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Summary  
 

   Cancer is a global disease that occurs by the accumulation of mutations 

in the cells of the body. Drug resistance, which impairs the effectiveness of 

anti-cancer drugs, is one of the most common problems in cancer therapy, 

and resistance to chemotherapeutic agents exerts a negative impact on the 

survival rate of cancer patients. However, the causes of drug resistance are 

numerous and complex. Various factors result in therapeutic failure, such as 

genetic mutations that promote heterogeneous populations and the presence 

of cancer stem cells (CSCs), as reviewed elsewhere. CSCs represent a small 

population of cancer cells with a low proliferation rate and a high 

tumorigenic potential. Emerging evidence shows the presence of mutations 

in stem cells and progenitor cells, which might lead to tumorigenesis. CSCs 

are more resistant to conventional chemotherapy and radiotherapy, and they 

can regenerate a whole new tumor if they remain alive during treatment. 

Targeting these cells among actively dividing cancer cells may significantly 

contribute to solving the problem of resistance and relapse. 

Extensive studies of CSC biology have revealed some critical 

mechanisms of drug resistance in CSCs. Therefore, inhibition of the 

resistance mechanisms and intracellular pathways leading to the elimination 

of CSCs are important features to be considered in the search for new 

compounds targeting cancer. 

Even with knowledge of the causes of cancer and its associated risk 

factors, efforts to prevent its emergence have proved to be insufficient. The 

explanation of the mechanisms involved in carcinogenesis and the focus on 

finding new therapies for the treatment of cancer are considered the main 

strategies for controlling cancer. Despite the development of new techniques 

for the discovery of new drugs, such as chemical synthesis, combinatorial 

chemistry, and molecular modeling, the use of natural sources, especially 

plants, remains one of the most importance sources for the discovery and 
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development of new anti-cancer drugs. 

The use of natural compounds in many different contexts for the 

treatment of several diseases is one of the oldest forms of medical practice. 

According to the World Health Organization (WHO), approximately 65- 

80% of the world’s population in developing countries relies on the use of 

traditional medicine in primary health care. However, the bioactive 

components in most of these natural compounds that have been used for 

centuries have not yet been fully explained. On the other hand, numerous 

new molecules have been identified and are now used in medical therapy, 

especially in oncology.  

From 1940 to 2010, approximately 175 anti-cancer molecules were 

launched on the market and 75% of these molecules came directly or 

indirectly from natural compounds. In oncology, the first natural compounds 

to be identified were the vinca alkaloids vincristine and vinblastine, which 

were isolated from Catharanthus roseus.  

Due to its unique mechanism of action, analog compounds were then 

synthesized and investigated for their effectiveness as cancer treatments. The 

success of these studies led to the development of chemotherapeutic drugs 

that are currently in use, such as paclitaxel and docetaxol, which were 

approved in the 1990s for breast cancer treatment and have been effectively 

used for the treatment of various cancers. Several other medicines were 

derived from these compounds, such as rapamycin, which was isolated in 

1975. After its approval in 2007, it brought to market 12 derived natural 

compounds that were all approved for cancer treatment including 

ixabepilone (2007), romidepsin (2009), cabazitaxel (2010), abiraterone 

acetate (2011) and carfilzomib (2012), among others. Additionally, in 2012, 

AbraxaneR, an injectable paclitaxel nanoparticle and another example of the 

numerous derivatives based on these findings, was approved. The diverse 

plant species and numerous identified compounds are still proving to be 
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potent anti-cancer agents. 

Also, inhibitors play an important role in targeting CSCs such as 

sorafenib which is a tyrosine-kinase inhibitor broadly used in the treatment 

of advanced hepatocellular and renal cell carcinoma. 

Due to drug resistance of CSCs against most of anticancer agents, 

nowadays the combination therapy is considered a persuasive method to 

achieve successful chemotherapeutic treatment. The combination of multiple 

anticancer agents sometimes allows the reduction of the drug dose, 

demonstrating higher response rates, superior safety, and efficacy to 

monotherapies and avoids the evolution of multi-drug resistance to 

administered drugs.  

In this study, we evaluated the combination of two different 

conventional drugs, paclitaxel (PTX) and sorafenib (Sor), employing the 

CSCs developed from mouse iPSCs in the presence of the conditioned 

medium from human breast cancer cell line BT549 and liver cancer cell line 

Huh7.  
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I. Introduction  

 Medicinal plants are an abundant source of bioactive molecules with 

much structural diversity. In cancer therapy, molecules obtained from 

plants are considered as an attractive alternative to other therapies because 

several plant-derived compounds have exhibited lower toxicity and higher 

selectivity against cancer cells. However, recently discovered natural 

phytometabolites have cytotoxic effects on this rare population of cells in 

cancers [1]. 

Cancers are considered chronic disorders that seriously endanger 

human life. Many approaches have been developed for cancer therapy, 

including surgery, radiotherapy, chemotherapy, and targeted therapy [2]. 

Several targeted therapies are merged based on molecular interpretation of 

the functions of targets [3] or proof of additive or synergistic effects in cell 

line and animal models. During the past decade, there was an enormous 

amount of research and rapid development of new therapeutic approaches, 

however cancer is still a major public health problem being the most 

common cause of death around the world. In 2018, it was assessed a total 

of 18.1 million new cases of cancer and 9.6 million deaths [4]. Therapy 

resistance and tumor recrudescence are often noticed in most of the 

malignant cells, the cellular heterogeneity might be responsible for drug 

efficiency failure to eradicate some of these malignant cells not all [5,6,7]. 

Tumor heterogeneity is particularly regulated by a small population of 

tumor cells with self-renewal properties known as cancer stem cells (CSC) 

[8]. CSC exhibits high metastatic potential which participates in the 

resistance to traditional anticancer therapy [9,10]. A recent therapy fails to 
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treat metastatic solid tumors. Recent understanding of CSC biology helps 

in detection and isolation and improved therapeutic agents target these cells 

[11]. 

However, history strongly supports the use of herbal medicine, over 

the last century, conventional knowledge and its efficient uses were tested 

by Western medical practitioners thanks to lack of scientific proof of 

those claims and evidence [12]. Continuous synthetic drug doses may cause 

side effects and toxicity [13]; hence, these disadvantages accelerated 

the look for alternatives derived from natural products. With the 

technological improvements in health and basic sciences, multi-screening 

drug facilities to explore specific therapeutic activities were made possible. 

Isolated chemicals and bioactive compounds from plant materials are the 

main source of recent pharmaceutical drugs, which are either naturally 

derived or synthetic similarities of existing natural compounds [14]. 

Among the various authorized drugs originated from herbal material, 

anticancer drugs [15], antidiabetic drugs, [16] and skincare products [17] 

have provided the highest status during this long list. In cancer therapy, 

25% of the drugs utilized in the last 20 years are directly derived 

from material [15], and 49% of the antidiabetic drugs approved within 

the last 10 years were plant-derived [16]. 
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II. Natural Compounds in Cancer Treatment 

Even with knowledge of the causes of cancer and its associated risk 

factors, efforts to prevent its emergence have proved to be insufficient. The 

elucidation of the mechanisms involved in carcinogenesis and the focus on 

finding new therapies for the treatment of cancer are considered the main 

strategies for controlling cancer. Despite the development of new 

techniques for the discovery of new drugs, such as chemical synthesis, 

combinatorial chemistry, and molecular modeling, the use of natural 

sources, especially plants, remains one of the most importance sources for 

the discovery and development of new anti-cancer drugs [18,19,20]. The 

use of natural compounds in many different contexts for the treatment of 

several diseases is one of the oldest forms of medical practice. According to 

the World Health Organization (WHO), approximately 65- 80% of the 

world’s population in developing countries relies on the use of traditional 

medicine in primary health care [21]. However, the bioactive components 

in most of these natural compounds that have been used for centuries have 

not yet been fully elucidated. On the other hand, numerous new molecules 

have been identified and are now used in medical therapy, especially in 

oncology. From 1940 to 2010, approximately 175 anti-cancer molecules 

were launched on the market and 75% of these molecules came directly or 

indirectly from natural compounds [22]. In oncology, the first natural 

compounds to be identified were the vinca alkaloids vincristine and 

vinblastine, which were isolated from Catharanthus roseus, as well as 

cytotoxins isolated from Podophyllum sp. in the 1950s [33]. In 1964, 

actinomycin was approved [23], and then, in 1966, camptothecin was 
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isolated from the Chinese plant Camptotheca acuminata, a quinoline 

alkaloid that acts as an inhibitor of topoisomerase I, as reviewed in [24]. 

Because of its unique mechanism of action, analog compounds were then 

synthesized and investigated for their effectiveness as cancer treatments 

[24]. The success of these studies led to the development of 

chemotherapeutic drugs that are currently in use, such as paclitaxel and 

docetaxol, which were approved in the 1990s for breast cancer treatment 

and have been effectively used for the treatment of various cancers [25]. 

Several other medicines were derived from these compounds, such as 

rapamycin, which was isolated in 1975. After its approval in 2007, it 

brought to market 12 derived natural compounds that were all approved for 

cancer treatment including ixabepilone (2007), romidepsin (2009), 

cabazitaxel (2010), abiraterone acetate (2011) and carfilzomib (2012), 

among others [22]. Additionally, in 2012, Abraxane®, an injectable 

paclitaxel nanoparticle and another example of the numerous derivatives 

based on these findings, was approved [26]. The diverse plant species and 

numerous identified compounds are still proving to be potent anti-cancer 

agents. 

Although it is reported that over 53,000 plant species are used in 

herbal medicine globally [12], only a few are being tested and reported 

with scientific proof of their biological activities. One of these plant species 

is Taxus brevifolia showed in Fig. 1 from which paclitaxel was isolated 

[27,28,29]. 
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Figure 2: Taxus brevifolia tree. 

⚫ Scientific classification of the tree 

 

Kingdom Plantae 

Clade Tracheophytes 

Division Pinophyata 

Class Pinopisda 

Order Pinales 

Family Taxaceae 

Genus Taxus 

Species T.  brevifolia 
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III. History of Paclitaxel  

Paclitaxel belongs to the taxan family and considered as a 

chemotherapy drug which has been used against various types of human 

cancers [27,28,29]. In 1960 National Cancer Institute launched a screening 

program searching for plant extracts with antineoplastic activity and 

paclitaxel was discovered as a part of this program [30]. However, 

paclitaxel’s mechanism of action as an antitumor drug took great attention 

in the cancer pharmacology world, and the pharmaceutical companies. The 

laboratory of Dr. Horwitz confirmed that besides having powerful cytotoxic 

properties, paclitaxel also was able to inhibit the growth of human cervical 

cancer cells (HeLa) at nanomolar concentrations. It arrested the cells in the 

mitotic (M) phase of the cell cycle, without disruption of the synthesis (S) 

phase [31,32]. To know the profound and distinctive properties of 

paclitaxel many biochemical assays and experimentations were estimated 

[33]. 

IV. Paclitaxel Structure and Function   

Chemical structure of paclitaxel shown in Fig. 2. illustrates that it is a 

tricyclic diterpenoid compound with molecular formula C47H51NO14, 

commercially known as taxol. Paclitaxel is successfully and commonly 

used natural anticancer drugs because of its unique anticancer mechanism 

[34, 35,36]. Usually, tubulin-binding anticancer drugs inhibit the assembly 

of tubulin into microtubules, but paclitaxel sponsors this assembly of 

tubulin into microtubules and prevents the separation of microtubules 

resulting in block cell cycle progression, mitosis inhibition, and the growth 
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of cancer cells also inhibited [37]. Paclitaxel target the mitochondria also 

and block the function of the apoptosis inhibitor protein B-cell Leukemia 2 

(Bcl -2) [38]. 

 

Figure 2: Chemical structure of paclitaxel. 

Coronary heart disease, renal and hepatic fibrosis, skin disorders, axon 

regeneration, and inflammation, and clinical trials are being performed for 

degenerative brain diseases that were treated using paclitaxel [39]. In 1992, 

after many clinical trials, the US Food and Drug Administration (FDA) 

approved using paclitaxel to treat advanced ovarian cancer [40]. From this 

time paclitaxel has been broadly used in treating breast cancer, colorectal 

cancer, and squamous cell carcinoma of urinary bladder. Moreover, 

paclitaxel has been used to treat head and neck cancers, small-cell, and 

non-small-cell lung cancers (NSCLCs), and AIDS [41].  

Many studies on paclitaxel as an anticancer drug that targets tubulin in cells 

and block cell cycle growth were performed. Thus, it has been considered 

as an essential component of chemotherapy in both early and advanced 

stages [27,42,43]. Taxane therapies in general and paclitaxel particularly 
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have side effects such as skin reactions, myalgias, arthralgias and 

peripheral [43]. 

V. Paclitaxel in Drug Resistance 

Drug resistance is considered one of the major limitations of anticancer 

treatments. Cellular and molecular mechanisms which contribute to 

chemoresistance include modifications in membrane lipids, 

compartmentalization (in endocytic vesicles), induction of emergency 

response elements, altered cell cycle checkpoint proteins, an increase or 

alteration in drug targets, metabolism (bio-inactivation), inhibited apoptotic 

responses (Bcl-2), increased DNA damage repair, decreased uptake 

(through downregulation of a receptor), and increased efflux (by 

overexpressed ABC transporters) [44]. Faithfully, paclitaxel has been found 

to induce multidrug resistance (MDR) through control of cellular 

mechanisms including overexpression of the ATP-binding cassette (ABC) 

transporters, alterations in binding regions of tubulin and tubulin mutations, 

reduced function of significant apoptosis proteins (such as Bcl-2 and p53), 

and alterations in cytokine expression (such as Interleukin-6) [45,46].  

VI. Paclitaxel Mechanism of Action 

acts as a promoter of tubulin polymerization and stabilizes microtubules to 

depolymerization by different agents, both in vitro and in vivo [32,37,47]. 

Paclitaxel changes the normal symmetry between tubulin dimmers and 

microtubules resulting in disrupting of cell division [48]. During the 

prophase, microtubules form a spindle to pull the chromosomes towards the 

poles. During later stages, they depolymerize, and the spindle structure 
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dissolves. Both exposure to cold temperatures and exposure to calcium ions 

trigger the depolymerization of microtubules. Paclitaxel binds to and 

stabilizes microtubules, and paclitaxel-bound microtubules resist 

depolymerization, even upon treatment under cold temperatures or with 

calcium ions. Therefore, paclitaxel treatment promotes tubulin 

polymerization and blocks the progression of mitosis [49,50]. 

 The paclitaxel-stabilized microtubules are resistant to depolymerization 

upon exposure to calcium ions and cold temperatures, and do not require 

the presence of guanosine triphosphate (GTP) [32,35]. Unlike other spindle 

poisons, which prevent polymerization of the monomer, paclitaxel has a 

binding site on the microtubule [35]. The proposed mechanism of action, 

metabolism, relationship between structure and activity, such as 

pharmacokinetics of paclitaxel, have been explained in the literature [35,47, 

51,52]. Analogs of paclitaxel having good biological activity have been 

synthesized [35, 36, 48, 51,53,54,55]. Paclitaxel in concentrations as low as 

0.05 μmol/ dm3 promoted microtubule assembly in vitro, even in the 

absence of GTP or microtubule-associated proteins (MAPs) [56]. Studies of 

HeLa cells and fibroblasts treated with paclitaxel (0.25 or 10 μmol/dm3) 

show that paclitaxel blocks cells in the G2 and M phase of the cell cycle 

[57]. More than 90% of the cells treated with 10 μmo1/dm3 taxol for 22 h 

at 37°C displayed bundles of microtubules that appeared to radiate from a 

common site (or sites), in addition to their cytoplasmic microtubules. 

Untreated cells that were kept in the cold (4°C) for 16 h lost their 

microtubules, whereas cells that were pretreated with taxol for 22 h at 37°C 

continued to display their microtubules and bundles of microtubules in the 

cold. HeLa (human) cells, strain S3, were grown in suspension culture in 
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Joklik’s modified Eagle’s minimal essential medium supplemented with 

5% fetal calf serum and 1% glutamine. A primary cell line of male BALB/c 

mouse fibroblasts (provided by Susie Chen) and Swiss 3T3 mouse 

fibroblasts were grown as monolayers in Dulbecco’s modified Eagle’s 

medium supplemented with 10% fetal calf serum. Fibroblast cells used in 

the experiments were no older than 20 passages. In nonmalignant cells, 

paclitaxel inhibits specific functions such as chemotaxis, migration, and 

cell spreading. It inhibits the slow transportation of tubulin, actin, and 

polypeptides in axons [51] and the proliferation of stimulated lymphocytes, 

decreased tumor necrosis factor-α (TNF-α) receptors, induced (at 1–30 

mmol/dm3) murine macrophages to express TNF-α mRNA and genes 

associated with the LPS-induced macrophage activation, and induces 

protein tyrosine phosphorylation [51, 58,59,60]. Paclitaxel inhibits 

secretory functions of specialized cells, catecholamine from adrenal 

medullar cells, plasma proteins from rat liver cells, and prothrombinase 

from platelets [51]. 
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I. Sorafenib 

Sorafenib (Nexavar) is considered an oral multikinase inhibitor which 

is approved by the U.S. Food and Drug Administration (FDA) and the 

European Medicines Agency for the treatment of patients with HCC and 

patients with advanced RCC. Sorafenib is undergoing phase II/III clinical 

evaluation in a wide variety of other solid tumors, including melanoma and 

non-small cell lung cancer (NSCLC) [1,2,3,4,5]. 

1. Discovery of Sorafenib 

Sorafenib is a bi-aryl urea. Its chemical name is 

N-(3-trifluoromethyl-4-chlorophenyl)-N-(4-(2-methylcarbamoylpyridin-4-

yl) oxyphenyl) urea. Its chemical structure shown in Fig.1 Sorafenib was 

developed by Bayer and Onyx in 1995. [6,7] The path to development had 

begun in the 1980’s, when oncogenes were discovered. Many oncogenes 

affect the growth factors, growth factor receptor kinases, or non-receptor 

tyrosine kinases of the MAPK pathway. Since Raf1 (also known as c-Raf) 

is the first member of this pathway, efforts were focused on this molecule. 

When overexpressed, Raf1 prolongs cell survival and can lead to many 

types of cancers, even in the absence of oncogenic mutations. A study 

conducted by Kasid et al. found that disrupting the Raf1 gene hinders the 

growth of human breast, ovarian, and lung tumor xenografts in athymic 

mice, confirming Raf as a suitable anticancer target. [8] 

After the scintillation proximity assay for high-throughput screening of 

MAPK pathway inhibitors had been developed by [9] Bayer and Onyx 

were ready to screen molecules for Raf inhibition. They tested over 

200,000 compounds, eventually finding that the promising 3-thienyl urea 1 
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had a Raf1 IC50 of 17 μM. [7,10] They were able to increase the 

inhibitory potency by a factor of 10 by substituting a methyl on the phenyl 

ring. After creating a combinatorial library of approximately 1,000 bis-aryl 

urea analogues, these compounds were screened against Raf1 to find an 

analogue with an IC50 of only 1.1 μM. Sorafenib was discovered after 

several substitutions and modifications of functional groups. Not only 

could sorafenib inhibit Raf1, but it could also inhibit the wild-type BRaf, 

the oncogenic b-raf V600E kinases, VEGFRs 1, 2, and 3, PDGFR-β, 

fibroblast growth factor receptor 1 (FGFR1), c-Kit, Flt-3, and RET[11,12]  

 

Figure1: Chemical Structure of Sorafenib 

Several studies have implicated an involvement of tyrosine 

kinase-mediated signaling in the development of the chemoresistance 

phenotype in tumor cells [13,14,15]. 

2. Molecular Mechanisms of Sorafenib 

Hence, the molecular mechanism of action of this drug in otherwise 

classically refractory solid tumors, such as RCC and HCC, deserves further 

investigation. Sorafenib works by inhibiting several kinases in the MAPK 
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pathway. The G protein Ras is a key member of the MAPK pathway, and it 

helps regulate the Raf/Mek/Erk cascade. [11,12]  

Downstream from Ras is a family of Raf serine/threonine kinases. These 

kinases start a phosphorylation cascade that eventually leads to the 

transcription of genes that promote cell proliferation [16]. The Raf family 

is made up of ARaf, BRaf, and Raf1. Sorafenib targets Raf1[17,18] and 

BRaf [11]. Erk phosphorylation is also inhibited by sorafenib in 

MDA-MB-231 human breast carcinoma cells, Mia PaCa 2 human 

pancreatic tumor cells, and HCT 116 and HT-29 human colon tumor cell 

lines, but not the NCI-H460 and A549 non-small cell lung cancer cells [11].  

Sorafenib induces apoptosis in multiple cancer cell lines by 

down-regulating and inhibiting the translation of Mcl-1, a Bcl-2 family 

member [19]. The pro-survivor factor Mcl-1 normally works to prevent 

apoptosis. It does this by inhibiting Bak, a protein that promotes apoptosis. 

Sorafenib also caused DNA fragmentation with an EC50 of 7.7 [19] 

Sorafenib can also inhibit cancer tumor growth by targeting PDGFR-β, 

VEGFR-2, and VEGFR-3, three tyrosine kinases that promote angiogenesis. 

In the angiogenetic pathway, these kinases activate Ras and the 

Raf/Mek/Erk cascade to transcribe genes that lead to angiogenesis. When 

VEGFR-2 and PDGF- β signaling are simultaneously inhibited, tumor 

vessel growth regresses due to endothelial cell apoptosis. [20]. By 

decreasing angiogenesis, sorafenib helps cut off the blood supply to the 

tumor and starve its cells. 
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3. Resistance to Sorafenib 

Although sorafenib seems to be effective in prolonging median 

survival time with limited side effects in HCC patients, it may cause 

resistance in many patients. Studies on sorafenib resistant Huh7 cells have 

revealed the prominent role that the P13K/Akt pathway plays in producing 

resistance to sorafenib. [21] The P13K/Akt pathway is involved with 

apoptosis: when it is active, apoptosis is reduced and cell proliferation 

increases. In this pathway, prosurvival factors bind to a receptor tyrosine 

kinase, which activates the kinase P13K. 

Activated P13K starts a cascade that leads to phosphorylated Akt, which 

inhibits apoptosis. Wild type Huh7, Hep3B, and PLC5 cells all undergo 

apoptosis when exposed to increasing amounts of sorafenib. Chen et al. 

produced two lines of Sorafenib-resistant HCC cells (Huh7-R1 and 

Huh7-R2) by exposing Huh7 cells to sorafenib for a long time and 

gradually increasing the dosage [21].   

Increased expression of epidermal growth factor receptor and HER-3 may 

also limit HCC cell response to sorafenib [22]. Epithelial-mesenchymal 

transition (EMT) may also play a role in sorafenib resistance. A study 

completed by Malenstein et al. demonstrated that HepG2 cells resistant to 

sorafenib transitioned from epithelial to mesenchymal cells [23]. HepG2 

cells became resistant to sorafenib after being exposed to 6μM and 8μM 

doses. They became spindle shaped, lost Ecadherin, and gained a high 

expression of vimentin, which enabled them to become more invasive. 

Cells resistant to sorafenib may undergo EMT, but several studies have 

shown that sorafenib inhibits this process in most primary hepatocytes and 



                             

 

 

Chapter II                                           Sorafenib and Combination Therapy 

 

25 

HCC cells. When mouse primary hepatocytes were exposed to sorafenib, 

transforming growth factor β (TGF- β) signaling was decreased, and 

this diminished EMT[24].  

II. Combination Therapy 

Currently, different chemotherapeutic agents are used effectively for 

anticancer therapy by targeting specific multiple pathways. However, 

repeated treatment with these single drug agents can result in resistance to 

the chemotherapies or development of multi-drug resistance (MDR) [25]. 

Also the efficacy of cancer vaccines as a monotherapy may be undervalued 

because of immunosuppression and immune regulatory functions. 

Combining vaccines with other therapeutics can overcome these barriers 

and enhance the efficacy of cancer vaccines. Cancer vaccines have been 

combined with other therapeutics such as chemotherapy, radiation therapy, 

and small molecule inhibitors, as well as immunotherapy such as cytokines, 

immune checkpoint inhibitors, and tumor targeted monoclonal antibodies. 

These combinations have been evaluated in many preclinical and clinical 

studies [26]. Combination therapy generally refers to two or more 

therapeutic agents co-delivered simultaneously or a combination of 

different therapies, such as chemotherapy, hormone therapy, 

immunotherapy, and radiotherapy [27]. 

1. Advantages of Combination Therapy  

By combinations of two or more agents, side-effects associated with 

high doses of single drugs can be overcome by countering different 

biological signaling pathways synergistically, enabling a low dosage of 

each compound or accessing context-specific multi-target mechanisms [27]. 

https://www.sciencedirect.com/topics/immunology-and-microbiology/cancer-vaccines
https://www.sciencedirect.com/topics/immunology-and-microbiology/immunosuppression
https://www.sciencedirect.com/topics/immunology-and-microbiology/immunotherapy
https://www.sciencedirect.com/topics/immunology-and-microbiology/monoclonal-antibodies
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Further, using multiple drugs with different molecular targets can modulate 

the genetic barriers that are responsible for cancer cell mutations, thereby 

delaying the cancer adaptation process.   

At present, combinations of different chemotherapeutic drugs in a 

chemotherapy regime is an attractive strategy for effective anticancer 

treatment. In a clinical setting the treated patients were found to fail the 

experiences of single agent chemotherapy because it is limited to act on 

specific cancer survival pathways and showed low response rates and 

relapse of tumor [25]. The major limiting factors associated with poor 

prognosis of cancer following single agent chemotherapeutic treatment in 

cancer patients are: MDR, significant toxicity and undesirable side effects. 

To improve the therapeutic potential of cancer chemotherapy, it is essential 

to establish an alternative approach that could provide a solution to the 

problems involved in single drug chemotherapy. To this end, much 

attention has been given to combination approaches for a better long-term 

prognosis and to decrease side effects associated with high doses of single 

drug treatment. Unlike single agent therapy, combination therapy can 

modulate different signaling pathways, maximizing the therapeutic effect 

by overcoming toxicity and, moreover, can overcome the mechanisms of 

drug resistance associated with cancer treatment. The use of combination 

therapy for cancer treatment has been well established in recent years and 

its advantages applied to cancer therapy are illustrated below. 

One of the prime benefits of combination therapies is the potential for 

providing synergistic effects. In combination therapy the overall 

therapeutic benefit of the drugs in combination were found to be greater 
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than the sum of the effects of the drugs individually. These advantages 

have driven drug discovery efforts toward the search for combination 

therapies [28]. The prime mechanism of synergistic effect following 

combinational drug treatment could act on the same or different signaling 

pathways to achieve more-favorable outcomes at a lower dose with equal 

or increased efficacy. For example, in a combination approach, celecoxib (a 

cyclooxygenase-2 inhibitor) was found to act synergistically with 

co-treatment of emodin and suppressed the growth of rat 

cholangiocarcinoma through a mechanism involving enhanced Akt 

inactivation and increased activation of caspase-9 and -3 [29]. 

Chiang et al. elucidated the synergistic interaction of RAD001 (an 

mTOR inhibitor) with gemcitabine or paclitaxel for anticancer treatment in 

a heterogeneous group of non-Hodgkin lymphoma (NHL) cell lines. They 

have demonstrated enhanced caspase-dependent apoptosis exerted by 

gemcitabine or paclitaxel with downregulation of the mTOR signaling 

pathway due to RAD001 in NHL cell lines following treatment with 

RAD001 and gemcitabine or paclitaxel in combination [30]. 

The main reason for the failure of chemotherapy treatment to cure cancers 

is the ability of tumor cells to become simultaneously resistant to several 

different anticancer drugs. Many mechanisms are known to contribute to 

MDR in tumor cells, of which the presence of a multidrug efflux pump is 

one. Three ABC family members P-glycoprotein (P-gp), multidrug 

resistance protein 1 (MRP1) and breast cancer resistance protein (BCRP) 

are likely to be the major drug efflux pumps overexpressed in human 

cancers [31]. In this regard, co-treatment with modulators (P-gp inhibitors) 
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is an important insinuation that can interfere with MDR protein 

(overexpressed in cancer cells) and thereby reverse the MDR effect [32]. 

Hubensack et al. showed a significant elevated concentration of paclitaxel 

in the brain domain of nude mice when administrated with elacridar and 

tariquidar (both are third-generation P-gp inhibitors), caused by 

downregulation of P-gp expressed at the blood–brain barrier [33].  

Dasanu et al. demonstrated that combination treatment of two different 

drugs (i.e. carboplatin and gemcitabine) in a small group of patients with 

metastatic ovarian cancer resulted in significant antitumor activity with no 

hematological toxicity [34]. In another study, Bava et al. co-administered 

the herbal drug curcumin with the cytotoxic anticancer drug paclitaxel with 

a view to reducing the dose-limiting toxicity exerted by paclitaxel on 

systemic delivery, and they demonstrated that combination therapy not 

only reduced the dose of paclitaxel but also demonstrated increased 

anticancer cytotoxic activity compared with paclitaxel alone in HeLa cells 

[35]. 

2. Current Combination Therapies for Cancer Treatment  

The most common combinational strategies for effective cancer 

treatment generally involve, for example, the combination of multiple 

chemotherapeutic agents, chemotherapy with radiotherapy, chemotherapy 

with hormone therapy and immunotherapy with chemotherapy. 

Combination of chemotherapy and radiotherapy is one of the most 

promising strategies for current cancer therapeutics. It has been shown to 

improve patient survival and the locoregional control of various cancers 

when compared with radiotherapy alone [36].  
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Clinical trials have shown that in glioblastoma multiforme the combination 

of radiotherapy with topotecan could improve patient quality of life – in a 

Phase I trial topotecan exhibits radio sensitization owing to the synergistic 

effect [37]. 

A randomized Phase II clinical trial was performed to examine the 

combination of radiotherapy and a prostate-specific-antigen-based vaccine 

in prostate cancer patients and the results have shown that radiotherapy 

makes the tumor more susceptible to vaccines [38]. 

Combination strategies using different chemotherapeutic drugs were first 

used in the 1940s and illustrated a remarkable survival improvement in 

childhood leukemia and Hodgkin’s disease. These developments were 

based on biochemical synergy, tumor cell kinetics, nonoverlapping toxicity, 

increase of fractional cell kill, noncross-resistant agents or tumor cell 

resistance [39]. 

Studies conducted by Tanabe et al. have demonstrated that the 

combinations of mitomycin C and methotrexate showed significant 

antitumor activity in metastatic breast cancer patients pretreated with 

anthracycline and taxanes [40]. In another study, Arkenau et al. showed 

that, after curative resection of stage III colon cancer, adjuvant treatment 

with 5-FU plus leucovorin is generally well tolerated and the long-term 

follow-up study demonstrated that this combination administered for 12 

cycles significantly reduced tumor relapse and improved survival [41]. 

The other combinations of drugs in cancer therapeutics include a 

combination of paclitaxel with carboplatin or with vinorelbine for the 

treatment of nonsmall-cell lung cancer [42]. Among different combination 
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therapies the most practiced and well researched therapy method is 

co-treatment with multiple chemotherapeutic drugs. Therefore, current 

trends in anticancer research have progressively concentrated on the 

development of new combinations of anticancer drugs with a view to 

overcoming the limitations frequently associated with conventional 

chemotherapy. 

3. Combination Therapy an Emerging Approach for Cancer Therapy 

Combination therapy for the treatment of cancer is becoming more 

popular because it generates synergistic anticancer effects, reduces 

individual drug-related toxicity, and suppresses multi-drug resistance 

through different mechanisms of action. In recent years, 

nanotechnology-based combination drug delivery to tumor tissues has 

emerged as an effective strategy by overcoming many biological, 

biophysical, and biomedical barriers that the body stages against successful 

delivery of anticancer drugs. The sustained, controlled, and targeted 

delivery of chemotherapeutic drugs in a combination approach enhanced 

therapeutic anticancer effects with reduced drug-associated side effects. In 

this article, we have reviewed the scope of various nanotechnology-based 

combination drug delivery approaches and summarized the current 

perspective and challenges facing the successful treatment of cancer [43] 

4. Combination Therapy in Cancer Chemoprevention 

Cancer chemoprevention may need to prevent the abnormality of multiple 

molecular alterations, and the use of a combination of agents has been 

discussed extensively as a promising approach. However, this area is not as 
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well studied as combinational therapy. Because of the heterogeneity and 

genomic instability of cancer, a single therapeutic agent is often insufficient, 

and the recurrent cancer is subsequently much harder to treat 

therapeutically. However, the use of a combination of different drugs that 

target multiple pathways has been considered as an effective strategy for 

cancer therapy [43,44]. Indeed, clinical studies have showed the potential 

of this approach. For example, when patients with metastatic breast cancer 

were given a combination of trastuzumab (monoclonal antibody against 

HER2) and paclitaxel, improved clinical responses and survival rate were 

observed [45]. Several preclinical and clinical studies also showed that the 

combination of phosphoinositide 3-kinase (PI3K)/AKT pathway inhibitors 

with other agents, such as taxanes, improved the clinical responses by 

generating a synergistic effect in triggering cancer cell death, blocking 

negative feedback, and reducing side effects [46]. 

Nanoparticles have been vigorously investigated in recent years to 

improve drug delivery and to reduce side effects or toxicity. For example, 

abraxane approved by FDA nano formulation of paclitaxel bound on 

albumin, has been shown to be more effective and have less side effects 

than standard paclitaxel in treating breast cancer [47]. Several related nano 

formulations have been further developed and shown to be more 

efficacious in cancer therapy; the drugs presumably have increased 

accumulation in local tissues, extended half-life, increased solubility, and 

less premature release in circulation [48]. The emerging approach of 

nanotechnology-based combinational drug delivery has also been discussed 

[43]. For cancer prevention, nano formulations of curcumin and other 

agents have been developed to overcome the low bioavailability of these 

chemo preventive agents [49,50,51,52].The use of nanotechnology for the 

delivery of combined chemo preventive agents, however, has not been fully 
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explored. 

5. Synergistic Actions from Combination of Chemo-preventive Agents 

Cancer chemoprevention may involve the prevention of abnormalities 

of different metabolic and signaling pathways. The use of a combination of 

agents, especially chemo-preventive agents that can involve multiple 

targets, has been considered as an attractive approach. In general, the 

combination of agents that affects different functional pathways may have 

the chance to generate additive or synergistic activity. The study by 

Grandhi and colleagues [53] is an example of such an approach. The 

cancer-preventive activities of aspirin, curcumin, and sulforaphane have 

been studied extensively. Aspirin is noted for its inhibition of 

cyclooxygenases and anti-inflammatory activity [54]. Curcumin is known 

to inhibit NF-kB, though many other mechanisms of action have also been 

proposed [55]. The induction of phase II xenobiotic-metabolizing enzymes, 

antioxidant enzymes, and other detoxification enzymes has been shown to 

be a major mechanism of action for sulforaphane; however, other 

mechanisms have also been suggested [56]. In the study by Grandhi and 

colleagues [57], it is not known whether these three agents produce a 

synergistic or additive effect when used together, even though the 

mechanisms of their actions have been studied previously in pancreatic cell 

lines by the same research group [57,58]. It would be a challenge in future 

studies to elucidate the specific targets or pathways that are affected by 

these agents, as well as the mechanisms by which the synergy is generated. 

Recently the combination therapy is a convincing method to achieve 

successful chemotherapeutic therapy [59,60]. The combinations of 

anticancer agents are utilized in recent approaches of accuracy medicine, 

focusing on targeting multiple biomarkers found in individual tumors. 
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However, the attempts to target CSCs combining traditional drugs are 

ongoing but few due to the shortage of cellular resources [61,62]. 

III. Sorafenib in Combination with Other Therapies 

The initial clinical success of sorafenib has been as monotherapy in 

RCC and HCC. Early-stage clinical trials show that sorafenib in 

combination with chemotherapy is well tolerated and improves the disease 

control rate across a wide range of tumor types and chemotherapeutic 

regimens [63]. 

Combination treatment strategies of sorafenib and conventional 

chemotherapy showed promising results and acceptable toxicity in phase I 

clinical trials [64,65]. Many studies have tested the efficacy of sorafenib 

in combination with another therapy to investigate if the effects of the 

multikinase inhibitor can be improved. Since overactive epidermal growth 

factor receptor (EGFR) expression potentially leads to sorafenib resistance 

[66]. Yang et al. tested sorafenib with CH12, a monoclonal antibody 

against EGFRvIII in Huh-7 cells, SMMC-7721 cells, and Huh-7 cells 

overexpressing EGFRvIII (Huh-7-EGFRvIII) in vitro and in vivo [67]. 

They found that the combination was more effective than sorafenib alone in 

Huh-7-EGFRvIII and SMMC-7721 cells. The MEK/ERK, 

phosphoinositide 3-kinase/AKT, and STAT3 pathways all showed 

increased inhibition with the addition of CH12. 

Since Erlotinib is a drug that also inhibits EGFR, Sieghart et al. endeavored 

to discover if it too could be combined with sorafenib to produce additive 

effects [68]. However, when used in an orthotopic rat model of 

hepatocellular carcinoma, erlotinib did not significantly change the tumor 
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cell viability, and the combination did not produce any further effects. 

Another study conducted by Wang et al. combined sorafenib with 

Interferon-alpha (IFN- α), a type I interferon cytokine that activates the 

JAK-STAT pathway [69]. IFN-α has been commonly used in renal cell 

carcinoma, melanoma, and chronic myelogenous leukemia because it 

inhibits angiogenesis and tumor cell proliferation. The combination 

produced a synergistic effect: it decreased HCC cell viability, blocked the 

progression of the cell cycle, and promoted apoptosis in vitro. In vivo, the 

combination also inhibited tumor growth and induced apoptosis. The 

combination of sorafenib and panobinostat is another promising treatment 

for HCC. Panobinostat is a drug that inhibits histone deacetylases (HDAC), 

which are frequently dysregulated in cancer. When combined with 

sorafenib, panobinostat decreased cell viability and proliferation and 

increased apoptosis and autophagy in vitro [70]. HCC xenografts also had 

decreased tumor volumes and lived longer when treated with the 

combination. In a Phase II clinical trial, sorafenib was combined with 

5-flurouracil (5-FU) in patients with advanced HCC [71]. 5-FU has 

cytotoxic effects in HCC cells and xenograft models, and it is commonly 

used to treat gastrointestinal cancers. Results showed that the combination 

was deemed safe, with promising efficacy. 

Transarterial chemoembolization (TACE) is a common treatment for 

moderate HCC, and clinical trials aimed to discover if it could be safely 

combined with sorafenib to produce better outcomes. TACE can sometimes 

upregulate VEGF, which can increase HCC growth, invasion, and 

metastasis [72]. 
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A Phase III study analyzed the efficacy of sorafenib when given to 

Japanese and Korean patients who had already positively responded to 

TACE treatment[73].The study concluded that sorafenib did not 

significantly increase the time to progression for patients who had already 

reaped benefits from TACE. However, low doses of sorafenib and the 

extended time between sorafenib and TACE treatment may have 

contributed to this result. 
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Abstract  

In the present chapter, the synergistic effect of paclitaxel and sorafenib 

on cancer stem cells is assessed. For this, the combination of paclitaxel and 

sorafenib in low concentration was evaluated to target cancer stem cells, 

miPS-BT549cmP and miPS-Huh7cmP cells, developed from mouse induced 

pluripotent stem cells in the presence of conditioned medium. Combination 

therapy using these drugs evaluated by different experiment’s such as 

proliferation, self-renewal, colony formation, and differentiation assays. The 

present findings support that combination therapy is more effective than 

mono therapy for targeting cancer stem cells.   
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I. Introduction 

 

Cancer is characterized by unlimited growth ability and usually 

unaffected by growth-preventing signals from other tissues, which results 

in invasion to local tissues and metastasis to other organs tissues [1,2]. 

Cancer tissues contain several distinct cellular subpopulations reflecting the 

heterogeneity arising from a rare population of selected cells [3]. These 

cells are hypothesized to be cancer stem cells (CSCs) that have 

tumorgenicity and self-renewal abilities [4,5]. Due to chemo-resistance, 

chemotherapy usually eliminates the non-CSC population. After 

chemotherapy, CSCs, which were in a temporary dormant status, are 

enriched, resulting in tumor relapse and metastasis. 

Nowadays the combination therapy is considered a persuasive method 

to achieve successful chemotherapeutic treatment [6,7]. The combination 

of multiple anticancer agents sometimes allows the reduction of the drug 

dose, demonstrating higher response rates, superior safety, and efficacy to 

monotherapies and avoids the evolution of multi-drug resistance to 

administered drugs. 

The combinations of drugs are applied in recent approaches of 

precision medicine, focusing on targeting multiple biomarkers found in 

individual tumors. However, the approaches to target CSCs combining 

conventional drugs appearing now are ongoing but few are due to the lack 

of cellular resources [8,9]. 

Our group recently demonstrated that CSCs could be developed from 

induced pluripotent stem cells (iPSCs) in the presence of conditioned 

medium (CM) from cancer cell lines [10–14]. 
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In this study, we evaluated the combination of two different 

conventional drugs, paclitaxel (PTX) and sorafenib (Sor), employing the 

CSCs developed from mouse iPSCs in the presence of the CM from human 

breast cancer cell line BT549 and liver cancer cell line Huh7 [12,14]. PTX 

is a typical anti-cancer agent extracted from the bark of the Pacific Yew 

tree, Taxus brevifolia, stabilizing tubulin polymers and preventing 

disassembly of microtubules. [15]. Sor is a tyrosine-kinase inhibitor 

broadly used in the treatment of advanced hepatocellular and renal cell 

carcinoma which suppresses tumor cell proliferation and angiogenesis and 

promotes tumor cell apoptosis. This effect is due to its activity against the 

RAF/MEK/ERK signaling pathway. So, to evaluate the effect of the 

combination using our model is very interesting [16]. 
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II. Results 

1. Combination treatment between PTX and Sor suppressed 

Proliferation and Self-Renewal of Cancer Stem Cells  

Cancer stem cells (CSCs) also known as cancer-initiating cells (CIC), are 

responsible for the sustained and uncontrolled growth of malignant tumors 

and are proposed to play significant roles in metastasis and recurrence. Until 

now, the exact origin of CSC has been obscure. The development of induced 

pluripotent stem cells (iPSCs) in 2007, by Yamanaka’s group, has been met 

with much fervency and hailed as a breakthrough discovery by the scientific 

and research communities, especially in regeneration therapy. The studies on 

the development of CSC from iPSCs should also open a new page of cancer 

research, which will help in designing new therapies applicable to CSCs. We 

hypothesize that chronic inflammation stimulates the generation of CSCs. 

According to our concept of the cancer-inducing niche, being developed 

from normal stem cells in chronic conditions, CSCs are likely to be 

progenitor cells, which are destined to become cancer cells. Once CSCs have 

developed, the CSC niche, together with the cancer-inducing niche, provides 

a suitable microenvironment to maintain CSCs, which in turn develops 

malignant tumor. The phenotype of the malignant tumor appears to depend 

on both the tissue specific microenvironment and the CSC niche, as 

demonstrated by previous experiments. To explain this process of CSC 

development more precisely, our group is recently converted iPSCs into 

CSCs with the CM from human hepatocellular carcinoma cell line (Huh7cm 

cells) and breast cancer cell line (BT549 cells). The primary culture of the 
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malignant tumor derived from the converted cells showed the different 

characters of cancer stem cells. In adhesive culture condition, both cells 

exhibited two different sub-populations; one was cells expressing GFP 

which indicates the presence of CSCs as the original miPSCs contained the 

(puro) resistant gene and (GFP) gene which were cloned under the control of 

the Nanog promoter, while the second was fibroblast-like cells without 

expressing GFP.  

 

 

 

 
Figure (1) Representative images for adherent culture of miPS-Huh7cmP cells and 

miPS- BT549P cells. Scale bars represent 100 μm. 

 

The IC50 values of PTX were 297.9 and 247.5 nM on miPS-Huh7cmP 

and miPS-BT549cmP cells, respectively, whereas those of Sor were 6.5 and 

8.0 µM on miPS-Huh7cmP and miPS-BT549cmP cells, respectively (Figure 

2). Although Sor did not show toxic effects up to 5 µM on both cells, the IC50 

values of PTX on miPS-Huh7cmP and miPS-BT549cmP cells were 

drastically decreased to 23.6 and 25 nM in the presence of Sor. 

 

miPS-Huh7cmP cells               miPS-BT549cmP cells
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Figure 2. Combined treatment reduced cell viability than monotherapies. The effect of 

paclitaxel (PTX) and sorafenib (Sor) on cell viability was measured by MTT assay as 

described in Materials and Methods. Combined treatment inhibited viability in both cell 

lines in a dose and time-dependent manner. Experiments were performed in triplicate and 

data are presented as the mean ± SD of three separate experiments. 

 

To evaluate the synergistic effect of the PTX and Sor combination, we 

used low concentrations of both drugs. For PTX, concentrations were, 1, 2, 

and 4 nM and 1, 2, and 4 M for Sor, while the concentrations for the 

combination were 1 M Sor with 1, 2, or 4 nM PTX. To confirm that all used 

concentrations did not induce cell death, we assessed the effects of PTX, Sor, 

and the combination on the apoptotic status of miPS-Huh7cmP cells and 
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miPS-BT549cmP cells with/without treatment. As the results, the 

concentrations used in this study and the combination did not induce cell 

death (Figure 3). 

 

Figure 3. Annexin V-APC/PI double staining flowcytometric analysis of 

apoptosis in miPS-Huh7cmP (A) and miPS-BT549cmP cells (B) with/without 

treatment shows no induction of cell death at concentration 1, 2, and 4 nM of 

PTX, at concentration 1, 2, and 4 M for Sor and at 1 M of Sor with 1, 2, or 4 

nM PTX for the combination. Each result is shown as a representative of at least 

three independent experiments. 
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  The synergistic effect of PTX and Sor was assessed on the adherent 

culture and the ratio of GFP-positive and -negative cells was estimated by 

flow cytometry. As a result, combined treatment reduced the GFP 

expressing cells percentage from 41.7% in the control to 23.6% in the case of 

the combination between 1 M Sor and 4 nM PTX, while in the case of the 

treatment with 4 nM PTX alone, the percentage of GFP expressing cells was 

30.3% for miPS-Huh7cmP cells. The combination between 1 M Sor and 4 

nM PTX exhibited the same manner in the case of miPS-BT549cmP cells in 

reducing the number of GFP expressing cells, the GFP percentage reduced 

from 86.8% in the control to 40.8%, while in the case of the treatment with 4 

nM PTX alone, the percentage of GFP expressing cells was 63.6% (Figure 

4). 
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Figure 4 Combined treatment reduced the green fluorescent protein GFP more than 

monotherapies. Flow cytometry analysis of GFP expressing cells for miPS-Huh7cmP 

(A) and miPS-BT549cmP cells (B). Each result is shown as a representative of at least 

three independent experiments (n = 3). 
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The synergistic effect of PTX and Sor was further assessed on the 

self-renewal property of both cells as CSC models (Figure 5).  

 

Figure 5. Sphere formation assay from mips-Huh7cmP and mip-BT549cmP cells. Sphere 

formation potential assessed after cultivation in serum-free cell culture medium. After 7 days 

incubation, the number of wells with at least one sphere with diameter ≥50 um was counted. 

The asterisks represent the mean expression levels; * p < 0.05; ** p < 0.001; *** p < 0.0001. 
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The number of spheres was down-regulated to 85%–70% by PTX in the 

range of 1, 2, and 4 nM in a dose-dependent manner, in which concentration, 

PTX did not show IC50 in both cells. Since Sor did not affect at a 

concentration less than 1 µM, the effect of Sor was assessed from 1 µM. Sor 

started to suppress the number of spheres at 1 µM and the cells could not 

form a sphere at 4 µM. To make the doses less to avoid unexpected side 

effects, we chose Sor at 1 µM, which was found effective in the IC50 values 

as described above, for the combination with PTX to assess the synergistic 

effect in this study. Again, Sor at 1 µM exhibited the drastic enhancement of 

PTX at 2 and 4 nM in the regulation of the sphere numbers down to zero, 

indicating the self-renewal potential of CSCs was completely suppressed. In 

addition, to confirm the efficiency of this combination more, all doses used 

in this study were applied to the hepatocellular carcinoma cell line (Huh7 

cells). As a result, the number of spheres formed with huh7 cells was 

reduced to a range of 80%–60% by PTX in the range of 1, 2, while in the 

case of and 4 nM PTX, no sphere formed. In the case of 1 µM Sor, there was 

not so much difference when compared to 1 nM PTX, while in the case of 2 

µM or 4 µM Sor, there was no sphere at all. Then, combination between 1 

µM of Sor and 1 nM PTX showed complete inhibition for the sphere 

formation of Huh7 cells (Figure 6). 
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Figure 6 Representative images showed the effect of combined treatment of PTX and Sor on Huh7cells. 

The asterisks represent the mean expression levels; *p < 0.05; **p < 0.001; ***p < 0.0001. 
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2. Synergistic Effect of PTX and Sor on Colony Formation 

The synergistic effects of PTX and Sor were further confirmed for 

colony-forming ability by clonogenic assay (Figure 7). While untreated 

cells showed more than 200 colonies, PTX at 1 and 2 nM showed a decrease 

from 90% to 60 % in colony numbers and reached to 0% for 

miPS-BT549cmP cells and to 40% for miPS-Huh7cmP cells at 4 nM. 

Simultaneously, Sor decreased the number of colonies down from 90% to 

45 % in the range of 1 to 4 µM when compared with untreated cells. Cells 

treated with PTX together with 1 µM of Sor exhibited a significant reduction 

in colony numbers. These data illustrate that the low concentration of PTX 

could suppress colony forming potential more effectively when combined 

with 1 µM of Sor than PTX could when used alone. 
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Figure 7. Co-treatment of PTX and Sor affect colony formation potential better than 

monotherapy. The effect was measured by clonogenic assay using Giemsa stain and 

colonies with a diameter ≥50 m was counted. Combined treatment inhibited viability in 

both cell lines in a dose- and time-dependent manner. All experiments were performed in 

triplicate and data are presented as the mean ± SD of three separate experiments (* p < 

0.05; ** p < 0.001; *** p < 0.0001, **** p < 0.00001 vs. the control group). 
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3. Synergistic Effect of PTX and Sor on Angiogenesis 

The effect of the combination of PTX and Sor was assessed for the tube 

formation (Figure 8). PTX in 1 to 4 nM displayed a potent anti-angiogenic 

activity. Sor in 1 µM did not affect the number of vessels branching points, 

while in 2 and 4 µM significantly decreased the number. Interestingly, 1 µM 

of Sor enhanced the effect of PTX in the CSCs, especially miPS-BT549cmP 

cells. 

 

https://mct.aacrjournals.org/content/3/10/1301#F6
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Figure 8. Microscopic images showing tube formation and branching points in each 

of the three treatment groups: PTX, Sor, and combination between PTX and 1 µM 

Sor treated group. Branching points was decreased when PTX combined with 1 µM 

Sor comparing with monotherapy * p < 0.05; ** p < 0.001; *** p < 0.0001, **** p < 

0.00001). 
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To investigate the antiangiogenic effect of the combined treatment of  

PTX and Sor on miPS-Huh7cmP and miPS-BT549cmP cells in vivo, the 

chick  chorioallantoic membrane (CAM) assay was utilized in this study.  

Examination was performed at day 13 of incubation after 4 days of 

injection.  The results demonstrated that the controls, either miPS-Huh7cmP 

(Figure 9A) or miPS-BT549cmP cells (Figure 9A), showed the most 

angiogenic potency with numerous allantoic  vessels radiating around the 

injected cells with abnormal radiating morphology.  However, 

miPS-Huh7cmP and miPS-BT549cmP cells subjected to combination 

treatment  with PTX (either 1 or 4 nM) and Sor (1 µM) showed the most 

antiangiogenic  activity inhibiting neo-vascularization. The combination 

drastically reduced the number of radiating secondary vessels compared  

with PTX single treated cells. Interestingly, the high dose of combined  

treatment (PTX 4 nM + Sor 1 µM) resulted in the most potent 

antiangiogenic  effect with a vascularization pattern closer to the PBS 

injected group with  complete inhibition of newly formed blood vessels. 

Meanwhile, CSCs, miPS-Huh7cmP, and miPS-BT549cmP cells, applied on 

CAM without drug treatments or with one drug treatment, exhibited tumor 

formation ability which was noticed as a tumor mass on CAM. However, 

combined  treatment resulted in no tumor formation, suggesting the efficacy 

of combined PTX and Sor on  inhibition of tumor initiation ability. These 

results indicate the potential  antiangiogenic and tumor formation inhibition 

effects of combined treatment  with PTX and Sor on miPS-Huh7cmP and 

miPS-BT549cmP cells. 
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 Figure 9. In vivo CAM assay. (A) Macroscopic observations of the antiangiogenic effect of 

combined treatment of PTX and Sor on miPS-Huh7cmP cells. Numerous allantoic vessels 

converge radially around non-treated controls. Following combined treatment with PTX and Sor, 

evident reduction in neovessel formation compared with single treatment groups. In addition, 

inhibition of tumor formation was found in combined groups compared with single treatment 

groups (black arrow). (B–D) Analysis of photographs from (A) of the vessel density (B), total 

vessel length (C), and number of branching points of the vessels (D) of the CAM illustrating the 

anti-angiogenic effect of single or combined treatment of PTX and Sor of miPS-Huh7cmP cells. 
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The antiangiogenic effect of combined treatment of PTX and Sor on 

either miPS-Huh7cmP or miPS-BT549cmP cells in chick CAM was 

evaluated through image analysis using the WimCam software program 

(Wimasis, Munich, Germany). Inhibition of angiogenesis was evaluated 

based on three parameters, percentage of vessel density, total vessels 

network length, and sprouting ability indicated by the total branching points. 

Table 1 and Figure 9B–D show that combined treatment of PTX and Sor 

resulted in a high significant decrease of the vessel density (Figure 9B), total 

vessels network length (Figure 9C), and total branching points (Figure 9D) 

of the chick CAM inoculated with miPS-Huh7cmP cells compared with 

non-treated cells. Moreover, the high dose of combined treatment (PTX 4 

nM + Sor 1 µM) showed the most antiangiogenic effect compared with all 

other groups.  

 

 

Table 1: Showing the antiangiogenic effect of single or combined treatment of Ptx 

and/or Sor on miPS-Huh7cmP cells in the chick CAM 

Mean±SD Vessel density (%) Total vessels network length [px] Total branching points 

PBS 22.9±0.430 5152±21.40 211±4.27 

HUH Control 31.4±0.270 12097±39.32 397±3.89 

HUH-P1 29.7±0.083 9861.8±26.66* 321±4.50* 

HUH-P4 28.6±0.268* 8532±67.33** 295±7.36* 

HUH-S1 28±0.192* 8913.4±14.48* 305±3.11* 

HUH-S4 27.1±0.158** 7329.8±36.34** 274±5.54** 

HUH-C1 24.6±0.268*** 6028.2±21.89*** 248±8.01*** 

HUH-C4 22.9±0.151*** 5454.4±38.81*** 227±4.15*** 
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Similarly, Table 2 and Figure 10B–D show the evaluation of 

angiogenesis inhibition potency of either single or combined treatment of 

PTX and Sor on miPS-BT549cmP cells in the chick CAM model. The 

results showed a high significant decrease in the angiogenesis when the cells 

were treated with both PTX and Sor, in addition, high dose of combined 

treatment (PTX 4 nM + Sor 1 µM) resulted in the least angiogenic effect in 

terms of vessel density (Figure 10B), total vessels length (Figure 10C), and 

total branching points (Figure 10D) and showed highly significant results 

compared with non-treated control cells. All these data demonstrate that 

combined treatment of PTX and Sor, especially the high dose, significantly 

decreases the angiogenesis effect of miPS-BT549cmP and miPS-Huh7cmP 

cells in the in vivo chick CAM model. 

 

 

Mean±SD Vessel density (%) Total vessels network length [px] Total branching points 

PBS 22.9±0.430 5152±21.40 211 ±4.27 

BT Control 34.4±0.273 12621.4±55.40 428±3.80 

BT-P1 32.1±0.349 10543.2±125.49* 387±5.16* 

BT-P4 30.4±0.158* 9092.4±37.10** 334 ±2.79** 

BT-S1 29.3±0.192* 9339.8±37.85** 342 ±3.20** 

BT-S4 27.9±0.723** 7432.6±36.37*** 290±3.76*** 

BT-C1 25.0±0.130*** 6378±45.51*** 271±1.92*** 

BT-C4 23.2±0.130*** 5736.2±18.95*** 253±2.79*** 

Table 2: Showing the antiangiogenic effect of single or combined treatment of Ptx and/or 

Sor on miPS-BT549cmP cells in the chick CAM 
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 Figure 10. In vivo CAM assay. (A) Macroscopic observations of the 

antiangiogenic effect of combined treatment of PTX and Sor on 

miPS-BT549cmP cells. Numerous allantoic vessels converge radially around 

non-treated controls. Following combined treatment with PTX and Sor, evident 

reduction in neovessel formation compared with single treatment groups. In 

addition, inhibition of tumor formation was found in combined groups compared 
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with single treatment groups (black arrow). (B–D) Analysis of photographs from 

(A) of the vessel density (B), total vessel length (C), and number of branching 

points of the vessels (D) of the CAM illustrating the anti-angiogenic effect of 

single or combined treatment of PTX and Sor of miPS-BT549cmP cells. 

III. Discussion 

Although chemotherapy is one of the main treatments for cancer 

patients, chemo-resistance, which limits the efficiency of anti-cancer agents, 

is a major problem as cancer cells often become resistant to chemical 

substances used in treatment [18]. This is considered due to the 

heterogeneity resulting in cancer progression [5,19]. Accumulating evidence 

suggests that the CSC population, a subgroup of cancer cells, is responsible 

for the chemo-resistance and cancer relapse [20], as CSCs are plastic to 

differentiate into the heterogeneous lineages of cancer cells in response to 

the microenvironment including chemotherapeutic treatment. Many 

anti-cancer drugs are not free from side effects while they are approved for 

the treatment of cancer. Taking these into consideration, combination 

therapy sounds more feasible to expect more effective treatments for cancer 

targeting different pathways by which cancer cells survive and grow [21]. 

The ideal combination promotes the efficiency of monotherapies in lower 

doses of drug escaping from the toxicity and side effects. Studies have 

demonstrated the results of combining chemotherapeutic agents with 

different functions such as different tyrosine kinase inhibitors [22–24]. 

PTX, widely used as anti-cancer chemotherapy, is well known to stabilize 

microtubule binding to β-subunit of tubulin and to block the dynamics [25]. 

However, PTX is not efficiently available in high doses due to the 
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insolubility to water and develops various side effects when used in 

treatments. In this context, reducing PTX doses would be more feasible to 

treat cancers and overcoming side effects of PTX. 

Previously, our group demonstrated that CSCs can be developed from iPSCs 

in the presence of CM prepared from various cancer cell lines [10–12,14]. 

Since our goal in this study was to reveal the synergistic action of PTX and 

Sor at low doses for growth inhibition of CSCs, we used our model of CSCs 

developed from iPSCs [12,14] to assess the effect of the combination at low 

concentration. The effect of the combination was evaluated on self-renewal, 

clonogenic, differentiation potential of CSCs, as well as proliferation. 

Sor in low doses enhanced the effect of PTX and decreased the IC50 values 

almost 10-fold, indicating that this drug combination should offer a new 

approach of targeting CSCs with fewer side-effects. Simultaneously, 

self-renewal potential was affected by PTX in the presence of a non-toxic 

level of Sor 1 µM. PTX and Sor suppressed the self-renewal of CSCs 

synergistically, while miPS-BT549cmP cells appeared slightly more 

resistant than miPS-Huh7cmP cells. 

The combination exhibited a suppressive effect on the clonogenic and 

differentiation potential of CSCs at the same concentration and conditions 

used in self-renewal. In the case of colony formation, potential cotreatment 

synergistically inhibited colony formation compared with each agent alone. 

On the contrary sphere formation, miPS-Huh7cmP cells were more resistant 

than miPS-BT549cmP and tolerant to higher doses of both drugs. 

The combination of PTX and Sor also inhibited angiogenesis with less 

network formation. Results showed that miPS-BT549cmP is resistant to 
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either PTX or Sor but not resistant to the combination when compared with 

miPS-Huh7cmP. But a combination of PTX and Sor in general suppresses 

the ability of CSCs to form vessels. In vitro data that suggested the inhibition 

of self-renewal ability by combination treatment were confirmed by CAM 

assay, which showed the efficiency of PTX and Sor combination for 

inhibiting tumor formation ability of CSCs. Not only angiogenesis was 

inhibited, but also the ability of initiation tumor by the combination of PTX 

and Sor. 

In this study, mitotic arrest, which should lead to apoptosis, was not 

observed. At low concentration, PTX causes G1-like arrest [26]. In this case, 

PTX appears to allow the first cell cycle not preventing cells from passing 

through S phase and entering mitosis. Although the M-pahse is prolonged, 

cells still divide, demonstrating the presence of a sub G1 cells caused by low 

concentration of PTX. It is important to note that the sub G1 cells were 

viable and non-apoptotic. Simultaneously, sorafenib inhibits tyrosine kinase 

activity leading to RAF/MEK/ERK signaling pathway stimulating cell 

growth [27,28]. This suggests that sorafenib suppresses the cells entering 

S-phase. In the condition of our result, the concentration of sorafenib was so 

low that the cells should enter the first cell cycle, but the entrance might be 

delayed. Thus, post-mitotic arrest should be occurring in the second and 

even the third cell cycles as the result of the synergistic effect of PTX and 

sorafenib. 

The combination of Sor and PTX was demonstrated to have a positive effect 

on anti-angiogenesis in vivo in metastatic breast cancer [29]. If this 

observation was related to the differentiation potential of CSCs, our results 
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may agree with the previous report. Very recently, triple combination of 

radiation, Sor, and PTX has been reported to be effective on breast cancer 

cell lines [30]. Further investigation for the effects of radiation and the 

combination of Sor and PTX on CSCs will be interesting as CSCs are 

resistant to radiation therapy. 

 

VI. Conclusion 

The combination of PTX and Sor showed a synergistic effect on our original 

CSC models in vitro. The combination was found significant to suppress the 

properties of CSCs. These results propose a novel approach to target CSCs 

with anticancer drugs in low doses, which would effectively reduce the toxic 

side effects of chemotherapy. 

 

VII.  Materials and Methods 

1. Cell Culture 

Cancer stem cells, miPS-BT549cmP cells [12] and miPS-Huh7cmP cells 

[14], were obtained by the conversion of miPSCs (iPS-MEF-Ng-20D-17, 

Lot No. 012, Riken Cell Bank, Tokyo, Japan), in which the puromycin 

(puro) resistant gene and green fluorescent protein (GFP) gene were cloned 

under the control of the Nanog promoter, in the presence of CM from human 

breast cancer cell line BT549 cells (ATCC HTB-122) and the human liver 

cancer cell line Huh7 cell line (Riken Cell Bank). All cell lines were with 

documents confirming their STR profiling. 

CSCs were cultured using miPS medium (DMEM media (Wako, Tokyo, 
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Japan) supplemented with 15% fetal bovine serum (FBS), 0.1 mM MEM 

non-essential amino acids (NEAA) (Gibco, Waltham, MA, USA), 2 mM 

L-glutamine (Nacalai Tesque, Kyoto, Japan), 50 U/mL 

penicillin/streptomycin, and 0.1 mM 2-mercaptoethanol (Millipore, MA, 

USA)) and CM from BT549 cells or Huh7 cell lines, according to the 

protocol designed by Said et al. [13]. The ratio of the media was 1:1 of miPS 

medium to CM CSCs was maintained on 1% gelatin-coated 60 mm-dishes. 

2. Anticancer Drug and Inhibitor 

PTX was provided by (Professor Hiroki Hamada) and commercially 

available Sor (LC laboratories, USA) was purchased from Bayer 

Pharmaceuticals (Bayer AG, Leverkusen, Germany). Both PTX and Sor were 

dissolved in dimethyl sulfoxide (DMSO) at the stock of a concentration of 1 

mM and stored at −20 °C. Another stock for work diluted in 1× PBS contained 

DMSO at a concentration of less than 0.1% to prevent background effects on 

cell growth. 

  

3. Cell Proliferation and Viability Assay 

To measure the viability of cells, cells were seeded in 96-well plates 

(5000 cells/well) and plates incubated overnight at 37 °C in the presence of 

5% CO2. Then, the cells were incubated with a series of varying 

concentrations of PTX, Sor, and combination of them. After 72 h incubation 

with drug, cell viability was assayed colorimetrically using thiazolyl blue 

tetrazolium blue (MTT, Sigma-Aldrich, St. Louis, MO, USA). MTT solution 

was added at a final concentration of 0.5 mg/mL in each well and the plate 

was incubated for 4 h. Formed formazan crystals were dissolved with 10% 



 
 
 

 

Chapter III                         Paclitaxel and Sorafenib Combination Suppress CSCs 

 

72 

(w/v) SDS in 0.02 N HCl and incubated overnight. Finally, the absorbance 

of each well was measured at 570 nm [17] using an MTP-800 Lab 

microplate reader (Corona Electric, Ibaraki, Japan). The experiment was 

performed in triplicate. Cell viability was calculated relative to the untreated 

cells. IC50 values were estimated from the survival curve. 

 

4. Sphere Formation 

The capacity of self-renewal was estimated by sphere-forming 

potential in non-adhesive conditions. Both cells were maintained on 96-well 

low attachment plates (EZ Bind Shut TMSP, Tokyo, Japan) (200 cells/well) 

in FBS-free DMEM supplemented with insulin-transferrin-selenium-X 

(ITS-X;1/100 v/v) (Life Technologies, Carlsbad, CA, USA), 0.1 mM NEAA, 

2 mM L-glutamine 50 U/mL penicillin/streptomycin (Wako), and 0.1 mM 

2-mercaptoethanol (Sigma-Aldrich). After 7 days, the number of wells with 

at least one sphere with diameter ≥50 um was counted. Images were acquired 

using an IX81 inverted microscope (Olympus, Tokyo, Japan) equipped with 

a light fluorescence device (Olympus). 

 

 

5. Clonogenic Assay 

Only a fraction of seeded cells retains the capacity to produce 

colonies. Before treatment, cells were seeded on gelatin-coated 60-mm 

dishes (400 cells/dish) to form colonies. After 24 h of incubation, seeding 

cells were treated with different concentrations of both compounds and their 

combination. Cells were incubated after treatment for 7 days. Colonies 
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appeared and then were fixed using methanol 75%, stained with Giemsa 

stain, then colonies with diameter ≥50 um were counted using ImageJ-NIH 

software. 

6. In Vitro Tube Formation Assay 

For in vitro tube formation assay, 12-well plates were coated with 

growth factor reduced Matrigel (Corning Inc., Corning, NY, USA) and 5 × 

105 cells were seeded in 50 µL of endothelial cell growth medium 2 

(PromoCell, Heidelberg, Germany) for 24 h with growth supplements: 

human epidermal growth factor (hEGF; 5 ng/mL), vascular endothelial 

growth factor (VEGF; 0.5 ng/mL), R3-insulin-like growth factor-1 

(R3-IGF-1; 20 ng/mL), ascorbic acid (1 µg/mL), hydrocortisone (0.2 

µg/mL), human basic fibroblast growth factor (hbFGF; 10 ng/mL), heparin 

(22.5 µg/mL), FBS (0.02 mL/mL), gentamicin/amphotericin-B (GA). The 

drugs were added at same time of seeding and incubated for 24 h. Pictures 

were taken by Olympus IX81 microscope (Olympus). 

7. Apoptosis Analysis 

Level of apoptosis was estimated by flow cytometry using APC 

Annexin V apoptosis detection kit with propidium iodide (PI) (BioLegend, 

San Diego, CA, USA) as per the manufacturer’s protocol. Briefly, cells were 

seeded in 6-cm dishes and incubated overnight. When the cells became 

confluent around 90% approximately, cells were treated with drugs. After 24 

h of drugs treatment, total cells were harvested, washed, stained with 

APC-Annexin V and PI, and analyzed by BD AccuriTM C6 plus flow 

cytometer (Becton & Dickinson, Franklin Lakes, NJ, USA). Data of each 

group were analyzed using FlowJo® software (FlowJo, LLC, Ashland, OR, 
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USA). 

8. Flow Cytometry 

To detect GFP expression, flow cytometry analysis was conducted on 

both cultured cells. The cells were seeded and incubated overnight. When 

the cells became confluent around 90% approximately, cells were treated 

with drugs. After 24 h of drugs treatment, around (5 × 105) cells were 

suspended in PBS then GFP expression was estimated using BD AccuriTM 

C6 Plus. Data were analyzed with Flowjo software (Treestar Inc., San Carlos, 

CA, USA). 

9. Chorioallantoic Membrane Assay 

Angiogenic properties of miPS-Huh7cmP cells and miPS-BT549cmP 

cells were tested in vivo with a chorioallantoic membrane assay (CAM). 

Fertilized chicken eggs (Gallus gallus) were incubated in a humidified 

atmosphere at 37 °C for three days. At day 4 of embryonic age, albumin was 

removed to detach the developing CAM from the eggshell. At day 8, eggs 

with exposed CAM were incubated with plastic discs containing 9 × 105 

cells pretreated or untreated dissolved in growth factor reduced Matrigel™ 

droplets (Corning Inc., Corning, NY, USA). Plastic discs containing PBS 

droplets were used as a negative control. Eggs were incubated for four 

consecutive days and at day 13, the test was stopped. Images were taken with 

a Sony HDR-XR350VE Handycam camera (Sony corporation, Tokyo, 

Japan). 

10.  Statistical Analysis 

Data from three independent experiments and mean values were 

presented as mean ± SD at least three-time determinations and analyzed by 
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Student’s t-test, as well as one-way analysis of variance (ANOVA). A 

p-value of less than 0.05 was statistically significant. 
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