a second factor that may explain this is 

that the percentage of positive cells detected in mock treated controls probably pertains to the 

FITC-dextran bound to the cell membrane since FITC-dextran can attach to the exterior of 

the cell if remaining on the monolayer for a long period of time (Forbes et al., 2011) and 

this might be the case since flow cytometry detects membrane bound signals as well as to 

cytoplasmic signals. Despite that we have performed several washing steps, it might not 

have been sufficient to remove the fluorescent dextran stuck to the surface of the cell. This 

was a concern as we didn’t know to what extent the external binding of FITC-dextran to the 

cell membrane masked the internalized FITC-dextran. Hence, it would be essential to 

minimize the fluorescence obtained due to this attached FITC-dextran on the cell 

membrane. To do so, one of our future aims could be to perform trypan blue quenching, a 

technique that can minimize the fluorescence of fluorescent molecules attached to the 

surface of cells, but not internalized (Haugland, 2005). Nevertheless, under the parameters 

we have studied, flow cytometry might not have been the optimal method to detect uptake 

of FITC-dextran. Besides, we attempted to assess the uptake of FITC-dextran 6 hours post 

HIFU exposure (data not shown); however, we faced technical difficulties as we couldn’t 

acquire a sufficient event rate to assess and analyze the results. This emphasized the need for 

us to assess the uptake of FITC-dextran post sub-lethal HIFU exposure by another method; 

laser confocal microscopy. 

  The uptake of FITC-dextran in mock HIFU cells vs. sub-lethal HIFU treated cells 

30 hours post sub-lethal HIFU exposure was further validated by laser confocal 

microscopy. Representative images and visual scoring have shown similar results to 
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quantification data obtained by flow cytometry. However, the percentage of positive cells 

scored in mock treated HIFU cells is much lower than that obtained by flow cytometry. 

This is because while scoring for positive cells visually, we were able to distinguish 

between cytoplasmic signal and membrane bound signal. Nevertheless, laser confocal 

microscopy images and visual scoring analysis reveals that there is no significant change in 

the uptake of FITC-dextran in mock treated HIFU cells vs. sub-lethal HIFU cells 30 hours 

post HIFU exposure.  Moreover, unlike from that obtained by flow cytometry, a significant 

difference was obtained between the positive control used and mock HIFU treated controls 

or sub-lethal HIFU cells in the scoring analysis. This further supports our assumption that 

by laser confocal microscopy we were able to distinguish between the internalized signal 

and membrane bound signal reducing the effect of the external binding of FITC-dextran on 

the results. Likewise, similar results were obtained 6 hours post sub-lethal HIFU exposure 

by laser confocal microscopy indicating no significant change in the uptake of FITC-

dextran. This indicates that sonoporation is not implicated, significantly, in the uptake of 

FITC-dextran in sub-lethal HIFU cells at the experimental parameters we have tested and 

as assessed by flow cytometry and laser confocal microscopy. Nonetheless, it would be 

interesting and essential to assess whether sonoporation plays a role at other sub-lethal 

HIFU parameters. In addition, sonoporation has been reported to impact the structure of 

organelles (Zeghimi et al., 2012). Therefore, it is plausible that sub-lethal HIFU exposure 

alters the structure and/or number of membrane caveolae in cells. Our future aims could 

employ the use of scanning electron microscopy (SEM) to identify any structural changes 

mainly in the shape, and number of membrane caveolae between sub-lethal HIFU cells and 

mock HIFU cells. 
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As for the second aim of the study, we first had to optimize the concentration of 

Genistein used to inhibit caveolae-dependent endocytosis. Noteworthy, Genistein is not only a 

tyrosine kinase inhibitor which causes disturbance of the actin filament network at the site of 

endocytosis and inhibits the sequestering of dynamin II, but has also been reported to have 

anti-cancer properties by inducing cytotoxicity at specified concentrations in breast cancer cell 

lines such as MCF-7 (Avci et al., 2015) and inhibiting proliferation as well as inducing cell 

apoptosis in MDA-MB-231 cells via the mitogen-activated protein kinase pathway (Li et 

al., 2008). From existing literature, different concentrations of Genistein were used to 

inhibit caveolae-dependent endocytosis. Hence, we had to try various concentrations and 

incubation times to find a concentration that not only inhibits caveolae-dependent 

endocytosis but also does not compromise cell viability. As a result, we used 100 µM of 

Genistein which has also been used in other studies to inhibit entry of viruses including 

irodovirus by caveolae-dependent endocytosis (Guo et al., 2011).  

The rationale behind our interest in assessing whether caveolae-dependent 

endocytosis might play a role in the enhanced in vitro sensitivity to anti-neoplastic agents 

post sub-lethal HIFU exposure stems from the fact that previous work from our laboratory 

showed that sub-lethal HIFU exposure of MDA-MB-231 cells in vitro results in an 

increased expression of the mechanosensitive gene,  Cav-1 gene (α-isoform), which 

encodes for caveolin-1 protein and since we know that caveolae formation is defined 

mainly by the expression of caveolin-1 protein, we hypothesized that caveolae-dependent 

endocytosis is implicated. Similarly to previous results obtained in our laboratory, trypan 

blue assessment of cell viability has shown that generally across both time points and 
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across all days Taxol has a more effective killing effect than doxorubicin has on MDA-

MB-231 cells. Additionally, enhanced in vitro sensitivity of MDA-MB-231 cells was 

obtained to Taxol at all days whether 6 or 30 hours post HIFU exposure. Noteworthy, since 

our trypan blue assessment of cell viability at the beginning of the study revealed a 

significant difference between mock HIFU cells and sub-lethal HIFU cells, we observed a 

similar result for the assessment of cell viability following Taxol treatment. Nevertheless, 

this significant difference retained with the addition of the different concentrations of 

Taxol. Additionally, it is worth mentioning that both mock HIFU cells and sub-lethal HIFU 

cells treated with the different concentrations of Taxol were significantly different in 

comparison to their control cells untreated with Taxol. This is indicative of a synergistic 

effect similarly to that obtained by our lab in a previous study. Moreover, cell viability of 

mock HIFU cells was not compromised when Genistein was added except when it was 

added to cells treated with 1.5 nM Taxol at day 3 at both the 6 hr and 30 hr time point. This 

implies that Taxol under standard conditions (without HIFU) relies mainly on mechanisms 

other than caveolae-dependent endocytosis such as passive diffusion (Önyüksel et al., 

2009). Similar results were obtained when Genistein was added to the sub-lethal HIFU 

cells. No significant effect was determined on the cell viability of sub-lethal cells treated 

with Genistein in comparison sub-lethal HIFU cells untreated with Genistein. This implies 

that post HIFU exposure, and following Taxol treatment, caveolae-dependent endocytosis 

does not seem to play a major role in the sensitivity of cells to Taxol. Yet, it might have 

been shown to be more apparent have we used a higher concentration of Genistein.  
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As for the results obtained following Doxil treatment, both mock HIFU cells and 

sub-lethal HIFU cells treated with the different concentrations of Doxil were significantly 

different in comparison to their control cells untreated with Doxil. Moreover, it is apparent 

that the addition of Genistein to mock HIFU cells resulted in an increase in cell viability in 

cells treated with Genistein in comparison to mock HIFU cells untreated with Genistein and 

this was mainly observed at the 30 hour time point. Hence, this suggests the implication of 

caveolae-dependent endocytosis and could be explained by the fact that the doxorubicin 

used in this study is a liposomal complex (referred to as Doxil) and it is reported that while 

free drugs enter cells mostly through passive diffusion or active transport, nano-sized 

formulations of drugs including liposomes, nanoparticles, and polymeric micelles enter 

cells via endocytosis (Kou et al., 2013; Chen & Li, 2015). Interestingly, a study by Li and 

colleagues has shown that folate micelles, conventional nanocarriers, can deliver 

doxorubicin into cells by caveolae-dependent endocytosis among other mechanisms (Li et 

al., 2014). Moreover, another study has shown that dox nanocomplexes are uptaken by 

human neuroblastoma cell line by several endocytic pathways with caveolae-mediated 

endocytosis being the leading mechanism (Sevimli et al., 2015). Moreover, an increase in 

cell viability following Genistein treatment was also observed in sub-lethal HIFU cells 

treated with Genistein in comparison to sub-lethal HIFU cells untreated with Genistein. 

This goes in tandem with the previous results obtained from our laboratory that revealed an 

increase in Cav-1 gene expression 24 hr post HIFU exposure in MDA-MB-231 cells 

(Younes, MSc). Caveolae-dependent endocytosis, among other endocytic routes, serves as 

a pathway in the sensitivity observed of the cells to Doxil using the regions of the 
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cytoplasmic membrane rich in the Cav-1 protein. Macropinocytosis and clathrin-mediated 

endocytosis might have also been implicated in tandem with caveolae-dependent 

endocytosis. A study has shown the roles of the three pathways in the cellular uptake of 

liposomes containing Doxil following ultrasound exposure (Afadzi et al., 2013). Our results 

indicate that caveolae-dependent endocytosis is implicated mainly in the enhanced in vitro 

sensitivity of MDA-MB-231 cells to Doxil 30 hours post sub-lethal HIFU and minimally to 

Taxol 6 hours and 30 hours post sub-lethal HIFU exposure. One of our future aims could be 

to use short interfering RNA (siRNA) to silence Cav-1 gene (α-isoform) and then check if 

the enhanced sensitivity obtained is  indeed related to the expression of the Cav-1 gene (α-

isoform gene) and thus implication of caveolae-dependent endocytosis. 

Our findings provide an insight into the putative mechanisms implicated in the 

enhanced in vitro sensitivity of MDA-MB-231 breast cancer cells to sub-cytotoxic doses of 

Taxol and Doxil post sub-lethal HIFU exposure. Moreover, while Genistein has shown in 

several testing studies to have anti-cancer effects, in this study, Genistein has shown to 

serve as an antagonist inhibiting caveolae-dependent endocytosis instead of causing 

cytotoxicity. Advancement in this context might unravel many clues related to the use of 

Genistein in cancer therapy.  
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