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  Pref ace    

 This book was written with the aim to provide a comprehensive and multifaceted 
overview of the history of the development of anticancer drugs and to present future 
directions for the development of new anticancer drugs. First, this book examines 
the scientifi c progress in biological science periodically and the infl uence such 
progress had in cancer research. Furthermore, this book outlines the development 
process of anticancer drugs with a focus on the characteristic drug groups of each 
era, in relation with the advancements in the relevant fi elds of chemistry and bio-
logical science and also presents a brief mechanism of the drugs. After examining 
the side effects of each anticancer drug and the treatments for alleviating the effects, 
this book fi nally sums up the limitations of the current anticancer drugs and seeks 
new directions for the development of anticancer drugs. 

 During the last 60 years, research in biological science has centered on the cell, 
and cellular molecules, with an emphasis on the activities and functions of various 
genes. Accordingly, cancer research has also focused on cancer cells; the differ-
ences between normal cells and cancer cells, including their genetic variations, 
were discovered and corresponding molecule-targeted anticancer drugs developed. 

 The development process of anticancer drugs indicates that leukemia, which can 
be easily observed through the microscope, served as the model during the early 
days of cancer research and that the rapid proliferation of the leukemia cells was 
accepted as the general characteristic of cancer cells. As a result, development of 
anticancer drugs that have anti-proliferative effects began, starting with the alkylat-
ing agent in 1946, based on the unity assumption that all cancer cells characteristi-
cally grows abnormally. The search for a standard treatment for all cancers was 
launched through the development of such cytotoxic anticancer drugs. 

 Alkylating agents, which are one of the fi rst types of anticancer drugs developed 
during this process, inhibit persistent cell proliferation, which is the representative 
feature of cancers, by causing DNA damage, and was developed especially during 
the 1940s to the early 1970s. The second type, antimetabolites, have been developed 
since the late 1940s and display structural mimicry with precursors of DNA synthe-
sis, thus inhibiting cell proliferation by inhibiting activities of various enzymes 
 contributing to DNA replication. In addition, as a result of a large-scale drug screen-
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ing that began in 1954, plant alkaloids and anticancer antibiotics were developed 
from the 1960s and continued to be developed until the 1990s. Anticancer drug 
screenings on chemical molecules also proceeded at the same time, leading to the 
development of various chemical anticancer drugs from the mid-1960s which con-
tinued to be developed until the mid-2000s. These drugs form the third type of 
anticancer drugs. The fourth type of anticancer drugs, consisting of immunotherapy 
and miscellaneous anticancer drugs, were developed in the mid-1960s, proceeded to 
be developed from the 1980s to the 1990s and are still consistently being developed. 
Immunotherapy anticancer drugs, which activate the immune system to eliminate 
cancer cells, include cytokines such as interferons, humanized antibodies, and den-
dritic cells, while asparaginase and others were developed as miscellaneous type of 
anticancer drugs. Before the molecule-targeted anticancer drugs were developed, 
the fi fth type of anticancer drugs, hormonal cancer drugs were developed for treat-
ing several cancers based on the understanding of the biological characteristics of 
cancers. Hormonal anticancer drugs for treating testosterone- or estrogen- dependent 
cancers such as diethylstilbestrol or tamoxifen were developed from the 1940s and 
are continued to be used today. Beginning from the 1990s, new types of molecule-
targeted anticancer drugs were rapidly developed, forming the sixth type of antican-
cer drugs. Molecule-targeted anticancer drugs are products of in-depth biological 
research on cancers that was intensifi ed from the 1980s. In other words, molecular 
mechanisms of tumorigenesis and malignancy were better understood by extensive 
research which used molecular biology as its major research technologies. In par-
ticular, various factors that play important roles in various types of cancers were 
discovered, facilitating the development of new drugs targeting the discovered fac-
tors. These molecule-targeted anticancer drugs are forming a major anticancer drug 
group starting from the 2000s. 

 Accordingly, this book presents an overview of the scientifi c discoveries and his-
tory of the development of anticancer drugs in the following order. Chapter 1 sum-
marizes the characteristics of cancer in accordance to the development of science. 
This chapter describes the characteristics of the cancer cells based on the research 
that focused exclusively on cancer cells, similarly to biological science which 
mainly focuses on cells. Moreover, this chapter provided characteristics of cancer 
which interacts with its surrounding microenvironment. In particular, this chapter 
provides a systematic explanation of cancer in relation with the vascular system, 
lymphatic system, and immune system, which also relates to the new research pros-
pects presented in the fi nal chapter of this book. Chapter 2 examined the relation 
between the development of biological science since the advent of the cell theory in 
1838 with the corresponding history of cancer research and development of antican-
cer drugs and summarized the relation through a chronological table. Chapter 3 
provided images that explain a historical background of cancer chemotherapy and 
describe chronologically the developmental history of screening systems of antican-
cer drugs. Chapters 4–9 classifi ed the characteristics and effects of approximately 
160 anticancer drugs, which used the screening system described in Chapter 3 for 
development, into 6 groups and provided a comprehensive account of the develop-
ment process and history of each group. Chapter 10 provided details on the side 
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effects of the clinical use of the anticancer drugs introduced in Chapters 4–9, along 
with the drugs that can alleviate such side effects. Finally, in Chapter 11, this book 
provided new anticancer drugs that will be researched and developed, based on 
research focusing on the difference between cancer cells and normal cells which has 
been conducted since the 1980s. This book also suggested a cell network research 
for a next research methodology, based on the perspective that cancer is related with 
various systemic characteristics of the human body. In other words, this book 
emphasizes that the research on cell network of the tissue level is necessary. 

 This book, in short, is a review of the past and current research conducted on 
anticancer drugs and a proposal for a new direction of cancer research for the future. 
I would like to express my gratitude to Professor Jae Kyung Roh, Dr. Hee-Jun Wee, 
and Dr. Chan Kim for joining me as co-authors to write this book. I also thank my 
graduate students at the research center who helped me with the images and tables 
included in this book. I also extend my gratitude to Professor Seishi Murakami at 
the Cancer Research Institute of Kanazawa University, Japan, who has always been 
a source of advice and encouragement throughout the past 35 years of research on 
cancer. Lastly, I thank Dr. Jeong Hun Kim at Seoul National University Hospital 
who helped me throughout my personal ailment. This book would not have been 
published without their help.  

  Seoul, Korea     Kyu-Won     Kim    
  January, 2016 
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    Chapter 1   
 Advancements in Life Sciences 
and Characteristic Features of Cancer Cells                     

          Advances in modern life sciences have primarily focused on cellular research 
because of the “Cell Theory” (Schleiden and Schwann 1838), which defi nes the cell 
as the basic unit of all organisms. Since cells are the common structural unit of a 
variety of organisms including animals and plants, it was hypothesized that complex 
life phenomena of multicellular organisms could be understood by studying indi-
vidual cells. Molecular-level research began in 1953, when the double helix struc-
ture of DNA—the genetic material that transmits cellular characteristics to the next 
generation—was elucidated by Watson and Crick. Subsequently, advances in the 
understanding of the functions and mechanisms of cells were made rapidly. 

 As molecular-level research of DNA, RNA, and proteins uncovered the myster-
ies of life, Monod claimed that life phenomena at the molecular level were similar 
in all organisms.

  What is true for  E. coli  must also be true for elephants. – J. Monod (1954) 

   The aforementioned statement implies that studies on unicellular  E. coli  can aid 
our understanding of a larger and more complex organism such as an elephant. This 
rationale is based on the hypothesis that the cell is the basic unit of all life forms and 
hence, the life phenomena of a unicellular organism are identical to those of a mul-
ticellular organism. Therefore, it was thought that the complex life phenomena of 
the metaphorical elephant as well as humans, our main interest, could be understood 
by studying them at the cellular level. Furthermore, such research could improve 
our understanding of fatal human diseases and consequently therapies could be 
offered. 

 This argument has been the unwavering foundation of life science research for 
the last 60 years. Therefore, this viewpoint has also dominated cancer research, the 
most studied area in life sciences to date. Consequently, wide-ranging and complex 
molecular mechanisms underlying cancer have been well characterized. Herein, we 
briefl y examine the characteristics of cancer as elucidated by this approach and 
describe the history of the development of anticancer drugs based on these charac-
teristics. We also discuss whether the understanding of cancer at the molecular level 
should be our ultimate goal. 



4

 Moreover, we discuss the characteristics of malignant cancer; these can be 
broadly classifi ed into two categories, as presented in Fig.  1.1 . The fi rst category 
focuses on the characteristics of cancer cells, and is directly related to their continu-
ous growth. The continuous proliferative capability of cancer cells is a result of 
changes perpetuated by genetic mutations in signal transduction pathways associ-
ated with cell division.

   The second category of characteristics depends upon the interactions between 
cancer cells, neighboring cells, and the microenvironment. These characteristics 
include induction of angiogenesis by stimulating neighboring blood vessels, inva-
sion of cancer cells into surrounding tissues, metastasis through the vascular and 
lymphatic systems, avoidance of immune cell-mediated cytotoxicity, and tumor- 
induced infl ammatory reactions in the proximate immune cells. 

 Most of the currently available cytotoxic chemotherapeutics inhibit the continu-
ous proliferation of cancer cells, and anticancer drugs with molecular targets that 
are under development focus on this particular feature of cancer cell. In the follow-
ing section, we fi rst briefl y describe the results of research on cancer cell 
characteristics. 

Blood Vessel

Lymphatic Vessel

Endothelial Cells

Immune Cells

B-1.
Angiogenesis

B-3. Evading 
Immune System

B-2. Invasion 
and Metastasis

ECM
(Extracellular
Matrix)

A. Persistent 
Proliferation

Cancer Cells

B-4. Chronic 
Inflammation

  Fig. 1.1    Representative characteristics of malignant cancer. ( a ) Characteristics of cancer cells. ( b ) 
Properties of cancer cells are regulated by their interaction with surrounding stromal cells and a 
tumor microenvironment       
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1.1     Characteristics of Cancer Cells 

 The representative characteristic of cancer cells is abnormal continuous growth. 
Among the ten hallmarks of cancer cells proposed by Hanahan and Weinberg in 
2011 [ 1 ], sustained proliferative signaling, evasion of growth suppressors, resis-
tance to cell death, and replicative immortality are directly related to the sustained 
proliferation of cancer cells. In addition, since “deregulating cellular energetics” 
and “genome instability and mutation” are also related to the continuous growth 
of cancer cells, six out of the ten hallmarks are associated with abnormal growth. 
Therefore, the ability of cancer cells to proliferate continuously is the defi ning 
characteristic of cancer, and drugs targeting this property can be used as antican-
cer drugs. 

 The results of all the research to date on the continuous growth of cancer cells 
have been summarized below. Unlike normal cells, cancer cells continuously prolif-
erate due to growth factors responsible for the proliferation and persistent activation 
of cell surface receptors (particularly receptor tyrosine kinases). Cancer cells con-
tinuously produce growth factors, thereby stimulating themselves and neighboring 
normal cells. In addition, they enhance the responses of growth factor receptors by 
upregulating cancer cell surface receptors and allowing receptors to function with-
out growth factors, resulting in persistent activation of proliferation-related signal 
transduction processes. Activation of a persistent proliferation signal is also induced 
by activating mutations in downstream mediators, such as B-Raf and phosphoinosit-
ide 3-kinase (PI3-kinase). Mutations in the phosphatase and tensin homolog (PTEN) 
phosphatase and mammalian target of rapamycin (mTOR) kinase, which are 
involved in feedback regulation of cell proliferation, also contribute to the persistent 
proliferation of cancer cells [ 2 ] (Fig.  1.2 ).

   Another mechanism that perpetuates the proliferation of cancer cells is the inac-
tivation of antiproliferative factors. Factors that inhibit cell proliferation are known 
as tumor suppressors and mainly include the retinoblastoma (Rb) and p53 proteins 
[ 3 ]. These proteins are responsible for initiating cell proliferation and activating 
senescence as well as apoptosis. Therefore, loss of function of these proteins causes 
persistent cell division (Fig.  1.3 ).

   “Contact inhibition” is another mechanism that inhibits cell proliferation, which 
ordinarily involves the Merlin protein encoded by the neurofi bromatosis type 2 
(NF2) gene [ 4 ]. Cancer cells are thought to be resistant to this particular antiprolif-
erative mechanism (Fig.  1.4 ).

   Additionally, evasion of apoptosis can result in the continuous proliferation of 
cancer cells. Apoptosis is regulated by intracellular and extracellular mechanisms; 
the Fas ligand/Fas receptors initiate the extracellular mechanism, while caspase 8 
and 9 are involved in the intracellular mechanism. The intracellular mechanism is 
involved more closely in the development of cancer. Apoptosis is regulated by inter-
actions between antiapoptotic (e.g., Bcl-2, Bcl-XL) and proapoptotic (e.g., Bax, 
Bim, Puma) regulators [ 5 ]. The tumor suppressor p53 induces apoptosis when DNA 

1.1 Characteristics of Cancer Cells
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Growth Factors (TGFα, IGF, EGF, FGF)

RTKs (Receptor tyrosine kinases)

PTEN

mTOR

AKT

PI3K

RAS

RAF

MEK

Proliferation ↑
 Apoptosis

Angiogenesis ↑
↓

  Fig. 1.2    Signal transduction pathways promote carcinogenesis. Two activated PI3K/AKT pathways 
in cancer cells prevent apoptosis and allow the cell cycle to progress without arresting at the G 0  restric-
tion point, promoting cell division and proliferation. In addition, the RAS/RAF/MEK pathways are 
activated in cancer cells. This promotes carcinogenesis by activating cell division, preventing apopto-
sis, and inducing angiogenesis. Furthermore, the mTOR kinase in cancer cells activates AKT, promot-
ing cell division and proliferation, while the PTEN phosphatase, which blocks the PI3K/AKT 
pathways, is suppressed. As a result, apoptosis is inhibited and abnormal cell proliferation occurs       

p53Rb

Cell cycle arrest
↓

DNA repair
↓

Apoptosis
↓

Cell cycle restart

Elimination of 
damaged cells

CELLULAR AND GENETICS STABILITY

TUMOR SUPPRESSION

  Fig. 1.3    Tumor suppression functions of Rb and p53. Rb is responsible for halting the cell cycle 
at the G 0  restriction point to prevent cell cycle progression in cells with DNA damage. Rb is 
phosphorylated when the damaged DNA is repaired, losing its ability to arrest the cell cycle, and 
the cell cycle resumes. p53 induces apoptosis in cells with DNA damage so that damaged cells are 
removed effi ciently. Thus, Rb and p53 contribute to genetic stability by preventing mutations due 
to DNA damage and inhibiting the development of tumor cells       

 

 

1 Advancements in Life Sciences and Characteristic Features of Cancer Cells



7

is damaged and an abnormal chromosome is formed. Therefore, resistance to or 
evasion of apoptosis in tumor cells is closely related to the dysfunction of the p53 
protein, and an increase in antiapoptotic regulators (Bcl-2, Bcl-XL). Inversely, a 
decrease in proapoptotic regulators (Bax, Bim, Puma) can prevent apoptosis in 
tumor cells (Fig.  1.5 ).

   For sustained proliferation, chromosomes have to replicate continuously and 
unlike normal cells, cancer cells are able to do this. Presumably, cancer cells obtain 
this capability through a “crisis phase” after overcoming senescence. Telomeres and 
telomerase activity that facilitates the addition of repeat sequences to telomeres are 
closely involved in this process. Increased telomerase activity or a special recombi-
nation mechanism allows cancer cells to maintain a telomere length suffi cient for 
evading senescence or apoptosis [ 6 ]. Besides maintaining telomere length, telomer-
ase infl uences cell proliferation by amplifying the Wnt pathway, and increasing 
DNA damage repair and RNA synthesis (Fig.  1.6 ).

   For continuous cancer cell proliferation, abnormal expression of cell division 
genes is required. Abnormal expression can result from chromosomal instability 
and mutagenesis. Chromosomal instability is closely related to telomere damage 
and can cause the amplifi cation or loss of a chromosome. An increase in mutational 

Inactive

Pak

Active

Active

ECM

Growth-promoting 
gene expression
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p

C
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rin

  Fig. 1.4    Merlin is a tumor suppressor involved in “contact inhibition.” Normal cells stop growing 
when they encounter neighboring cells, and cell division is inhibited. Merlin is responsible for this 
phenomenon called “contact inhibition.” In normal cells, p21-activated kinase (PAK) activity is 
inhibited by cell contact, along with Merlin activation. Activated Merlin translocates to the nucleus 
and prevents cell division by suppressing the expression of mitogenic genes. However, abnormal 
proliferation can occur in cancer cells because they become resistant to contact inhibition       
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load is associated with an increased sensitivity to mutagens, defective DNA repair 
mechanisms, or loss of the ability to remove cells harboring mutations. Chromosomal 
instability is increased by defective chromosome maintenance and repair, which 
results in frequent mutations [ 7 ]. This in turn, enables continuous cancer cell divi-
sion and induces gene expression necessary for carcinogenesis (Fig.  1.7 ).

   In addition, an energy mechanism known as the “Warburg effect” allows cancer 
cells to generate ATP by aerobic glycolysis even in the presence of oxygen. Because 
aerobic glycolysis has a very low ATP synthesis rate compared to normal mitochon-
drial oxidative phosphorylation, glucose uptake via the glucose transporter increases 
dramatically in cancer cells, allowing adequate ATP synthesis [ 8 ]. Aerobic glycolysis 
activates oncogenes such as RAS and MYC, which promote continuous cell division 
by supplying essential amino acids and nucleic acids, and enable the survival of can-
cer cells by increasing glycolysis in hypoxic conditions. Furthermore, aerobic gly-
colysis acidifi es the microenvironment of cancer cells and promotes degradation of 
the extracellular matrix (ECM), making invasion and metastasis easier (Fig.  1.8 ).

Mitochondria Fas receptor

Fa as
Fas

Pro-caspase 8

Pro-caspase 3

Caspase 8

Caspase 3

Apoptosis

Cytochrome c

Bax

p53

Bcl-2
Bcl-XL

Caspase 9

  Fig. 1.5    Signal transduction in apoptosis. Apoptosis is induced by both extracellular and intra-
cellular pathways. The Fas ligand/Fas receptor is involved in the extracellular pathway; pro-
caspase 8 is activated to caspase 8 by Fas. The activated caspase 8 and caspase 9 which is 
activated by cytochrome c activate procaspase 3 to caspase 3. Activated caspase 3 in turn induces 
apoptosis. The intracellular mechanism is regulated by the interaction between antiapoptotic 
regulators and proapoptotic regulators. Apoptosis occurs as antiapoptotic regulators (Bcl-2, 
Bcl-XL) decrease and proapoptotic regulators (Bax, Bim, Puma, etc.) increase. Apoptosis is also 
induced by p53. However, the apoptosis pathways are inactivated in cancer cells, making con-
tinuous proliferation possible       
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1.2        Characteristic Interactions of Cancer Cells 
with Neighboring Cells and the Tumor 
Microenvironment 

1.2.1     Stromal Cells 

 In the last 10 years, research has shown that cancer tissue is as complex as normal tis-
sue, which includes a variety of cells. Thus, studying individual cancer cells according 
to the existing reductive viewpoint has limitations. As shown in Fig.  1.9 , cancer cells 
manifest malignancy by interacting with not only diverse neighboring cell types, but 
also the ECM and due to various environmental factors such as O 2  and pH [ 9 ].

   Among the ten hallmarks of cancer proposed by Hanahan and Weinberg in 2011 
[ 1 ], apart from the six mentioned above, the remaining four hallmarks (inducing 
angiogenesis, activation of invasion & metastasis, avoidance of immune  destruction, 

Nucleus

Telomere

Telomerase

β-catenin

Transcription of
Wnt/β-catenin
target genes

Normal cell Cancer cell

TCF

BRG1 TERT

Mother Cell

3rd division (8 cells)

2nd division (4 cells)

1st division (2 cells)

  Fig. 1.6    Telomerase activation in cancer cells. Telomeres are the ends of chromosomes where the 
TTAGGG sequence is repeated. This sequence prevents chromosomal damage and recombination 
between chromosomes. Telomeres gradually shorten in each cell division and both chromosomes 
and telomeres are damaged after a certain number of cell division, eventually stopping cell divi-
sion. All cells have the telomerase gene, which synthesizes telomeres. However, it is inactive in 
most normal cells and active in about 90 % of cancer cells. Because this enzyme maintains telo-
meres in cancer cells, they are immortal and have the ability to divide continuously. In addition, 
telomerase promotes cell proliferation by activating the Wnt pathway       
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and tumor-promoting infl ammation) are manifested through interactions with 
neighboring cells and the tumor microenvironment. 

 Neighboring cells include endothelial cells and pericytes which are involved in 
angiogenesis. These cells create new blood vessels that transport oxygen and nutri-
ents essential for cancer cell proliferation. Intratumoral blood vessels are formed by 
the “angiogenic switch,” and endothelial cells constituting these tumor blood ves-
sels are expected to be distinct from normal endothelial cells. This is because tumor 
blood vessels are different from normal blood vessels in many ways such as abnor-
mal vessel structure and hyperpermeability [ 10 ] (Fig.  1.10 ).

Stalling at replication forks

Collapse of replication fork 
and double-strand breaks (DSB)

Telomere loss

Sister chromatid fusion 

Telomere

Increase of Mutation

Increase of Chromosome Instability

Loss of DNA Repair Function

Promotion of Carcinogenesis

Replication stress
Fragile site

  Fig. 1.7    Chromosomal instability increases due to telomere damage. In vigorously dividing can-
cer cells, double-strand breaks (DSBs) occur at fragile sites when the replication fork stalls and 
collapses due to replication stress. Distal ends are lost when broken strands are rejoined by non- 
homologous end joining (NHEJ). As telomeres are lost, chromosomal instability and the incidence 
of mutations increases. When chromosome repair ability is lost, carcinogenesis is promoted       
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   Finger-shaped pericytes surrounding endothelial cells secrete angiopoietin-1 
(Ang-1) or vascular endothelial growth factor (VEGF) to synthesize the base-
ment membrane in collaboration with endothelial cells, playing an important 
role in angiogenesis and vessel maintenance. Therefore, if the pericytes do not 
cover the endothelial cells properly, intravasation of tumor cells occurs more 
readily. 

 Besides blood vessels, lymphatic vessels are also involved in metastasis. 
Although intratumoral lymphatic vessels are impaired and dysfunctional, functional 
lymphatic vessels grow in the periphery of tumors and may be involved in metasta-
sis of cancerous cells to the lymph nodes [ 11 ] (Fig.  1.11 ).
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  Fig. 1.8    The Warburg effect in cancer cells. In the presence of oxygen, differentiated normal cells 
convert glucose into pyruvate, after which a large amount of ATP is generated on complete oxidi-
zation by oxidative phosphorylation in the mitochondria. Oxygen is essential for this process 
because it acts as an electron donor in the glucose oxidization process. Under conditions of limited 
oxygen, cells produce lactate from pyruvate in a process other than oxidative phosphorylation. 
This process is called anaerobic glycolysis, resulting in the generation of only a small amount of 
ATP and the lactate produced this way goes through the glycolysis process. Warburg observed that 
cancer cells converted most of glucose into lactate even in the presence of oxygen. This phenom-
enon is called the “Warburg effect.” Since this reaction takes place in the presence of oxygen, it is 
called aerobic glycolysis. Although only a small amount of ATP is produced, cancer cells can 
continuously produce the energy, amino acids, and nucleic acids needed for cell division through 
this reaction because the glucose uptake capability of cancer cells increases. In addition, cancer 
cells can continuously divide even under anaerobic or hypoxic conditions because glycolysis is 
constantly active due to the increased glucose uptake capability       
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  Fig. 1.9    Tumor microenvironment and diverse cell components. Tumor microenvironment refers 
to the diverse cellular environment of the tumor and consists of endothelial cells, pericytes, 
immune cells, ECM, fi broblasts, lymphatic vessels, other cell types, and signaling molecules. 
Through interactions with surrounding stromal cells and microenvironmental factors, tumor cells 
undergo carcinogenesis and eventually become metastatic. The characteristics properties of cancer 
cells including angiogenesis, invasion and metastasis, and tumor-promoting infl ammation emerge 
from interactions with the tumor microenvironment as various signaling substances and enzymes 
are secreted from surrounding cells       
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  Fig. 1.10    Endothelial cells and pericytes in tumors. Intratumoral blood vessels consisting of endo-
thelial cells and pericytes surrounding endothelial cells are involved in angiogenesis. They supply 
oxygen and nutrients for the proliferation of cancer cells. Intratumoral blood vessels display abnor-
mal structural and functional characteristics, differentiating them from normal blood vessels. That is, 
tumor blood vessels have irregular shapes and sizes, and are loosely connected. Furthermore, they are 
defective in the endothelial cell layer due to abnormal branching, which creates gaps between cells. 
As these tumor blood vessels are immature and hyperpermeable, their function is also disturbed. 
Therefore, cancer cells can easily intravasate through blood vessels and metastasize easily       
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  Fig. 1.11    Lymphangiogenesis and metastasis. New lymphatic vessels are generated around a 
tumor, through which cancer cells metastasize (lymphatic metastasis). Lymphangiogenesis 
requires lymphangiogenic factors such as VEGF-C and VEGF-D. Cancer cells and tumor- 
associated macrophages (TAMs) secrete VEGF-C and VEGF-D, which bind to VEGF receptor-3 
(VEGFR-3), expressed on the surface of lymphatic vessels. As a result, the growth, migration, and 
survival of lymphatic endothelial cells increases and lymphangiogenesis is induced       
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   Immune cells in the tumor microenvironment play a role in tumor-promoting infl am-
mation. These include T lymphocytes, B lymphocytes, macrophages, mast cells, and 
neutrophils. These infl ammatory cells amplify infl ammatory responses by secreting 
growth factors like epidermal growth factor (EGF), VEGF, fi broblast growth factor 2 
(FGF2), as well as chemokines and cytokines [ 12 ]. They also induce angiogenesis and 
upregulate production of ECM-degrading enzymes. Thus, they play an important role in 
tumorigenesis, invasion, and metastasis of tumor cells. These infl ammatory cells include 
both terminally differentiated cells and undifferentiated progenitors (Fig.  1.12 ).

   Other cells in the tumor microenvironment include fi broblasts, which have 
tumor-promoting functions such as the proliferation of cancer cells, angiogenesis, 
invasion, and metastasis [ 13 ] (Fig.  1.13 ).
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  Fig. 1.12    Induction of infl ammatory response in carcinogenesis. Transcription factors such as nuclear 
factor (NF)-kB, signal transducer and activator of transcription 3 (STAT3), and hypoxia-inducible 
factor-1α (HIF-1α) are activated in tumor cells by stimulation of external pathways such as infl amma-
tion and infection, or internal pathways such as activation of oncogenes and secretion of infl ammation 
regulatory factors such as cytokines, chemokines, and cyclooxygenase 2 (COX2). These secretory 
factors recruit a variety of cells such as macrophages, neutrophils, mast cells, myeloid-derived sup-
pressor cells, T cells, and eosinophils to cancer cells. When transcription factors such as NF-kB, 
STAT3, and HIF-1α are activated in immune and cancer cells, more cytokines, chemokines, and pros-
taglandins are produced, which in turn activates immune cells to induce carcinogenic processes such 
as cell survival, growth, proliferation, angiogenesis, lymphangiogenesis, and invasion and metastasis       
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   In addition, myofi broblasts are found in wounds and chronically infl amed areas, 
and can induce fi brosis especially in the lung, kidney, and liver where chronic 
infl ammation can occur. 

 Recently, cancer stem cells (CSCs) have been discovered in the tumor microen-
vironment. The origin of solid tumors from CSCs is not well understood. However, 
it is possible that CSCs develop due to mutations in normal stem cells and undif-
ferentiated cells, or during EMT [ 14 ]. CSCs exhibit resistance to anticancer drugs 
and are activated when cancer relapses after a long latent period. They can also 
convert to fi broblasts or similar cells through EMT, or become endothelial-like cells 
through a differentiation process. Therefore, the diversity of tumor cells increases 
because of CSCs, producing a population of cells that vigorously promotes the pro-
gression of cancer (Fig.  1.14 ).
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  Fig. 1.13    Activated fi broblasts are involved in carcinogenesis. Fibroblasts surrounding tumor 
cells are frequently in an activated state and are called cancer-associated fi broblasts (CAFs). These 
fi broblasts secrete a variety of factors including growth factors and chemokines near tumor cells 
and affect tumor cells, immune cells, endothelial cells, pericytes, and epithelial cells, thereby play-
ing an important role in carcinogenic processes such as progression and proliferation of cancer, 
angiogenesis, and metastasis. For example, tenascin C, an ECM protein secreted by fi broblasts, 
induces an ECM-like environment, which induces the invasion of tumor cells that secrete addi-
tional tumorigenic factors, eventually promoting tumor progression. By secreting cytokines and 
interleukins such as monocyte chemotactic protein 1 (MCP1) and interleukin-1, fi broblasts recruit 
immune cells to the infl ammation site and induce immune cell-mediated infl ammatory responses. 
Furthermore, by secreting matrix metalloproteinases (MMPs) and VEGF, fi broblasts assist endo-
thelial cells and pericytes in inducing angiogenesis. By secreting potential tumor growth factors 
such as transforming growth factor-β (TGF-β) and hepatocyte growth factor (HGF) around epithe-
lial cells, fi broblasts induce EMT in tumor cells and stimulate the proliferation and metastasis of 
tumor cells       
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1.2.2        Angiogenesis 

 As tumorigenesis progresses, tumor, unlike normal tissues, continuously generates 
new blood vessels necessary for the supply of oxygen and nutrients, and the removal 
of CO 2  and metabolic byproducts [ 15 ] (Fig.  1.15 ). Angiogenesis is regulated by a 
variety of factors; the representative proangiogenic factor is VEGF [ 16 ] (Fig.  1.16 ), 
whereas thrombospondin-1 (TSP-1) [ 17 ] (Fig.  1.17 ), angiostatin, and endostatin are 
the inhibitors. VEGF transmits a signal for angiogenesis via three types of receptors 
[vascular endothelial growth factor receptors (VEGFRs)-1 to 3], whose expression 
is regulated by oxygen levels and oncogenes.
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  Fig. 1.14    Cancer Stem Cells (CSCs). CSCs are cancer cells with unlimited regenerative potential, 
and are defi ned as such when a tumor originating from these cells expresses the unique heterogene-
ity of the original tumor. They also possess differentiation, self-renewal, and tumorigenic capabili-
ties. Depending on the tumor type, CSCs can be formed when either normal stem cells are 
transformed or cancer cells undergo epithelial-mesenchymal transition (EMT). CSCs form malig-
nant tumors through carcinogenesis. These malignant tumors either differentiate into benign 
tumors or become metastatic tumors containing CSCs       

  Fig. 1.16    Angiogenesis induced by VEGF-A and VEGFR-2. VEGF-A is involved in angiogenesis 
in both normal and cancer cells, and exists in various isotypes (165,189,206,145,121 etc.). The 
most highly expressed isotype is VEGF-A165, which has a strong affi nity to the receptor VEGFR- 2. 
VEGFR-2 expression in endothelial cells increases under hypoxic conditions and induces a signal 
transduction pathway by binding to VEGF-A, which is secreted by cancer cells. That is, when 
VEGF-A binds to VEGFR-2, the signal transduction pathway is activated as the receptor is phos-
phorylated. As a result, angiogenesis is induced as proliferation, migration, differentiation, and 
survival of endothelial cells are promoted       
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  Fig. 1.15    Angiogenesis. To allow cancer cells to grow and metastasize to another organ, new 
blood vessels through which cancer cells receive a supply of oxygen and nutrients have to be gen-
erated. Under hypoxic conditions induced by active cancer cell proliferation, cancer cells facilitate 
angiogenesis from existing blood vessels by secreting proangiogenic factors, especially 
VEGF. Cancer cells rapidly proliferate after receiving oxygen and nutrients, and even metastasize 
through these new blood vessels       
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     Tumor blood vessels are immature, tortuous, dilated with disturbed blood fl ow, and 
exhibit microhemorrhage, abnormal proliferation, and apoptosis of vascular endothelial 
cells. Angiogenesis also occurs in dysplasia, which is an early stage of carcinogenesis, 
in situ carcinoma, and takes place vigorously in advanced vascular- rich tumors in the 
kidneys and glioblastomas. On the contrary, blood vessels decrease in cancers like pan-
creatic ductal adenocarcinomas. Recently, the importance of pericytes in angiogenesis 
has been discovered in addition to that of endothelial cells. Infl ammatory cells surround-
ing tumors such as macrophages, neutrophils, and mast cells as well as myeloid progeni-
tors are also involved in angiogenesis. Furthermore, it has been reported that endothelial 
progenitor cells (EPCs) originating from the bone marrow directly participate in angio-
genesis in collaboration with pericytes [ 18 ] (Fig.  1.18 ).
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  Fig. 1.17    Functions of TSP-1. TSP-1 is an anti-angiogenic factor produced by endothelial or 
immune cells, which decreases the density of blood vessels in normal tissues and suppresses the 
growth of cancer cells. TSP-1 suppresses angiogenesis by directly inhibiting proliferation, adhe-
sion, and migration of endothelial cells. Alternatively, it suppresses VEGF-induced angiogenesis 
by decreasing the VEGF level       
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  Fig. 1.18    Epithelial Progenitor Cells (EPCs). When a cancer cell secretes a bone marrow- stimu-
lating cytokine, EPCs are generated in the bone marrow ( 1 ). EPCs generated in the bone marrow 
circulate in the blood ( 2 ), and circulating EPCs reach the cancer tissue ( 3 ). EPCs in the cancer 
tissue secrete proangiogenic factors that induce angiogenesis ( 4 ). In addition, EPCs also stabilize 
the blood vessel structure, and are thus, involved in angiogenesis ( 5 )       
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1.2.3        Metastasis of Malignant Cancer 

 Metastasis of cancer is a multistep process, and generally, proliferating cancer cells 
go through the following steps: (1) local invasion, (2) intravasation into surrounding 
blood or lymphatic vessels, (3) migration through the vascular/lymphatic system, 
(4) extravasation, (5) micrometastasis, and (6) colonization [ 19 ] (Fig.  1.19 ).

   EMT is expected to occur in the early stages of metastasis, wherein cancer cells 
transition from static epithelial cells to motile mesenchymal cells [ 20 ] (Fig.  1.20 ). In 
the EMT process, transcription regulators such as snail, slug, twist, and zeb1/2 are 
involved in the suppression of E-cadherin expression, loss of tight junctions, transition 
to fi broblasts, production of ECM-degrading enzymes, increase in motility, and resis-
tance to apoptosis. Expression of these transcription regulators in cancer cells is regu-
lated in a variety of ways depending on the stromal cells and tumor microenvironment. 
As a result, metastasis to distant organs involves a morphological change in cancer 
cells, and detachment from other cells and the ECM. Loss of function or mutations in 
E-cadherin, the prototypical cell-cell adhesion molecule, occur at the molecular level. 
Therefore, the interaction between cancer cells and surrounding stromal cells is very 
important in the process of metastasis. Mesenchymal stem cells (MSCs) in the adi-
pose tissue stimulated by cancer cells secrete CCL5, which stimulates the metastatic 
function of cancer cells.

   Furthermore, tumor-associated macrophages (TAMs) facilitate metastasis 
by secreting ECM-degrading enzymes such as metalloprotease and cathepsin 
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  Fig. 1.19    Invasion-Metastasis cascade. ( 1 ) Invasion of the basal lamina after early cancer cell 
proliferation in the epithelial tissue. ( 2 ) intravasation of cancer cells into the tumor blood vessels. 
( 3 ) Migration of cancer cells through systemic circulation (less than 1 in 1,000 cells survive to 
cause metastasis). ( 4 ) Extravasation of cancer cells from blood vessels after adhering to the blood 
vessel walls. ( 5 ) Micrometastasis in new tissue. ( 6 ) Colonization of metastatic cancer cells through 
continuous proliferation       

 

1.2 Characteristic Interactions of Cancer Cells with Neighboring Cells



20

 proteases [ 21 ]. In case of breast cancer, TAMs, which secrete EGF, and breast 
cancer cells, which produce colony stimulating factor-1, accelerate metastasis 
(Fig.  1.21 ). In the late stage of metastasis, when cancer cells settle in a new 
microenvironment, mesenchymal- epithelial transition (MET) occurs as 
opposed to EMT, and cancer cells halt migration and adapt to the new micro-
environment forming a cancer mass. Because metastasis involves a variety of 
cell types in addition to cancer cells, and has several steps with complicated 
patterns, molecular-level research on metastasis is challenging and not feasi-
ble for the development of anticancer drugs.
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  Fig. 1.20    Epithelial to Mesenchymal Transition (EMT). Transcription factors such as snail, slug, 
twist, and zeb1/2 are involved in EMT. Because of EMT, E-cadherin-mediated adhesion is lost and 
tight junctions (composed of ZO-1, ZO-2, claudin, and occludin) are disassembled. Transition to 
motile mesenchymal cells occurs when actin is reorganized and ECM proteins (collagen, laminin, 
fi bronectin, etc.) are degraded due to the increased expression of ECM-degrading enzymes. 
Eventually, cell-cell contact is lost, and cells detach from the ECM, enabling migration and metas-
tasis to other organs       
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  Fig. 1.21    Secretion of ECM-degrading enzymes by TAMs. ECM proteins are degraded by various 
ECM-degrading enzymes secreted by TAMs. Next, ECM-embedded growth factors and cytokines 
that increase migration and metastasis of cancer cells are activated, facilitating the invasion of 
cancer cells and metastasis to other organs       
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1.2.4        Avoidance of Immune Surveillance 

 There is evidence to suggest that tumorigenesis can be prevented by the body’s own 
immune cells. For instance, it has been reported that the incidence of tumors increased in 
mice that were defi cient in cytotoxic T lymphocytes (CTLs), helper T cells, or natural 
killer (NK) cells. Inversely, prognosis of human colorectal and ovarian cancer patients 
improved after they were injected with a large number of CTLs and NK cells. Although 
further research of human cancers is needed, it is generally thought that malignant cancer 
cells have acquired the ability to avoid the human immune response [ 22 ] (Fig.  1.22 ).
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  Fig. 1.22    Avoidance of immune surveillance. Cancer cells avoid the human immune system in a 
variety of ways. ( 1 ) Cancer cells avoid tumor-specifi c T cells by inhibiting the production of 
tumor-specifi c antigens. ( 2 ) Cancer cells regulate the immune response by secreting cytokines and 
immune response inhibiting factors, and expressing immune checkpoint molecules. This blocks 
the functions of immune cells such as CTLs, Th cells, and dendritic cells       
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1.2.5        Tumor-Promoting Infl ammatory Responses 

 Tumor cells continuously induce infl ammatory responses through their interaction 
with neighboring immune cells, which are thought to play an important role in 
promoting carcinogenesis. That is, tumor-promoting infl ammatory responses due 
to immune cells take place continuously from an early stage. These infl ammatory 
responses are expected to be involved in carcinogenesis in a number of ways such 
as promoting the proliferation of cancer cells via secretion of growth factors and 
biologically active substances including reactive oxygen species (ROS), inhibiting 
cancer cell apoptosis, promoting angiogenesis, increasing invasion and metastasis 
through ECM-degrading enzymes, and inducing EMT etc. [ 23 ] (Fig.  1.23 ).
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  Fig. 1.23    Tumor-promoting infl ammatory responses. ROS produced by immune cells (monocyte, 
macrophage etc.) activates signal transduction pathways that promote the growth of cancer cells 
and induce DNA damage that can cause cancer. In addition, they induce the proliferation and 
development of cancer cells by secreting tumor necrosis factor-α and various growth factors. They 
also enable cancer cells to migrate to other tissues through ECM and metastasize by secreting 
ECM-degrading enzymes       
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    Chapter 2   
 Advancement of the Science and History 
of Cancer and Anticancer Drugs                     

          Schleiden and Schwann fi rst reported the Cell Theory in 1838, and Remak and R. C. 
Virchow advocated this theory for cancer in the mid-1850s. They named cancer 
“neoplasm,” which was defi ned as a new mass of cells that emerges from abnormal 
proliferation of cells (Fig.  2.1 ). Thus, cancer was introduced into the fi eld of sci-
ence, was scientifi cally defi ned, and became an object of study.

   In 1845, J. H. Bennett was the fi rst to discover abnormal proliferation of leuko-
cytes in blood. Later, in 1847, R. C. Virchow observed hazy pus-like characteris-
tics in blood and named this disease “leukemia” (from the Greek word  leukos , 
meaning “white”). 

  Fig. 2.1    Blastema theory of cancer: Neoplasm       
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 At this point in time, leukemia was the main focus of early cancer research and 
anticancer drug development. Solid cancers such as lung, colon, and liver cancers 
could not be properly studied because imaging techniques that could detect their 
occurrence and progression, such as MRI and CT, had not yet been developed. 
However, blood samples could be observed under a microscope to count the number 
of abnormal leukocytes, which made leukemia an adequate target of early cancer 
research. This allowed leukemia to become the basis for the development of anti-
cancer drugs that suppressed proliferation of abnormal leukocytes. In 1860, M. A. 
Biermer reported the incidence of childhood leukemia, which became a major target 
of early anticancer drug development and treatment. 

 In 1889, S. Paget proposed the “seed and soil” theory as an explanation for 
metastasis, an important feature of malignant cancers [ 1 ]. This theory proposes the 
interaction between cancer cells and their surrounding tumor microenvironment, 
and is still widely accepted. 

 It was during this time that surgical therapy, one of the three major cancer treat-
ments (along with radiotherapy and chemotherapy), began to be used, owing to the 
discovery of anesthetics and aseptic technique. In 1846, W. Morton performed the 
fi rst surgical operation under ether anesthesia. In 1867, J. Lister became the fi rst 
person to use aseptic technique during surgery [ 2 ]. These groundbreaking scientifi c 
advancements reduced the infection and pain associated with surgery; thus, surgical 
therapy was gradually introduced as a treatment for cancer. 

 In 1889, W. S. Halsted developed radical mastectomy, a typical surgical treat-
ment for breast cancer [ 3 ]. During the 1950s and 1960s, radical mastectomy pro-
gressed to extreme limits, such as super-radical mastectomy and ultra-radical 
mastectomy, where surgical scopes were extended into the clavicles and ribs. These 
procedures were eventually stopped after a 1981 clinical study showed no benefi cial 
effects in breast cancer treatment as compared with local surgery. 

 The discovery of x-rays by W. C. Rőntgen in 1895 provided the foundation for 
radiotherapy [ 4 ]. In 1896, V. Despeignes became the fi rst to use radiation to treat 
gastric cancer. In 1902, E. H. Grubbe widely started using radiotherapy in cancer 
patients, and radiotherapy became increasingly popular [ 5 ]. In 1889, the Curiés 
discovered radium, which emitted stronger radiation, and brought high-dose radio-
therapy to the forefront. Whereas high-dose radiotherapy was effective against local 
cancers, it triggered the development of secondary cancers due to radiation-induced 
mutation of normal cells. This necessitated the development of local radiotherapy 
for selective treatment of cancer tissues, which led to the development of various 
and precise radiotherapy equipment. 

 In 1890, D. P. Hansemann discovered chromosomal abnormalities in cancer cells 
[ 6 ]. Based on these abnormalities, T. H. Boveri proposed the carcinogenesis theory 
in 1914 (Fig.  2.2 ) [ 7 ]. According to this theory, cancer cells undergo constant divi-
sion because of a chromosomal mutation in the cell. This defi nition simplifi ed the 
characteristics of cancer at the cellular level and clarifi ed the objective of cancer 
research by identifi cation of the chromosome as the key substance of cell division.

   The focus on the chromosomes of cancer cells in cancer research shared the 
direction of life science research in the early 1900s. During this time, life sciences 
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were focused on the cell, but more specifi cally, on the genetic material inside the 
cell. In 1909, W. L. Johannsen named the mediator of genetic information the 
“gene” [ 8 ]. 

 In 1915, T. H. Morgan, through his studies of Drosophila, proposed the theory 
that genes exist inside chromosomes [ 9 ]. There was much genetic research per-
formed on the Drosophila chromosome, and in 1927, H. J. Müller discovered that 
x-rays could cause genetic mutation [ 10 ]. This discovery showed that radiation- 
(including x-rays) induced cancer lies in the genetic mutation of chromosomes in 
the cell. 

 Thereafter, the focus of life science and cancer research shifted from chromo-
somes to more essential material—genes. However, the true biological and chemi-
cal nature of this abstract concept called “gene” had yet to be determined. The 
importance of studying genes became widely acknowledged, and in 1938, W. Weaver 
named the research fi eld that targets molecular substances in the cell, including 
genes, “molecular biology” [ 11 ]. 

 Subsequently, the research areas of bioactive substances at the molecular level, 
including genes in the cell, were developed and defi ned. As the research target 
became clearer, O. T. Avery, C. M. MacLeod, and M. McCarty reported the results 
of their 1944 study that proved that DNA is the intracellular material of the gene. 
These results defi ned DNA as a molecule with genetic information, and made it the 
core target of molecular biology research [ 12 ]. 

 Meanwhile, chemotherapy, one of the three major cancer treatments, commenced 
in the 1940s, nearly 100 years after cancer was named a “neoplasm” in the 1850s. 
Chemotherapy originated from N-mustard, which was used as a poisonous gas 

  Fig. 2.2    Carcinogenesis theory by chromosome abnormality       
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 during the First and Second World Wars. The concept of chemotherapy emerged in 
1909 when P. Ehrlich developed the syphilis medication Salvarsan 606; it was 
intended to be used to treat diseases with chemical substances. 

 N-mustard was the fi rst chemical substance for anticancer chemotherapy, which 
was used as a poison gas during the Second World War. In 1943, a U.S. fl eet 
anchored in Italy was bombed in an air raid by German Air Forces, killing 1,000 
soldiers and residents. After reports that the deceased showed massive bone marrow 
damage, L. S. Goodman and A. Gilman used N-mustard to treat hematologic can-
cers such as leukemia in 1946 (Fig.  2.3 ) [ 13 ].

   Anticancer chemotherapy was fi rst proposed in 1948, when S. Farber used anti-
folate aminopterin in a child with leukemia (Fig.  2.4 ) [ 14 ]. The aminopterin tempo-
rarily alleviated the child’s symptoms by inhibiting leukemic cell division, which 
indicated that cytotoxic chemical substances could treat cancer.

   As previously mentioned, the target of early anticancer drug development was 
leukemia, of which cell proliferation was easily detected and measured. Therefore, 
early anticancer drugs were chemical substances that suppressed the rapid divi-
sion of leukemic cells. S. Farber speculated that these chemical substances could 
also treat solid tumors with abnormally increased cell division, and proposed to 
use anticancer chemotherapy in solid tumors. In line with this proposal, G. B. 
Elion discovered the anticancer effect of 6-mercaptopurine in 1951, and clinical 
trials of this drug were performed to treat acute leukemia. In addition, in 1955 the 
American Cancer Chemotherapy National Service Center (CCNSC) conducted 
large-scale screening for chemotherapeutic agents, in which hundreds of thou-
sands of synthetic chemical substances, fermentation products, and plant deriva-
tives were used as candidate substances from 1955 to 1964. These efforts led to 
the development of various types of anticancer chemotherapy drugs such as 
 5-fl uorouracil, which C. Heidelberger synthesized in 1957, and the plant deriva-
tive vincristine, developed in 1958 [ 15 ]. 

  Fig. 2.3    N-mustard as the fi rst anticancer drug       
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 Further investigation of these cytotoxic chemotherapy agents in clinical trials 
revealed that using a single type of anticancer drug caused cancer cells to become 
resistant to the drug and eventually caused cancer recurrence. In 1964, E. Frei and 
E. Freireich used multi-drug combination chemotherapy, in which existing antican-
cer drugs were combined and administered repetitively at high doses, and for the 
fi rst time, they were used in children with leukemia. 

 The fi rst high-dose combination chemotherapy was named “VAMP.” It com-
prised vincristine, amethopterin (methotrexate), mercaptopurine, and prednisone 
(Fig.  2.5 ). However, this high-dose combination chemotherapy regimen had severe 
adverse effects; many clinical trials were conducted before the optimum dose of the 
anticancer drug was determined [ 16 ,  17 ]. The high-dose combination chemotherapy 
regimen was used in various protocols with different combinations, such as POMP 
in 1965 [ 18 ,  19 ] and MOPP in 1967 [ 20 ,  21 ].

   In 1958, R. Hertz and M. C. Li used methotrexate to treat choriocarcinoma, 
which was the fi rst attempt to treat a solid cancer in an adult patient using chemo-
therapy [ 22 ]. Actinomycin D, which S. A. Waksman discovered from actinomyces, 
was reported to have anticancer activity and was used for Wilm’s tumor, another 
type of solid tumor, in 1959. 

 The therapeutic target of anticancer drugs shifted from hematologic tumors, such 
as leukemia, to solid tumors. However, the dominant hypothesis at the time was that 
all cancers had the same characteristic abnormal cell division. Based on this hypoth-
esis, a “universal therapy” for cancer that could inhibit the abnormal proliferation of 
cancer cells using chemical substances was investigated in the 1960s (Fig.  2.6 ).

  Fig. 2.4    Anticancer chemotherapy       
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  Fig. 2.5    The fi rst high-dose combination chemotherapy: VAMP       

  Fig. 2.6    Cancer research during 1838–1960s       
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   In 1953, the molecular structure of DNA was discovered by J.D. Watson and 
F.H. Crick to be the double-helix structure. Soon after, in 1954, J. Monod  proposed 
a theory that the life phenomenon at the molecular level is universal for all living 
organisms. Based on such hypotheses, molecular biological studies deciphered 
genetic codes and examined the molecular mechanisms of genetic information 
expressed as proteins through mRNA by focusing on the molecular targets of cell 
[ 23 ]. 

 In the 1960s, it was incomprehensible to imagine the diversity and complexity of 
cancers at the molecular level; the development and application of anticancer drugs 
continued based on the assumption that all cancers have similarly abnormal cell 
proliferation. Etoposide (1966) and taxol (1967) were developed at this time and 
used as chemotherapeutic agents. Research achievements would be accumulated for 
decades after the 1960s to reveal the molecular mechanism of the abnormal prolif-
eration of cancer cells and how this mechanism varies depending on the type of 
cancer. 

 In the bioscience fi eld in the 1960s, S. Brenner, F. Jacob, and M. Meselson dis-
covered mRNA, which mediates the transfer of genetic information from DNA to 
protein (1961) [ 24 ]. In the early 1960s, M. Nirenberg and H. G. Khorana deciphered 
the genetic code that explained the pathway of expression of the genetic informa-
tion—the DNA-mRNA-protein chain [ 25 ,  26 ]. The revelation of the true nature of 
genetic information and the process of expression of this information to protein 
elucidated the relationship among genetic information and intracellular functions, 
various life phenomena, and carcinogenesis. Further, life science studies explained 
the correlation among storage (DNA), transfer (mRNA), and expression (protein) of 
the genetic information, and the DNA–mRNA–protein chain became the target of 
ardent efforts in the bioscience fi eld to defi ne biological activities and functions. 

 Meanwhile, in the United States, S. Farber of the Harvard Medical School and 
M. Lasker, who established the Lasker Awards, were urging the Congress and the 
President to enact the National Cancer Act through an extensive national campaign 
to cure cancer. After Apollo 11 successfully landed on the moon in 1969, M. Lasker, 
emboldened by the nation’s confi dence boost from its pioneering conquest of (out-
side) space, emphasized the need for national cancer research by describing it as 
conquering the “inner space” (cancer). In 1970, the National Program for the 
Conquest of Cancer was established and President Richard Nixon signed the 
National Cancer Act in 1971. 

 As a result of the National Cancer Act, nearly $1.5 billion was invested in cancer 
research in the U.S. between 1972 and 1974, which led to the rapid advancement of 
extensive anticancer treatment and cancer research nationwide. With the immense 
research funds, tremendous studies on anticancer drugs, clinical trials using these 
drugs in combination, and research on carcinogenesis were conducted. 
Correspondingly, numerous chemotherapeutic drugs, such as bleomycin (1973), 
adriamycin (1974), and cisplatin (1978), were developed in the 1970s and used for 
solid cancer treatment. 
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 These anticancer drugs were used in high-dose combination chemotherapy regi-
mens to induce a complete cure of solid cancers. In fact, it was predicted that in 
using these drugs, a generic treatment for all cancers would be developed. However, 
these cytotoxic anticancer drugs had several adverse effects, such as severe myelo-
suppression. Nevertheless, the high-dose combination chemotherapy regimen 
peaked in 1984–1985 and was widely used in the cancer therapy fi eld, with nearly 
6,000 relevant papers published in scientifi c journals during this time [ 27 – 29 ]. 

 In 1982, a mega-dose combination chemotherapy was introduced to extreme lev-
els above the lethal dose for bone marrow cells under the name of “STAMP” (Solid 
Tumor Autologous Marrow Program), using a combination of chemotherapy and 
autologous bone marrow transplantation that was developed by E. Frei [ 30 ]. However, 
this mega-dose combination chemotherapy was proven ineffective to the metastatic 
solid tumors during its fi nal clinical trials in 2003, and was eventually discontinued. 

 Other advancements in bioscience in this period were the discovery of restriction 
enzymes by H. O. Smithies (1970) [ 31 ] and the synthesis of the fi rst recombinant 
DNA by P. Berg using these restriction enzymes (1972) [ 32 ]. These advancements 
made possible the separation, manipulation, and recombination of genes, and led to 
a large-scale in vitro synthesis of proteins that could help treat diseases. These tech-
nologies stimulated industrialization in bioscience and eventually the bio- 
pharmaceutical industry emerged. 

 In 1975, G. Köhler and C. Milstein developed the monoclonal antibody technol-
ogy that promoted in-depth studies on protein synthesis and function, which later 
greatly contributed to the development of anticancer drugs that inhibit the activity 
of certain proteins [ 33 ]. 

 In 1977, W. Gilbert [ 34 ] and F. Sanger [ 35 ] invented the DNA-sequencing meth-
ods, which were crucial in deciphering genetic information. This breakthrough sci-
entifi c discovery enabled decoding the genetic information of DNA and made 
possible to decipher the entire human genome. This discovery not only contributed 
to the understanding of the massive amount of human genetic information and nor-
mal human biological activities, but also helped to elucidate the pathological molec-
ular pathways related to tumorigenesis. This research enabled the development of 
molecular targeted anticancer drugs, which was a new fi eld of chemotherapy. 

 With the advancement of molecular biological technologies, such as defi ning the 
basic unit of a living organism as the cell, defi ning the gene, and defi ning the DNA 
that contained the genetic information, the objectives of bioscience research had 
become extremely sub-divided and detailed. 

 Advancements in molecular biology led to studies on the specifi c gene and car-
cinogenic processes of certain cancer cells. As a result, the hormone receptors that 
affect the proliferation of hormone-dependent cancers such as prostate, breast, and 
ovarian cancers were discovered. In 1977, an anti-estrogen hormone drug for 
estrogen- sensitive breast cancer named “tamoxifen” was developed. Tamoxifen 
suppressed the growth of cancer cells by binding to the estrogen receptor and block-
ing estrogen action. Such results implied the development of an anticancer drug that 
targeted a specifi c metabolic pathway of cancer cells, a mechanism quite different 
from the previous anticancer drugs that inhibited cell division. 
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 In 1971, J. Folkman proposed angiogenesis as a main feature of malignant can-
cer [ 36 ]. This observation led to clinical, biochemical, and molecular biological 
studies of blood vessels around tumors and of angiogenesis, which is involved in the 
proliferation and metastasis of cancer; this promoted the development of anticancer 
drugs that inhibited angiogenesis. In 1975, a xenograft model of transplanted human 
cancer cells into an immune-defi cient mouse was developed to study fi rst-line anti-
cancer drugs in a model simulating human cancer [ 37 ]. The resistance mechanism 
of anticancer drugs was reported in 1978 from the molecular biological studies of 
cancer cells, and was applied to the evaluation and new development of anticancer 
drugs [ 38 ,  39 ]. 

 In the 1980s, hormone therapy and post-operative adjuvant chemotherapy were 
performed for breast and prostate cancers. In the 1970s and 1980s, cancers resistant 
to hormone therapy were reported and the molecular mechanism of anticancer drug 
resistance was gradually defi ned. However, as statistical research on cancer mortal-
ity in the 1980s showed that cancer mortality had not improved signifi cantly until 
the mid-1980s, the importance of cancer prevention was noted, and subsequently, 
chemo-preventive research became routine. Smoking and asbestos were found to be 
related to carcinogenesis, therefore, not smoking and banning the use of asbestos 
became the main goals in cancer prevention. In 1973, B. Ames developed the Ames 
Test, which determined the carcinogenicity of chemical substances by measuring 
the degree of mutation of bacteria; [ 40 ] it was used to detect carcinogens. 

 In 1977, B. S. Blumberg [ 41 ,  42 ] identifi ed the hepatitis B virus (HBV). The 
subsequent development of its vaccine in 1979 provided a treatment to prevent the 
progression of chronic hepatitis to liver cancer. In 1982, B. Marshall and R. Warren 
discovered  H. pylori , a cause of gastritis [ 43 ]. The discovery that chronic gastritis 
caused by  H. pylori  could progress to gastric cancer led to the preventive treatment 
of some gastric cancers caused by bacterial infection. 

 The Pap smear method, which G. N. Papanicolaou devised [ 44 ,  45 ], and mam-
mography could detect the precancerous stages of uterine cervical cancer and breast 
cancer, respectively, and therefore was used as preventive methods for these cancers. 

 Due to the extensive biochemical studies of carcinogenesis, not merely chemi-
cals but other substances, such as hormones, viruses, and bacteria, were recognized 
to be carcinogens. Further research on these carcinogens and related types of cancer 
were performed, and their correlations were investigated in depth (Table  2.1 ).

   As cancer prevention and early diagnosis became possible due to the aforemen-
tioned scientifi c discoveries, their importance became clearer. Since molecular mech-
anisms of carcinogenesis were not understood until the 1980s, it was still unclear in 
the 1960s and 1970s how HBV,  H. pylori , and mutagenic chemicals individually 
caused tumorigenesis at the molecular level. Thus, the in-depth knowledge needed 
cancer treatment and prevention was limited. However, clinical studies during this 
time revealed that cancer had diverse characteristics with respect to their response to 
anticancer drugs as well as their invasion and metastatic abilities (Fig.  2.7 ).

   Drosophila mutation was studied in 1910, and x-ray-induced mutation was stud-
ied in the 1920s, but no connection was revealed between the carcinogenic mecha-
nism and genetic mutation. 
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 After P. Rous discovered the Rous sarcoma virus in 1910 [ 46 ], D. P. Burkitt [ 47 ] 

   Table 2.1    Carcinogens and related malignancies   

 Carcinogens  Related malignacies 

 Alkylating agents  AML, Bladder 
 Androgens  Prostate 
 Aromatic amines  Bladder 
 Arsenic  Lung, Skin 
 Asbestos  Lung, Mesothelioma, Peritoneum 
 Benzene  AML 
 Chromium  Lung 
 Epstein-Barr virus  Burkitt lymphoma, Nasal T cell lymphoma 
 Estrogens  Endometrium, Liver, Breast 
 Ethyl alcohol  Liver, Esophagus 
 Helicobacter pylori  Stomach, gastric MALT lymphoma 
 Hepatitis B or C virus  Liver 
 HIV virus  NHL, Kaposi sarcoma, Urologic malignancy, Squamouse cell 

carcinoma 
 Human papilloma virus  Cervis, Head & Neck 
 Immunosuppressive agents  NHL 
 Nitrogen mustard gas  Lung, Head & Neck 
 Nickel dust  Lung, Nasal cavity 
 Phenacetin  Kidney, Bladder 
 Polycyclic hydrocarbons  Lung, Skin 
 Schistosomiasis  Bladder (Squamous) 
 UV light  Skin (Squamous, Melanoma) 
 Tobacco  Lung, Head & Neck, Esophagus, Kidney, Bladder, Pancreas 
 Obesity  Colon, Breast, Esophagus, Endometrium, Kidney 

  Fig. 2.7    Cancer research 
during 1960–1980s       
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discovered in 1958 that EBV causes Burkitt’s lymphoma, and in 1983, it was 
reported that the human papilloma virus (HPV) [ 48 ] causes uterine cervical cancer. 
Based on these fi ndings, it was proposed that viruses could cause cancer, as sup-
ported by the prevailing theory until the 1970s that the transformation of normal 
cells into cancer cells was caused by external factors. 

 In the 1950–1970s, x-ray, soot, tobacco smoke, and asbestos were thought to be 
the main causes of cancer. Other known causes were genetic factors, such as in the 
case of retinoblastoma and the Rous sarcoma virus, which causes sarcoma in chick-
ens. Thus, cancer-inducing factors were shown to be genes, exogenous chemicals, 
and infectious agents such as viruses, but not one unifi ed mechanism could integra-
tively explain all these factors because they were so different from one another. 

 However, in 1970, D. Baltimore [ 49 ] and H. M. Temin [ 50 ] discovered the retro-
virus, which revealed the process of reverse transcription from RNA to DNA and 
how insertion of the retrovirus into host chromosomes could induce mutation of 
genetic information. This discovery led to studies on the relationship between the 
retrovirus and human tumors. 

 In 1970, G. S. Martin, P. K. Vogt, and P. H. Duesberg [ 51 ] discovered the Src 
oncogene in RSV. This oncoprotein was revealed to have kinase activity and induced 
phosphorylation in other proteins. Such kinase could promote cell division, which 
explained the molecular pathway of carcinogenesis [ 52 ]. 

 In 1976, J. M. Bishop and H. E. Varmus [ 53 ,  54 ] discovered that the Src onco-
gene existed not only in viruses but also in normal host cells. The oncogenes in the 
normal host cells were named “proto-oncogenes,” and those in viruses were mutated. 
In 1981, based on this fi nding, it was suggested that proto-oncogenes in normal cells 
could be activated into oncogenes that cause abnormal cell division due to muta-
tions caused by x-rays, exogenous chemicals, or viruses. This discovery was widely 
spread under the concept of “enemies within.” [ 55 ] 

 Based on this discovery, a universal mechanism for tumorigenesis was proposed 
in the 1980s. The explanation that mutation factors (including x-rays, soot, tobacco 
smoke, and asbestos), genetic factors, and viruses induce genetic mutations, espe-
cially the activation of proto-oncogenes, eventually enabled integrated understand-
ing of tumorigenesis at the genetic level. 

 In 1982, R. A. Weinberg, M. Barbacid, and M. Wigler reported the fi rst Ras onco-
gene in humans [ 56 – 58 ]; in 1986, R. A. Weinberg again discovered the Rb (anti- 
oncogene or tumor suppressor gene) in humans [ 59 ,  60 ]. Thereafter, various 
mutations of Rb were discovered in different types of cancer, in addition to retino-
blastoma. The Rb gene provided solid evidence that the inactivation of anti- 
oncogenes is involved in human tumor development. 

 In the 1980s, the dominant theory held was that tumors were caused by the acti-
vation of proto-oncogenes and the inactivation of tumor suppressor genes. Cancer 
was then widely believed to be induced by the abnormal regulation of gene expres-
sion from the mutation of normal genes in cells. 

 In the 1980s–1990s, many types of oncogenes and tumor suppressor genes were 
discovered in human tumors (Fig.  2.8 ), and their functions and mechanisms were 
discovered in vivo through transgenic mouse technology, which was developed in 
1980 [ 61 – 63 ]. In 1983, K. Mullis invented PCR technology, which could amplify a 
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small amount of DNA. This invention led to a breakthrough progress in the 
identifi cation of cancer genes and their functional studies during carcinogenesis. As 
a result, the correlation among various genes (i.e., the signal transduction process of 
the genes) was gradually understood.

   According to epidemiologic studies on cancer mortality conducted in the U.S. 
between 1970 and 1994, the mortality rates of colon cancer decreased by nearly 
30 %, and of cervical and uterine cancer, by nearly 20 %. The mortality rates of 
childhood cancer, Hodgkin’s disease, and testicular cancer decreased as well [ 64 ]. 
Regarding lung cancer, its mortality rate in men decreased after it peaked in the 
1980s, but its rate in women rapidly increased; its mortality rate in women over 55 
years old greatly increased within a 30-year interval due to the increase in the female 
smoking rate in the 1950s. 

 As cancer occurrence caused by smoking increased, research of cancer preven-
tion became routine. Epidemiologic, clinical, and biologic research fi ndings also 
indicated that cancer is not a simple disease that could be overcome with a single 
therapy, but instead a complex genetic disease with various molecular  characteristics. 
Therefore, basic research on the genetic characteristics of cancer was intensively 
conducted, and the research target was of course cancer cells. This was because the 
cancer cells were the most signifi cant cells in cancer tissue. Hence, most studies 
focused on the genes of cancer cells, since cancer genes are responsible for the 
expression of the characteristics of cancer cells. 

 With this viewpoint, B. Vogelstein [ 65 ] proposed a theory in 1988 that cancer 
progresses through a multi-step process that involves the activation and inactivation 
of several genes. Related to this theory, the characteristics of malignant cancer such 

  Fig. 2.8    Discovery of oncogene and anti-oncogene (tumor suppressor gene)       
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as abnormal cell proliferation, suppression of apoptosis, induction of angiogenesis, 
invasion, and metastasis, and their molecular mechanisms, were studied in detail at 
the genetic level. 

 As molecular changes in cancer cells during carcinogenesis were revealed, the 
characteristics of cancer cells were summarized by D. Hanahan and R. A. Weinberg, 
and they proposed the six hallmarks of cancer in 2000 [ 66 ] to be as follows: (1) 
it maintains a consistent proliferative signal; (2) it evades growth suppression; (3) it 
resists apoptosis; (4) it enables replicative immortality of chromosomes; (5) 
it induces angiogenesis; and (6) it activates invasion and metastasis abilities. These 
were further extended to ten hallmarks in 2011 [ 67 ]. Subsequently, attempts to treat 
cancer by targeting these characteristics developed rapidly. These attempts focused 
on the development of molecule-targeted anticancer drugs that target the genes 
related to the characteristics of cancer cells that differ from those of normal cells. 

 Throughout the 1980s–1990s, extensive basic research on cancer cells was car-
ried out based on the understanding that the properties of cancer cells were crucial 
to the development of treatment of cancers. As a result, much information was accu-
mulated on the many types of oncogenes and tumor suppressor genes involved in 
carcinogenesis, as well as on the signal transduction pathways in gene activation 
and their underlying mechanisms. These scientifi c advancements made possible the 
development of novel anticancer drugs. 

 Most of the anticancer drugs developed before the 1980s targeted the rapid cell 
division of cancer cells. Antifolates such as aminopterin, which was developed in 
the 1940s, inhibited cell division by blocking folic acid metabolism in the cell. 
N-mustard and cisplatin inhibited cell division by binding to DNA and blocking the 
gene replication needed for cell division [ 68 ]. Vincristine, developed in 1958, 
blocked cell division by suppressing the formation of cytoskeleton in the cell. 
However, these cytotoxic anticancer drugs suppressed not only the division of the 
cancer cells but also that of normal cells, which led to toxicities such as severe 
myelosuppression and epithelial cell damage of the skin and mucosa. Therefore, it 
was necessitated that new anticancer drugs should distinguish cancer cells from 
normal cells and attack only the cancer cells. The scientifi c evidence for such anti-
cancer drugs was provided by basic research on cancer cells. 

 Based on such research, tamoxifen and trans-retinoic acid were developed as 
early molecular-targeted anticancer drugs. Tamoxifen was developed in 1977, based 
on the fact that specifi c breast cancers rely on estrogen signaling. In 1986, it was 
discovered that the PML-RARα fusion protein in acute promyelocytic leukemia 
(APL) was produced through chromosome translocation, and all-trans-retinoic acid 
(ATRA) showed an anticancer effect after combining with this protein. 

 As the various oncogenes and tumor suppressor genes discovered in previous 
studies acted as the core regulatory factors of cell division, anticancer drugs that 
targeted such factors began development. One example is trastuzumab (Herceptin), 
developed in 1990, an antibody that targeted the oncogene Her-2 of some breast 
cancers. Imatinib (Gleevec), which targeted the oncogene Bcr-Abl kinase of chronic 
myeloid leukemia (CML), was developed in 1996, and introduced the molecule- 
targeted therapy that inhibited only the activated oncogenes [ 69 ]. Next, 
molecular targeted agents that targeted the genetic mutations in cancer cells, the 
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molecular differences in the signal transduction pathways, the apoptosis resistance 
of cancer cells, and the ability to induce angiogenesis and metastatic ability began 
development (Fig.  2.9 ). In 2005, a second generation CML drug named dasatinib 
(Sprycel) was developed for the mutated Bcr-Abl kinase of CML patients resistant to 
imatinib (Gleevec); the evolution of cancer and molecule-targeted agents began [ 70 ].

   Since the introduction of Gleevec in 1996, hundreds of targeted agents for vari-
ous cancers such as lung cancer, breast cancer, sarcoma, and melanoma are cur-
rently being developed. 

 Typical examples are bevacizumab (Avastin), which suppresses tumor angiogen-
esis; bortezomib (Velcade), which can treat multiple myeloma by blocking the deg-
radation pathway of protein in cancer cells; olaparib (Lynpanza), developed in 2009 
to treat breast cancers with BRCA gene mutation; and vemurafenib (Zelboraf), 
which was developed in 2011 to treat melanoma [ 71 ] (Fig.  2.10 ).

   In 2001, the Human Genome Project (HGP) led by F. Collins and C. Venter [ 72 , 
 73 ], considerably increased the possibility of the development of these molecule- 
targeted agents. The HGP could be one of the greatest scientifi c achievements of 
humankind. Following the formulation of the Cell Theory in 1838, the study objec-
tive of modern life sciences was focused on genes from chromosomes in the cell. 
HGP made possible the full interpretation of human genetic information, and would 
provide an opportunity to scientifi cally explain human biological activities, the 
study of which was previously considered to be beyond the limits of human ability. 
Many people believed that the HGP would make possible the discovery of the 
molecular mechanism and the treatment of various human diseases, including can-
cer. These expectations led to various studies on the gene mutations of human can-
cers using the rapid genomic DNA sequencing technology. 

 In 2004, a year after the discovery of the human genome sequence, B. Vogelstein 
[ 74 ] proposed the theory that cancer is in essence a genetic disease. The Cancer 

  Fig. 2.9    Basic researches for distinguishing cancer cells from normal cells during 1980–2000       
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  Fig. 2.10    Molecular targeted anticancer drugs       

  Fig. 2.11    Cancer genome research       
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Genome Atlas (Fig.  2.11 ) for brain, lung, pancreatic, and ovarian cancers was 
 promoted, and their entire genome was sequenced. As a result, dozens of mutated 
genes were discovered (Table  2.2 ), most of which were signal transduction factors 
such as serine/threonine kinases, tyrosine kinases, transcription factors, GTPases, 
and growth factors (Table  2.3 ) [ 74 ,  75 ].

     In 2013, it was discovered that the number of mutations and the set of mutated 
genes differs from patient to patient, which gave rise to the concept of personalized 
therapy. These mutations could be divided into “driver mutations,” which play an 
essential role in tumorigenesis, and “passenger mutations,” which do not greatly 
affect tumorigenesis. The physiological function of these mutations in tumorigene-
sis and their connecting pathways were explained as well [ 75 ]. 

 In the future, attempts will be made to understand the functions of these muta-
tions and develop their targeted therapy agents. Such mutations closely related to 
increased cell division pathways (the cell cycle/death, RAS, and TGF-β signal trans-
duction pathways), pathways related to the modulation of the cell fate (the Notch 
and chromatin-modifi ed signal transduction pathways), and the genome- maintaining 
pathway through the DNA damage regulatory signal transduction pathway [ 75 ]. The 

  Table 2.2    Number of 
mutations in human cancers    Adult cancer  

  No. of 
mutations  

 Small cell lung cancer  163 
 Non-small cell lung cancer  147 
 Melanoma  135 
 Esophageal squamous cell carcinoma  79 
 Non-Hodgkin lymphoma  74 
 Head & neck cancer  66 
 Colorectal cancer  66 
 Esophageal adenocarcinoma  57 
 Gastric cancer  53 
 Endometrial cancer  49 
 Pancreatic cancer  45 
 Ovarian cancer  42 
 Prostate cancer  41 
 Hepatocellular cancer  39 
 Glioblastoma  35 
 Breast cancer  33 
 Chronic lymphocytic leukemia  12 
 Acute myeloid leukemia  8 

  Pediatric cancer  
  No. of 
mutations  

 Glioblastoma  14 
 Neuroblastoma  12 
 Acute lymphocytic leukemia  11 
 Medulloblastoma  8 
 Rhabdoid cancer  4 
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abnormally increased factors in these signal transduction pathways will be the target 
for future targeted anticancer drugs. Therefore, anticancer drugs that suppress or 
block such increased activity of cancer cells will be developed in the future. 

 Alternatively, there are attempts to develop targeted anticancer agents that focus 
on the loss-of-function of cancer cells, such as tumor suppressors, but this is not an 
easy task because protein functions are diffi cult to recover, and it will require a long 
time with abundant efforts. Meanwhile, the correlation between genetic diseases, 
their genetic abnormalities, and tumors has also been studied, and the relationships 
between various genetic diseases and the tumors that frequently accompany them 
have been summarized (Tables  2.4 ).

   In the future, genetic mutations of individual patients will be analyzed, and it will 
become possible to provide each patient with individualized anticancer treatment by 
combining new targeted agents for such mutations with the previously developed 
cytotoxic anticancer drugs [ 76 ,  77 ]. 

 In this chapter, the scientifi c discoveries and history of cancer and anticancer 
drugs following the Cell Theory in 1838 were briefl y discussed. An overall chrono-
logical comparison regarding the scientifi c discoveries and history of cancer and 
anti-cancer drugs is summarized in Table  2.5 .

   Table 2.3    Common genetic aberrations in human malignancies   

 Gene  Function  Genetic alterations  Associated tumors 

 AKT1  Serine/threonine kinase  Amplifi cation  Stomach 
 AKT2  Serine/threonine kinase  Amplifi cation  Ovary, Breast, Pancreas 
 BRAF  Serine/threonine kinase  Point mutation  Melanoma, Lung, Colon 
 CTNNB1  Signal transduction  Point mutation  Colon, Prostate, Melanoma 
 FOS  Transcription factor  Overexpression  Osteosarcoma 
 ERBB2  Receptor tyrosine 

kinase 
 Amplifi cation, 
overexpresison 

 Breast, Stomach, Ovary, 
Brain 

 JUN  Transcription factor  Overexpression  Lung 
 MET  Receptor tyrosine 

kinase 
 Point mutation, 
rearrangement 

 Osteosarcoma, Kidney, 
Brain, Stomach 

 MYB  Transcription factor  Amplifi cation  Leukemia, Colon, 
Melanoma 

 C-MYC  Transcription factor  Amplifi cation  Breast, Colon, Stomach, 
Lung 

 L-MYC  Transcription factor  Amplifi cation  Lung, Bladder 
 N-MYC  Transcription factor  Amplifi cation  Lung, Brain 
 HRAS  GTPase  Point mutation  Colon, Lung, Pancreas 
 KRAS  GTPase  Point mutation  Melanoma, Colon, 

Leukemia 
 NRAS  GTPase  Point mutation  Various cancers 
 REL  Transcription factor  Point mutation, 

amplifi cation 
 Lymphoma 

 WNT1  Growth factor  Amplifi cation  Retinoblastoma 
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   Table 2.4    Genetic disorders and related malignancies   

 Syndrome  Gene  Chromosome  Inheritance  Associated tumors 

 Ataxia telangiectasia  ATM  11q22-q23  AR a   Breast 
 Autoimmune 
lymphoproliferative 
symdrome 

 FAS  10q24  AD b   Lymphoma 
 FASL  1q23 

 Bloom syndrome  BLM  15q26.1  AR  Various cancers 
 Cowden syndrome  PTEN  10q23  AD  Breast, Thyroid 
 Familial adenomatous 
polyposis 

 APC  5q21  AD  Colon 

 Familial melanoma  P16INK4  9p21  AD  Melanoma, Pancreas 
 Familial Wilms tumor  WT1  11p13  AD  Kidney 
 Hereditary breast/
ovarian cancer 

 BRCA1  17q21  AD  Breast, Ovary, Colon, 
Thyroid  BRCA2  13q12.3 

 Hereditary diffuse 
gastric cancer 

 CDH1  16q22  AD  Stomach 

 Hereditary multiple 
exostoses 

 EXT1  8q24  AD  Chondrosarcoma 
 EXT2  11p11-12 

 Hereditary prostate 
cancer 

 HPC1  1q24-25  AD  Prostate 

 Hereditary 
retinoblastoma 

 RB1  13q14.2  AD  Retinoblastoma, 
Osteosarcoma 

 Hereditary 
nonpolyposis colon 
cancer (HNPCC) 

 MSH2  2p16  AD  Colon, Endometrium, 
Ovary, Stomach, Small 
bowel, Urothelial 

 MLH1  3p21.3 
 MSH6  2p16 
 PMS2  7p22 

 Hereditary papillary 
renal carcinoma 

 MET  7q31  AD  Kidney 

 Juvenile polyposis  SMAD4  18q21  AD  GIST, Pancreas 
 Li-Fraumeni  TP53  17p13.1  AD  Breast sarcoma 
 MEN type 1  MEN1  11q13  AD  Parathyroid, Endocrine, 

Pancreas, Hypothalamus 
 MEN type 2a  RET  10q11.2  AD  Medullary thyroid, 

Pheochromocytoma 
 Neurofi bromatosis 
type 1 

 NF1  17q11.2  AD  Neurofi broma, Brain 

 Neurofi bromatosis 
type 2 

 NF2  22q12.2  AD  Schwannoma, 
Meningioma, Spinal 
tumors 

 Nevoid basal cell 
carcinoma syndrome 
(Gorlin’s syndrome) 

 PTCH  9q22.3  AD  Basal cell carcinoma, 
Medulloblastoma 

 Tuberous sclerosis  TSC1  9q34  AD  Angiofi broma, 
Angiomyolipoma  TSC2  16p13.3 

 Von Hippel-Lindau  VHL  3p25-26  AD  Kidney, Cerebellum, 
Pheochromocytoma 

   a  AR  autosomal recessive 
  b  AD  autosomal dominant  
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   As shown in this table, current life sciences started with the defi nition of the 
basic unit of complex multicellular organisms, the Cell Theory, proposed in 1838. 
Subsequently, the majority of bioresearch was focused on cells, which became the 
research objective. This research objective became further subdivided by focusing 
on the gene and genetic information, among the various molecular substances in the 
cell. During this process, various scientifi c technologies and methodologies were 
developed to study cells, molecules and genes (DNA), and fi nally, the human 
genome was fully revealed and identifi ed. In the past 40 years, along with the prog-
ress of scientifi c advancements, cancer research has also focused on cancer cells 
based on the defi nition of cancer as a “a new cell mass” (“neoplasm” in 1854–1855), 
and revealed various properties of cancer cells at the molecular and genetic level. As 
a result, anticancer drugs have been developed based on such research output from 
proliferation-inhibiting cytotoxic cancer drugs to molecular-targeted agents that tar-
get the abnormal genes of cancer cells. Therefore, the overall development of life 
sciences, cancer research, and anticancer drugs in the past 170 years was accom-
plished mainly at the molecular level by focusing on cells. Thus, anticancer drugs 
were developed based on the molecular properties of cancer cells. 

 Table  2.5  shows how past scientifi c developments led to the discovery of new anti-
cancer drugs. For example, DNA-sequencing led to the discovery of the nature of the 
human oncogene and to the analysis of the genome of human cancer cells, which pro-
vided great opportunities to develop new molecular-targeted anticancer agents. The 
PCR and transgenic mouse technologies also led to an understanding of the functions 
and signal transduction pathways of oncogenes and tumor-suppressor genes, which 
eventually contributed to the development of new anticancer agents. In addition, mono-
clonal antibody technology provided the decisive technical basis for the development 
of various antibody-based cancer drugs that target specifi c proteins of cancer cells. 

 In Chaps.   4     to   9    , the six classifi ed cancer drugs and the developmental history of 
each drug are described. In Chap.   10    , the adverse effects of anticancer drugs are 
summarized. In Chap.   11    , the effectiveness of these drugs in cancer treatment is 
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reviewed, and the future direction of cancer research and anticancer drug develop-
ment is proposed.    
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    Chapter 3   
 Chronology of Anticancer Drug Development                     

3.1              A Historical Background of Cancer Chemotherapy 

 Cancer was not recognized as a major cause of death in western industrialized 
countries until the nineteenth century, but the cancer-related mortality increased 
rapidly after the decrease in lethal infectious diseases, such as tuberculosis and 
typhoid, following national efforts to improve hygiene and public health. The 
decrease in these diseases also rapidly increased the average life span, and since 
the twentieth century, cancer has become one of the leading causes of death, dem-
onstrating that it is highly age-dependent. In the United States, life expectancy 
increased from 47 to 68 years in the fi rst 50 years of the twentieth century, and 
cancer had been the second most common cause of death since 1933 [ 1 ]. Following 
this, cancer therapy has emerged as a matter of the national concern, and the 
F.D. Roosevelt administration enacted the world's fi rst National Cancer Act in 
1937, which sought the ways to overcome cancer at a national level by establishing 
the National Cancer Institute (NCI) that specialized in cancer research [ 2 ]. Later, 
European countries started making efforts to stop the spread of cancer, based on 
their national research institutions. 

 Until the 1940s, cancer therapies solely relied on surgical resections and radio-
therapy, but treatment outcomes remained dismal. These two treatment modalities 
focused on the local control of cancer and were not able to remove undetectable 
micrometastases at distant sites; thus, at the beginning of the 1930s, the eradication 
of cancer was recognized as diffi cult using these treatments alone. Different opin-
ions about the need for the development of new therapies were expressed, and one 
physician, W. Meyer, suggested that it is necessary for biological systemic therapies 
to be added following the local treatments, such as surgical resection and radio-
therapy, in order to achieve better patient survival outcomes [ 3 ]. The unmet need for 
such systemic treatments promoted the full-scale development of cancer chemo-
therapeutic agents.  
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3.2     Development of the Anticancer Drug Screening Systems 

 Here, we briefl y review the history of the drug screening systems, which made the 
development of the anticancer drugs possible (Fig.  3.1 ). The establishment of drug 
screening system is required for the fi rst-line selection process (preclinical testing) 
of the most clinically effective drugs, among large numbers of drug candidates. The 
in vivo tumor transplantation method, the transplantation of the tumor tissue or 
cancer cells into animals, was mainly used to investigate drug effi cacy before the 
cultured cell-based drug screening system, containing 60 human cancer cell lines, 
was developed in 1990.

   Tumor transplantation research began in the late nineteenth century, as the studies 
regarding the etiology of cancer began, by retrieving tumor tissues from animals with 
spontaneously occurring tumors and transplanting them to different organisms of the 
same species. This led to the development of a transplantable tumor model that can 
induce cancer at a high rate by the early twentieth century. In 1858, Virchow hypothesized 
[ 4 ] that cancer is a disease that occurs following the chronic stimuli (cell stimulus hypoth-
esis), following which, several different hypotheses on the causes of cancer emerged. In 
1876 German microbiologist, R. Koch formulated the pathogen-derived disease hypoth-
esis, after discovering  Bacillus anthracis , the cause of anthrax [ 5 ]. This hypothesis greatly 
affected cancer research, leading to the studies investigating the possibility that pathogens 
may cause cancer; hence, experimental biology and the animal experimentation methods, 
which include the transplantable animal tumor model, developed [ 6 ]. 

3.2.1     Transplantable Tumor Models in Animals 

 The fi rst tumor transplantation was reported by M.A. Novinsky from St. Petersburg 
College, Russia, in 1877 [ 7 ]. In order to study the pathogen-derived disease hypoth-
esis, Novinsky transplanted naturally occurring canine nasal tumor and venereal 

1903, C. Jensen, stable tumor transplantation model in mouse

1877, M.A. Novinsky, first tumor transplantation in dog

1904, P.Ehrlich, anti-cancer drug screenings
using tumor transplantation model

1915, K. Yamagawa, tumor induction by applying
coal tar in rabbits

1932, E. Kennaway, rapid tumor induction
by applying benzo pyrene

1935, M. Shear, first large-scale screening with a
transplantable murine sarcoma model

1949, L.W. Law, L1210 transplantable
leukemia model in DBA syngeneic mice

1957, C.J. Dawe, P388 leukemia model in DBA
syngeneic mice

1976, NCI, murine solid tumor models
& xenograft model in nude mice

1990, NCI, cell culture-based drug screening
with NCI-60 human cancer cell line panel

2001, Novartis, development of imatinib
using mechanism-based drug screening

1995, NCI, hollow fiber assay

1900 1920 1960 1980 20001940

  Fig. 3.1    Key advances in tumor models and anticancer drug screening systems       
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sarcoma into the skin of a puppy and succeeded in maintaining them at over two 
consecutive generations. Subsequently, several other laboratories in Europe suc-
ceeded in transplanting tumors in other animals, such as mice, rabbits, and rats. In 
1903, C. Jensen at the Copenhagen Institute of Agricultural and Aquatic Medicine, 
Denmark, was the fi rst to establish a stable tumor-transplantation mouse model over 
multiple generations [ 8 ]. Following this, P. Ehrlich in Germany improved Jensen’s 
tumor transplantation model, increasing the cancer incidence rate, from 1904 to 
1908, and utilized this model for anticancer drug screenings [ 9 ]. He examined anti-
cancer effi cacy of various compounds, including dyes and arsenic compounds. 
Despite these efforts, Ehrlich was not successful in discovering an active anticancer 
compound, but he did establish the theoretical background and systematic methodol-
ogy for anticancer drug screenings, and provided an insight about the need for devel-
oping anticancer drugs, which would have low toxicity toward normal cells while 
having highly selective toxicity toward continuously proliferating cancer cells. 

 In the USA, H.R. Gaylord and G. Clowes at the Roswell Park Memorial Institute, 
New York, established a tumor transplantation model in 1910, using C. Jensen’s 
model, and founded the basis for the full-scale anticancer drug development [ 10 ].  

3.2.2     Chemical Tumor Induction and Anticancer Drug 
Screening Using Inbred Mice 

 In 1910, P. Rous at Rockefeller University, USA, discovered the Rous sarcoma 
virus, which causes chicken sarcoma [ 11 ], but this discovery did not receive a lot of 
attention at that time, because scientists considered this virus non-oncogenic. Later, 
in 1915, K. Yamagawa, Virchow’s disciple, at Tokyo University, Japan, succeeded in 
causing squamous cell carcinoma for the fi rst time using chemical methods, based 
on the cell stimulation theory, by applying coal tar to the ears of a rabbit [ 12 ]. 
Owing to the development of this cancer induction system, it became possible to 
overcome the inaccuracy of evaluation of anticancer drugs caused by the rejection 
of transplanted tumors when using spontaneous tumor models. 

 Transplantable tumor models were established in several laboratories, but because 
between the 1910s and the early 1930s separation and purifi cation techniques of natu-
ral substances and synthesis techniques of organic chemicals were still at early stages 
of development, there were limited numbers of compounds available for these studies. 
Anticancer effects of only a small number of compounds, such as natural dyes or cel-
lular respiratory toxins like ferricyanide, were investigated. 

 Full-scale anticancer drug screening was initiated by M. Shear at the Cancer Research 
Institute, the United States Public Health Service affi liate, which was the origin of the 
NCI [ 13 ]. The anticancer effects of a wide variety of bacterial polysaccharides were 
tested after the establishment of a large-scale screening system using a transplantable 
murine sarcoma model in 1935, and afterward, by 1953, more than 3,000 kinds of plant 
extracts and synthetic compounds were examined for anticancer effects. These studies 
failed to lead to the development of any clinically approved drugs. 

3.2 Development of the Anticancer Drug Screening Systems
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 However, it was determined that N-mustard (by L.S. Goodman and A. Gilman in 
1946), aminopterin (by S. Farber in 1948), and 6-mercaptopurine (by G. Elion in 
1951) have anticancer activities. This led to an active promotion of chemotherapeu-
tic cancer treatment studies, and a large-scale national program for the development 
of anticancer drugs was conducted by the US National Cancer Chemotherapy 
Service Center (NCCSC) in 1955. During the following 10 years (1955–1964), hun-
dreds of thousands of synthetic chemical species, fermentation products, plant 
extracts, and their derivatives have been tested as potential candidates. This program 
was led by M. Shear at the NCI, and it was conducted in collaboration with the 
Memorial Sloan Kettering Cancer Center in New York, Southern Research Institute 
in Alabama, Dana-Farber Cancer Institute in Boston, and Chester Beatty Research 
Institute in London. 

 The rejection of tissue transplants frequently occurred, because transplanted 
tumors used in the initial drug screenings were often not derived from inbred mice, 
and various authors argued that precise drug tests were not possible using this 
model. This led to studies aiming to establish an inbred mouse transplantation 
model, in order to prevent tissue rejection. In the early twentieth century, several 
inbred mouse strains, such as DBA, BALB/c, and C57BL, were established. In 
1932, J.W. Cook and E. Kennaway discovered that carcinogenic benzopyrene from 
coal tar components can cause cancer in mice in less time compared with the coal 
tar [ 14 ]. Using these inbred mice and polycyclic aromatic cancer inducers, the trans-
plantable leukemia models, L1210 and P388, were established by L.W. Law at NCI 
in 1949 [ 15 ] and C.J. Dawe and M. Potter in 1957 [ 16 ] from the DBA inbred mice, 
respectively. This made screening of cytotoxic anticancer agents quick and repro-
ducible, and these animal models have been actively used in NCCSC program 
between the 1950s and 1960s.  

3.2.3     Solid Tumor Animal Models and Xenograft Screening 
Methods 

 By using L1210 and P388 leukemia models, various types of anticancer agents, 
such as busulfan and cyclophosphamide, have been developed during the 1950s and 
1960s. It was shown that these anticancer agents were effective in clinical treat-
ments of leukemia and lymphoma, but not in solid cancer treatments, which have a 
much higher incidence, and there was a growing need for the development of solid 
tumor animal model system. In 1976, the NCI adopted solid cancer mouse trans-
plant models, such as B16 (melanoma), C38 (colon cancer), Lewis (lung carci-
noma), and three types of new human solid cancer xenograft screening systems, 
LX-1 for human lung cancer, CX-1 for human colon cancer, and MX-1 for human 
breast cancer [ 17 ]. Xenograft studies began in 1966 by establishing immunodefi -
cient nude mice with T-cell defi ciency caused by thymic hypoplasia, by S.P. Flanagan 
at the Animal Genetics Institute, UK [ 18 ]. In 1969, J. Rygaard and C.O. Povlsen, at 
the Institute of Pathological Anatomy, Denmark, established the fi rst xenograft 
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model by succeeding in harvesting colon-cancer patient tissues and transplanting 
them to nude mice [ 19 ]. Solid tumor screening systems allowed the identifi cation of 
the drugs that were missed in previous leukemia model screenings, such as pacli-
taxel. About 30 % of substances previously eliminated in the inbred mice transplant-
ing system studies have been reported to have activity in a xenograft model upon 
retesting [ 20 ].  

3.2.4     Anticancer Drug Screening Methods Based on Human 
Cancer Cell Lines 

 In 1983, several researchers, including M.J. Staquet, reported that solid tumor mod-
els were still not highly relevant for the clinical effi cacy of the investigated antican-
cer agents [ 21 ]. Although solid tumor animal models refl ected well clinical effi cacy 
of the cytotoxic compounds, they did not present the appropriate screening models 
for new drug classes, such as cytostatic agents or angiogenesis inhibitors. 
Additionally, these models required a great amount of time and resources, in order 
to screen large numbers of different synthetic drugs, and the infl uence of social 
movements from animal advocates gradually restricted the use of large numbers of 
animals for drug screening. Therefore, in 1989, NCI developed NCI-60, a panel of 
60 diverse human cancer cell lines mainly composed of solid tumor cell lines [ 22 ], 
and established a high-speed, large-scale, and tumor type-oriented drug develop-
ment system, which has been used as a main drug screening system since 1990. 

 Additionally, in 1995, the hollow fi ber assay, which complements the weak-
nesses of drug effi cacy tests in the cell culture system, was adopted by various 
researchers, including M.G. Hollingshead at the NCI [ 23 ]. In this method, hollow 
fi ber fi lled with human cancer cells are transplanted into nude mice, and recovered 
several days following the treatment with the investigated compound. The drug effi -
cacy is assessed by cell number analysis. This method has the advantage of the rapid 
assessment of the drug effi cacy in vivo, so that lower numbers of the nude mice are 
sacrifi ced, and therefore, it is more cost-effective and does not violate animal ethical 
standards.  

3.2.5     Mechanism-Based Anticancer Agent Screening Method 

 Since the 1980s, the studies of cancer pathogenesis at the gene level began to accu-
mulate rapidly, which led to the development of targeted anticancer agents that spe-
cifi cally inhibit oncogenic protein activities. Targeted anticancer agent discovery 
depended on the mechanism-based screening methods, established at private 
research institutions, such as pharmaceutical companies and universities. Imatinib 
appeared in 2001: it was discovered through a screening method developed by 
Novartis [ 24 ]. Mechanism-based screening method is a technology for identifying 

3.2 Development of the Anticancer Drug Screening Systems
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candidate compounds by examining the compound effi cacy against the target pro-
tein at the cellular level. This is generally achieved through the chemical design of 
a compound via structural protein analyses, and using high-throughput screening 
techniques. When a candidate drug is discovered by these methods, preclinical drug 
candidates are further evaluated in order to examine in vivo anticancer effects by 
using xenograft models or more advanced animal models, such as the orthotopic 
transplantation model, which involves transplantation of human cancer cells from 
human organs to the same organ of nude mice [ 25 ], or genetically engineered cancer 
mouse model [ 26 ].   

3.3     Chronology of the Anticancer Drug Development 

 An overview of the history of anticancer drugs developed by the end of 2013, 
based on the described screening systems, is shown in Fig.  3.2 . The emergence of 
chemotherapy began in 1946 from nitrogen mustard, an alkylating agent, and it 
was accelerated when aminopterin, a folic acid antagonist, was introduced for the 
treatment of pediatric leukemia patients in 1948, by S. Farber. Anticancer agents 
that were later developed can be divided into six categories, depending on their 
activities against cancer cells, as follows: (1) alkylating agents, (2) antimetabo-
lites, (3) plant alkaloids and natural compounds that contain antibiotics, (4) 
immunotherapeutic anticancer agents and other anticancer agents, (5) hormonal 
anticancer agents, and (6) molecular targeted anticancer agents. Anticancer agents 
that belong to each of these groups exhibit a distinct development pattern, as 
shown in Fig.  3.2 .

   Alkylating agents cause DNA damage and suppress continuous cell prolifera-
tion, which is a typical hallmark of cancer, and they had been intensively developed 
from the 1940s until the early 1970s. Antimetabolites were being developed from 
the late 1940s until recently. These drugs, due to the similarity in structure to precur-
sors required for DNA synthesis, inhibit cell growth, by acting as bait molecules for 
several enzymes, and preventing DNA replication. 

 The development of plant alkaloids, starting with vincristine and anticancer anti-
biotics such as dactinomycin, had begun in the 1960s, because of large-scale anti-
cancer drug screening conducted by the NCCSC in 1954, and the trend has continued 
into the 1990s. Synthetic derivatives of these natural compounds were being inves-
tigated at the same time, and a variety of synthetic anticancer drugs was developed 
from the mid-1960s through the mid-2000s. Most of these anticancer agents were 
focused on DNA synthesis and replication, which are essential for cell proliferation, 
and substances that inhibit DNA precursor synthesis, and stimulate the inhibition of 
DNA damage repair process, were called conventional chemotherapeutic agents 
(Fig.  3.3 ). However, these anticancer agents were developed without the under-
standing of basic cancer biology, such as the molecular etiology, complexity, and 

3 Chronology of Anticancer Drug Development



65

5-
F

lu
or

ou
ra

ci
l (

2)
19

62
 

M
et

ho
tr

ex
at

e 
(2

)
19

53

V
in

cr
is

tin
e 

(3
) 

19
63

C
yc

lo
ph

os
ph

am
id

e 
(1

)
19

59
C

is
pl

at
in

 (
1)

19
78

B
le

om
yc

in
 (

3)
 

19
73 D
ox

or
ub

ic
in

 (
3)

19
74

H
yd

ro
xy

ur
ea

 (
4)

19
67

2.
A

n
ti

-m
et

ab
o

lit
es

3.
P

la
n

t 
al

ka
lo

id
s 

an
d

 a
n

ti
b

io
ti

cs
4.

Im
m

u
n

o
th

er
ap

y/
m

is
ce

lla
n

eo
u

s 
d

ru
g

s 
5.

H
o

rm
o

n
al

 a
g

en
ts

6.
T

ar
g

et
ed

 a
g

en
ts

C
hl

or
am

bu
ci

l (
1)

19
57

T
hi

ot
ep

a 
(1

)
19

59

M
el

ph
al

an
 (

1)
19

64

M
er

ca
pt

op
ur

in
e 

(2
)

19
53

 
T

hi
og

ua
ni

ne
 (

2)
19

66
F

lo
xu

rid
in

e 
(2

)
19

70

D
au

no
ru

bi
ci

n 
(3

)
19

79

P
ro

ca
rb

az
in

e 
(1

)
19

69

M
ito

ta
ne

 (
4)

19
70

D
ac

ar
ba

zi
ne

 (
1)

19
75

Lo
m

us
tin

e 
(1

)
19

76

B
us

ul
fa

n 
(1

)
19

54

C
ar

m
us

tin
e 

(1
)

19
77

 

M
ec

hl
or

et
ha

m
in

e 
(1

)
19

49
A

ct
in

om
yc

in
 D

 (
3)

19
64

M
ith

ra
m

yc
in

 (
3)

19
70

C
yt

ar
ab

in
e 

(2
)

19
69

V
in

bl
as

tin
e 

(3
)

19
61

19
00

19
45

19
55

19
65

19
75

T
am

ox
ife

n 
(5

)
19

77

L-
A

sp
ar

ag
in

as
e 

(4
)

19
78

M
ito

m
yc

in
 C

 (
1)

19
74

D
E

S
 (

5)
19

50

E
st

ro
ge

n 
(5

)
19

38T
es

to
st

er
on

e 
(5

)
19

39

P
re

dn
is

ol
on

e 
(5

)
19

55

H
yd

ro
xy

pr
og

es
te

ro
ne

 (
5)

19
56

M
ed

ro
xy

pr
og

es
te

ro
ne

 (
5)

19
59

T
es

to
la

ct
on

e 
(5

)
19

70

M
eg

es
tr

ol
 a

ce
ta

te
 (

5)
19

71

1.
A

lk
yl

at
in

g
 a

g
en

ts

  F
ig

. 3
.2

  
  Ty

pe
s 

of
 a

nt
ic

an
ce

r 
dr

ug
s 

an
d 

a 
tim

el
in

e 
of

 th
ei

r 
de

ve
lo

pm
en

t         

 

3.3 Chronology of the Anticancer Drug Development



66

P
ac

lit
ax

el
 (

3)
19

92

Im
at

in
ib

 (
6)

20
01

G
ef

iti
ni

b 
(6

)
20

03

B
ev

ac
iz

um
ab

 (
6)

20
04

R
itu

xi
m

ab
 (

6)
19

97
T

ra
st

uz
um

ab
 (

6)
19

98

E
to

po
si

de
 (

3)
19

83

T
op

ot
ec

an
 (

3)
19

96

B
or

te
zo

m
ib

 (
6)

20
03

S
tr

ep
to

zo
to

ci
n 

(1
)

19
82

Ifo
sf

am
id

e 
(1

)
19

88

P
en

to
st

at
in

 (
2)

19
91

 

T
en

ip
os

id
e 

(3
)

19
92

Le
va

m
is

ol
e 

(4
)

19
90

C
ar

bo
pl

at
in

 (
1)

19
89

P
or

fim
er

 s
od

iu
m

 (
4)

19
95

E
st

ra
m

us
tin

e 
(1

)
19

81

F
lu

ta
m

id
e 

(5
)

19
89

S
un

iti
ni

b 
(6

)
20

06

S
or

af
en

ib
 (

6)
20

05

E
ve

ro
lim

us
 (

6)
20

09

N
ilo

tin
ib

 (
6)

20
06

C
riz

ot
in

ib
 (

6)
20

11

O
xa

lip
la

tin
 (

1)
20

02

C
et

ux
im

ab
 (

6)
20

04

B
en

da
m

us
tin

e
(1

)
20

08

M
ito

xa
nt

ro
ne

 (
3)

19
87

 

E
pi

ru
bi

ci
n 

(3
)

19
99

Id
ar

ub
ic

in
 (

3)
19

90
 

V
al

ru
bi

ci
n 

(3
)

19
98

C
la

dr
ib

in
e 

(2
)

19
93

C
ap

ec
ita

bi
ne

 (
2)

19
98

P
em

et
re

xe
d 

(2
)

20
04

G
em

ci
ta

bi
ne

 (
2)

19
96

N
el

ar
ab

in
e 

(2
)

20
05

C
lo

fa
ra

bi
ne

 (
2)

20
04

D
ec

ita
bi

ne
 (

2)
20

06

P
ra

la
tr

ex
at

e 
(2

)
20

09
 

F
lu

da
ra

bi
ne

 (
2)

19
91

E
rib

ul
in

 (
3)

20
10

 

D
oc

et
ax

el
 (

3)
19

96

Ix
ab

ep
ilo

ne
 (

3)
20

07

C
ab

az
ita

xe
l (

3)
20

10
 

D
as

at
in

ib
 (

6)
20

06
 

B
os

ut
in

ib
 (

6)
20

12
E

rlo
tin

ib
 (

6)
20

04

La
pa

tin
ib

 (
6)

20
07

P
an

itu
m

um
ab

 (
6)

20
06

V
an

de
ta

ni
b 

(6
)

20
11

P
er

tu
zu

m
ab

 (
6)

20
12

P
az

op
an

ib
 (

6)
20

09
 

C
ab

oz
an

tin
ib

 (
6)

20
12

P
on

at
in

ib
 (

6)
20

12

A
xi

tin
ib

 (
6)

20
12

V
em

ur
af

en
ib

 (
6)

20
11 R

ux
ol

iti
ni

b 
(6

)
20

11
R

eg
or

af
en

ib
 (

6)
20

12
 

T
em

si
ro

lim
us

 (
6)

20
07

 

R
om

id
ep

si
n 

(6
)

20
09

V
or

in
os

ta
t (

6)
20

06
V

is
m

od
eg

ib
 (

6)
20

12

A
ld

es
le

uk
in

 (
4)

19
92

Is
ot

re
tin

oi
n 

(6
)

20
02

A
bi

ra
te

ro
ne

 (
5)

20
11

Le
na

lid
om

id
e 

(4
)

20
06

T
re

tin
oi

n
(6

)
19

95

A
ltr

et
am

in
e 

(1
)

19
90

A
za

ci
tid

in
e 

(4
)

20
04

Ir
in

ot
ec

an
 (

3)
19

96
 

P
eg

as
pa

rg
as

e 
(4

)
19

94

D
en

ile
uk

in
 d

ift
ito

x 
(4

)
19

99
 

P
om

al
id

om
id

e 
(4

)
20

13
 

B
ex

ar
ot

en
e 

(6
)

19
99

A
lit

re
tin

oi
n 

(6
)

19
99

T
ha

lid
om

id
e 

(4
)

20
06

 

A
rs

en
ic

 tr
io

xi
de

 (
4)

20
00

V
er

te
po

rf
in

 (
4)

20
00

B
re

nt
ux

im
ab

 V
ed

ot
in

 (
6)

20
11

A
do

-T
ra

st
uz

um
ab

 E
m

ta
ns

in
e 

(6
)

20
13

Im
iq

ui
m

od
 (

4)
20

04

A
le

m
tu

zu
m

ab
(6

)
20

01

O
fa

tu
m

um
ab

 (
6)

20
09

G
em

tu
zu

m
ab

 O
zo

ga
m

ic
in

 (
6)

20
10

Ib
rit

um
om

ab
 T

iu
xe

ta
n 

(6
)

20
02F
ul

ve
st

ra
nt

 (
5)

20
02

T
or

em
ife

ne
 (

5)
19

97

Le
tr

oz
ol

e 
(5

)
19

97

A
na

st
ro

zo
le

 (
5)

19
95

 
Le

up
ro

lid
e 

(5
)

19
85

E
nz

al
ut

am
id

e 
(5

)
20

12

E
xe

m
es

ta
ne

 (
5)

19
99

D
eg

ar
el

ix
 (

5)
20

08

19
85

19
95

20
05

20
15

B
C

G
 (

4)
19

91

T
os

itu
m

om
ab

 I-
13

1 
(6

)
20

03

A
fa

tin
ib

 (
6)

20
13

G
os

er
el

in
 (

5)
19

89

T
em

oz
ol

om
id

e 
(1

)
19

99

D
ab

ra
fe

ni
b 

(6
)

20
13

T
ra

m
et

in
ib

 (
6)

20
13

R
al

ox
ife

ne
 (

5)
20

07

In
te

rf
er

on
-α

 (
4)

19
86

T
rip

to
re

lin
 (

5)
20

00
 

A
ba

re
lix

 (
5)

20
03

 H
is

tr
el

in
 (

5)
20

04
 

O
bi

nu
tu

zu
m

ab
 (

6)
 

20
13T
ra

m
et

in
ib

 (
6)

20
13

O
m

ac
et

ax
in

e 
(3

)
20

12

B
ic

al
ut

am
id

e 
(5

)
19

95

A
fli

be
rc

ep
t (

6)
20

12
Ib

ru
tin

ib
 (

6)
20

13

C
ar

fil
zo

m
ib

 (
6)

20
12

Ip
ili

m
um

ab
 (

4)
20

11

S
ip

ul
eu

ce
l-T

 (
4)

20
10

V
in

or
el

bi
ne

 (
3)

19
94

N
ilu

ta
m

id
e 

(5
)

19
96

S
om

at
os

ta
tin

 (
5)

19
87

F
ig

. 3
.2

 C
on

tin
ue

d

3 Chronology of Anticancer Drug Development



67

diversity of cancer, which resulted in less than expected treatment effi cacy and seri-
ous side effects for normal cells in the treatment of large number of cancers, with 
the exception of certain types of chemosensitive cancers such as leukemia and 
lymphoma.

   The fourth anticancer agent category covers immunotherapeutic and miscella-
neous anticancer drugs. Immunotherapeutic anticancer drugs have been steadily 
developed through the 1980s and 1990s up to the present, with aim of eliminating 
cancer cells by stimulating immune system components including cytokines such as 
interferon-α, humanized antibody therapeutics, and dendritic cells. Miscellaneous 
anticancer drugs such as asparaginases had been developed since the mid-1960s up 
to the 2000s. 

 Before the emergence of molecular targeted anticancer agents, which have 
been developed based on the biological understanding of normal and cancer 
cells, hormonal anticancer agents have been developed based on the knowledge 
about the cancer biology, for the treatment of particular types of cancer. 
Testosterone and estrogen were found to be frequently involved in the develop-
ment of prostate and breast cancer, respectively, and this led to the development 

  Fig. 3.3    Target sites of conventional chemotherapeutic agents       
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of hormonal anticancer drugs, such as diethylstilbestrol (DES) or tamoxifen. 
The development of these drugs began in the 1940s, and they are still regularly 
used in clinical practice. 

 Since the 1990s, a new concept of molecular targeted anticancer drugs began 
to develop rapidly. The accumulation of the results from the in-depth basic bio-
logical research on cancer since the 1980s made the development of this antican-
cer drug category possible. As the details of molecular mechanisms of 
tumorigenesis became elucidated, because of studies that used molecular biology 
tools, and as many factors that play important roles in various cancer types have 
been discovered, targeted drug development had accelerated. These anticancer 
drugs have constituted an important drug category since the twenty-fi rst century. 
Characteristics of these six drug categories, including the development process 
and structure, pharmacological actions, and toxicity are described in detail in the 
following chapter.  

3.4     Clinical Application of Anticancer Drugs 

 The anticancer agents are applied in three major ways during the cancer treatment. 
Palliative chemotherapy is applied for the treatment of the advanced cancer cases, 
where it is impossible to apply only local treatment, such as surgery, due to the 
cancer metastases, and this chemotherapy is used to delay the progression of cancer, 
prolonging survival and alleviating cancer-related symptoms [ 27 ]. However, in 
some cases of the certain types of solid tumors, full recovery is possible even in the 
advanced cancer stages, such as in adult Hodgkin’s lymphoma, acute myeloid leu-
kemia, reproductive system cancers, chorionic cancer, acute infant lymphoma, 
Burkitt’s lymphoma, and Wilm’s tumor. 

 Neoadjuvant chemotherapy is used for maximizing the therapeutic effi cacy of 
surgery, reducing tumor size, and eliminating micrometastases by preoperative che-
motherapy in locally advanced cancers, which are not amenable to complete surgi-
cal resection [ 28 ]. 

 Adjuvant chemotherapy is used after the surgical removal of the local cancer. 
Performing postoperative chemotherapy on patients with no visible lesions, in 
order to remove undetectable micrometastases, leads to the decrease in tumor 
recurrence and ultimately improves disease-free survival. After the fi rst suc-
cessful postoperative application of CMF therapy, which consists of cyclophos-
phamide, methotrexate (MTX), and 5-fl uorouracil (5-FU) for breast cancer 
treatment, in 1975 [ 29 ], the role of adjuvant chemotherapy in improving the 
overall survival in colon, stomach, non-small cell lung cancer, and osteosar-
coma has been established. The cure rate using various antitumor agents is 
shown in Table  3.1 .

3 Chronology of Anticancer Drug Development
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    Chapter 4   
 Alkylating Anticancer Drugs                     

          Alkylating agents are the fi rst chemotherapeutic anticancer agents developed, and 
account for the largest drug group among conventional cytotoxic chemotherapeu-
tics. This class is largely divided into three subgroups: classical alkylating agents, 
nonclassical alkylating agents, and alkylating-like agents. Classical alkylating 
agents include nitrogen mustards, nitroso ureas, aziridines, and alkyl sulfonates. 
Nonclassical alkylating agents include hydrazine, triazene, and altretamines. In 
addition, the alkylating-like agent group, which functions by crosslinking with 
DNA similarly to alkylating agents, includes platinum compounds (Fig.  4.1 ).

   Alkylating anticancr agents form electrophilic substances when dissolved in 
aqueous solution and trigger alkylation of nucleophilic functional groups on 
macromolecules such as sulfhydryl groups, amino groups, hydroxyl groups, 
carboxyl groups, and phosphate groups, thereby transforming biomacromole-
cules. Cytotoxicity of this class occurs mainly by alkylation reaction with DNA 
molecule more than the various other biomacromolecules. Alkylation of DNA 
impairs its function as a template and blocks replication of new DNA or inhibits 
transcription to mRNA for protein synthesis, which are essential for cell sur-
vival and function. This alkylation of DNA occurs mostly on N 7  and weakly on 
O 6  of the guanine base. Depending on the drug, such alkylation can occur only 
on one base, or on two bases within the same strand inducing crosslinking, or 
can occur on two bases from the complementary strands inducing interstrand 
crosslink (Fig.  4.2 ). Crosslinking between complementary strands prevents the 
separation of two DNA strands during replication and thereby halts cell divi-
sion. Most classical alkylating agents and platinum compounds display cytotox-
icity by inducing DNA crosslinking. In comparison, streptozotocin and 
nonclassical alkylating agents such as dacarbazine, procarbazine, and temo-
zolomide induce methylation of O 6  or N 7  on the guanine base and do not trigger 
DNA crosslinking. Hence, methylation occurring on a single strand leads to 
mismatched base pairing of the transformed guanine with thymine instead of 
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cytosine during replication. This results in DNA truncation by DNA repair 
enzymes, leading to suppression of cell cyle progression or induction of 
apoptosis.

   Although reactions of such alkylating agents are not specifi c to one phase of the 
cell cycle, their toxicity is particularly strong in late G1 phase and S phase when 
DNA replication occurs. It is also known that alkylating agents function as carcino-
gens, and can cause secondary hematologic malignancies. 

Cyclophosphamide
1959

Cisplatin
1978

1. Nitrogen mustards
2. Nitroso ureas
3. Aziridines
4. Hydrizines/Tetrazenes/Altretamines
5. Alkyl sulfonates
6. Platinum analogues

Chlorambucil
1957

Thiotepa
1959

Melphalan
1964

Procarbazine
1969

Dacarbazine
1975

Lomustine
1976

Busulfan
1954

Carmustine
1977 

Mechlorethamine
1949

1900 1945 1955 1975 1995

Mitomycin C
1974

Streptozotocin
1982

Ifosfamide
1988

Carboplatin 
1989

Estramustine
1981

Altretamine
1990

Oxaliplatin
2002

Bendamustine
2008

Temozolomide
1999

  Fig. 4.1    Types of alkylating drugs and a chronology of their development       
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  Fig. 4.2    General mechanisms of action for alkylating anticancer agents. ( a ) Conventional nitro-
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the electrophilic substance aziridinium, before causing an alkylating reaction at the nucleophilic 
N 7  of guanine. This reaction can induce cross-linking when it occurs at two bases on complemen-
tary or identical strands. ( b ) The unconventional alkylating anticancer agent dacarbazine forms a 
methyldiazonium ion that induces methylation by reacting with O 6  in guanine. This reaction causes 
errors during base pairing in the course of DNA replication       
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4.1     Classical Alkylating Drugs 

 When classical alkylating drugs are absorbed into the body and hydrated, it forms 
an aziridinium ion, which is an electrophilic cyclic ion that induces DNA alkylation 
either directly or through conversion to a carbonium ion. DNA structural change 
caused by alkylation is recognized as an abnormal signal by the DNA repair system, 
which halts cell growth, depending on the type and degree of the structural change, 
and either repairs the abnormal region or induces apoptosis. DNA change caused by 
classical alkylating agents involves the formation of widespread interstrand cross-
links, and they therefore exert their anticancer effect through apoptosis rather than 
DNA repair (Fig.  4.3 ).

4.1.1       Bis Amine/Nitrogen Mustards 

 Nitrogen mustard was the fi rst agent clinically approved. Representative drugs of 
this kind include mechlorethamine, cyclophosphamide, ifosfamide, melphalan, and 
chlorambucil, which are still clinically used (Fig.  4.4 ). They all have a bischloro-
ethyl group, which induces alkylation by attacking the highly nucleophilic N 7  in the 
guanine base and the remaining chlorine triggers secondary alkylation, generating 
interstrand cross-links (ICLs). DNA regions with interstrand crosslink formation 
disrupt DNA separation during DNA replication, thereby inhibiting mitosis and 
causing cytotoxcitiy (Fig.  4.3 ).

  Fig. 4.3    Nitrogen mustard mechanism of action. Once nitrogen mustards are absorbed into the 
body and hydrated, they form an aziridinium ion through an intramolecular cyclization reaction 
before causing an alkylating reaction at guanine’s nucleophilic N, either directly or after conver-
sion to a carbonium ion. This reaction can induce cross-linking when it occurs at two bases on 
complementary or identical strands       
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4.1.1.1       Mechlorethamine (Mustine) 

 Development of nitrogen mustard began from the infl uence of World War I, which 
is one of the wars with the most victims in human history. Yperite (sulfur mustard 
gas), a toxic gas, was fi rst introduced by the Germans in the form of bombs dropped 
on the camps of the Allied Forces in the Ypres front line in Belgium from July 1917, 
which caused large numbers of casualties. In 1919 when World War I was over, the 
husband and wife team of E.B. Krumbhaar and H.D. Krumbhaar, who were pathol-
ogists in the U.S., investigated the long-term effect of this toxic gas on survivors 
who had been exposed to yperite used by the Germans, and discovered severe sup-
pression of bone marrow and lymphoid organs as well as a markedly reduced num-
ber of blood cells [ 1 ]. Later, in 1929, I. Berenblum at the University of Leeds in 
England, who was studying mechanisms of carcinogenesis, predicted that because 
sulfur mustard gas has a blood congestion effect by intensely stimulating the skin 
like tar, it would have a boosting effect on skin cancer caused by tar. He applied 
sulfur mustard gas to mouse ears along with tar and analyzed the effect, which led 
him to discover that sulfur mustard inhibited the development of skin cancer, unlike 
his prediction that it would accelerate cancer growth [ 2 ]. This was the fi rst report of 
the anticancer effect exerted by mustard gas experimently. Later, Berenblum 
observed that it also inhibits carcinogenesis by another carcinogen, dibenzanthra-
cene. Based on these results, F.E. Adair and H.J. Bagg at the Memorial Hospital in 
New York confi rmed the anticancer effect of sulfur mustard gas in animals with 
chemically induced cancer and conducted clinical tests of applying sulfur mustard 
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gas on the affected skin of cancer patients with melanoma and squamous cell carci-
noma, reporting a therapeutic effect in 1931 [ 3 ]. 

 It was L. Goodmman and A. Gilman at Yale University who developed this mus-
tard gas from its proposed potential as an anticancer agent into the actual anticancer 
drug. Between World War I and World War II, Germany developed nitrogen mus-
trand gas in addition to sulfur mustard gas. In order to reduce the damage caused by 
these chemical weapons, the Allied Forces decided to investigate the mechanism 
and detoxifi cation of these chemicals. Goodman and Gilman participated in this 
study in 1942. They studied the toxic effect of nitrogen mustard in animals and 
became interested in its selective cytotoxicity against hematopoietic cells. Gilman 
predicted that sulfur mustard gas would be hard to be developed as a systemic thera-
peutic agent as it displays strong toxicity in the gastrointestinal tract, kidney, and 
bone marrow, but it would be feasible to develop nitrogen mustard as a drug since 
its toxicities were more tolerable. This difference in toxicity between these two 
compounds was speculated to be due to the higher electrophilicity of the sulfur atom 
in sulfur mustard gas compard to the nitrogen atom in nitrogen mustard, which 
increases the reactivity. Moreover, nitrogen mustard forms crystals as a hydrochlo-
ride, and dissolving it in aqueous solution enables whole body treatment through 
injection. 

 Thus, along with their university collegue T. Dougherty, they studied the thera-
peutic effect of nitrogen mustard in a mouse leukemia model using intravenous 
injection. They found that the tumor regressed in the fi rst mouse injected with the 
drug just after two treatments, and that the median survival duration after cancer 
transplantation was prolonged from 3 weeks to 12 weeks, an increase of 9 weeks. 
However, additional experiment showed that this anti-cancer effect was transient 
and the recurrence was observed in all the mice injected with nitrogen mustard [ 4 ]. 
Nevertheless, even this degree of therapeutic effi cacy was an extremely dramatic 
result at the time, and therefore a clinical study on the anticancer effects of nitrogen 
mustard in humans was led by G. Lindskog, a thyroid surgeon at New Haven 
Hospital, on patients with various late stage hematologic malignancies, including 
Hodgkin’s lymphoma, starting in late 1942. The fi rst patient had late stage lympho-
sarcoma, and his neck mass almost completely disappeared 10 days after the treat-
ment. However, similarly to mice, the tumor relapsed and the patient died after the 
third cycle treatment. An early therapeutic response was observed in other patients, 
but the effect was also transient. 

 The nitrogen mustard used in the early stage of drug development was tris 
(β-chloroethyl)-amine, but mechlorethamine [methyl-bis (β-chloroethyl)-amine] 
began to be used as a investigational drug from 1943 when the clinical trials were 
further expanded. Clinical trials proceeded with collaboration of researchers from 
various hospitals, including M. M. Wintrobe from the Salt Lake County General 
Hospital. They observed that, among numerous cancer patients treated with mech-
lorethamine, the anticancer effect was maintained for at least several weeks in a 
patient with Hodgkin’s lymphoma, although it was not a complete remission [ 5 ]. 
This study on the anticancer effect of nitrogen mustard was the fi rst demonstration 
of the therapeutic potential of chemotherapy, showing that cancer could be 
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 potentially treated with drugs. Later, further clinical studies observed similar thera-
peutic effects, and mechlorethamine was approved by the FDA as the fi rst chemo-
therapeutic anticancer durg in 1949. Although it is rarely used today, due to the 
continuous development of other anticancer agents, it still holds signifi cance as the 
very fi rst chemotherapeutic anticancer agent. 

 The mechanisms of mechlorethamine action were studied later, and in 1946, 
C. Golumbic et al. at Oxford Univeristy discovered that the chloroethyl group 
becomes cyclized and forms an aziridinium ion with high reactivity, triggering 
chemical reactions with intracellular components [ 6 ]. In addition, W.C.J. Ross’s 
group at the Chester Beatty Research Institute (the former incarnation of the Institute 
of Cancer Research (ICR), London, England, observed that alkylating drugs induced 
chromosomal abnormalities and proposed crosslinking of chromatin threads as a 
cytotoxic mechanism of alkylating drugs [ 7 ]. 

 The therapuetic effect of mechlorethamine spurred studies of new anticancer agents 
in various laboratories worldwide. In 1951, J.H. Burchenal et al. at the Memorial 
Center for Cancer and Allied Diseases in New York synthesized approximately 30 new 
kinds of nitrogen mustard derivatives and investigated their anticancer effects. They 
discovered 1,4-Bis (2-chloroethyl)-1,4-piperazine and N,N′-Bis (2-chloroethyl)-N,N′-
diethylethylenediamine exerting effects comparable to mechlorethamine [ 8 ].  

4.1.1.2     Chlorambucil 

 The development of alkylating drugs with more selective cytotoxicity against can-
cer cells and lower toxicities on normal tissues was intensively undertaken by 
A. Haddow, a director of the Chester Beatty Research Institute [former Institute of 
Cancer Research (ICR)], and his researcher W.C.J. Ross. They fi rst replaced the 
methyl group of mechlorethamine with various aromatic compounds and synthe-
sized bromoethyl aryl amine derivatives whose chlorine group was substituted with 
bromine group, and β-chloroalkyl aryl amine derivatives whose ethyl group was 
substituted with other alkyl groups, and analyzed the therapeutic effects of these 
compounds using Walker carcinosarcoma 256 animal cancer models in 1948 [ 9 ]. 
They observed from this study that aromatic nitrogen mustard, which generates a 
carbonium ion but not an aziridinium ion, displayed effective anticancer effects. 

 Later, W.C.J. Ross et al. continued with this study and developed chlorambucil in 
1953 [ 10 ], which had milder toxicities and was approved by the FDA as the fi rst 
aromatic nitrogen mustard drug in 1957. Because of the reduced electrophilicity of 
the nitrogen, the aromatic ring in chlorambucil does not form a cyclic aziridinium 
ion, which is generated as an intermediate in aliphatic nitrogen mustards, and there-
fore the drug exhibits lower toxicity than aliphatic nitrogen mustards. This low reac-
tivity increased the chemical stability of chlorambucil and allowed it to function for 
a long time after the drug administration, which increased its potential to reach the 
DNA of the target cancer cells, and enabled oral administration of the drug. 

 The effi cacy of chlorambucil has been examined in various cancers and thera-
peutic effects have been observed in Hodgkin’s lymphoma and ovarian sarcoma, 
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which led to its approval as an anticancer agent. Although therapeutic effects have 
additionally been reported in chronic myeloid leukemia, Polycythemia Vera (PV), 
trophoblastic neoplasms, and ovarian sarcoma, it is currently rarely used.  

4.1.1.3     Melphalan 

 In 1954, F. Bergel and J.A. Stock at the ICR developed melphalan, which is another 
aromatic nitrogen mustard, in addition to chlorambucil [ 11 ]. Melphalan was synthe-
sized using a chemical design in order to develop a drug with reduced bone marrow 
toxicity and higher cancer cell specifi city. Under the assumption that cancer cells 
would have high demands for amino acids due to active proliferation, melphalan 
was developed by conjugating phenylalanine in place of the methyl group in mech-
lorethamine so that the drug could be delivered specifi cally to cancer cells through 
the L-phenylalanine active transport system. Melphalan’s therapeutic effect through 
oral administration was observed in multiple myeloma (MM) and ovarian cancer, 
and the drug was approved by the U.S. FDA as the second aromatic nitrogen mus-
tard in 1964. It is currently widely used for the treatment of multiple myeloma.  

4.1.1.4     Cyclophosphamide 

 An alkylating anticancer agent with another strategy to lower the toxicities on nor-
mal cells and increase the specifi city for cancer cells was attempted by O.M. Friedman 
and A.M. Seligman at Harvard University in 1949. Based on the previous fi nding 
that cancer cells have higher phosphamidase activity, they predicted that if the activ-
ity of this enzyme were used to develop a drug that existed as an innocuous prodrug 
that becomes activated by phosphoamidases inside the cancer cells, this could spe-
cifi cally eliminate cancer cells [ 12 ]. To verify this hypothesis, they synthesized bis- 
β- chloroethyl-phosphamide-dichloride, which is a prodrug in the form of nitrogen 
mustard, and evaluated its anticancer effect in animal models in 1954, but unlike 
their prediction, this drug did not show satisfactory therapeutic effects [ 13 ]. 

 Later, a study of an anticancer agent with the strategy proposed by Friedman and 
Seligman was fully executed by N. Brock’s research team at ASTA Inc. (now Baxter 
Oncology) in Germany. Because bis-β-chloroethyl-phosphamide-dichloride was a 
chemically stable prodrug that was diffi cult to be activated, H. Arnold and F. Bourseaux 
at ASTA Inc. tried to attach a cyclic compound to the N′ position for easier activation. 
Hence in 1958, they synthesized cyclophosphamide, a prodrug with a cyclic structure, 
by reacting alkanolamine to bis-β-chloroethyl-phosphamide-dichloride, which was 
observed to have excellent anticancer effect through conversion to its active form with 
higher rate [ 14 ,  15 ]. However, it was later determined that this active form is generated 
by a different drug metabolic pathway, contrary to the initial assumption that phos-
phamidases would be involved. In other words, cyclophosphamide is mostly activated 
to 4-hydroxycyclophosphamide by cytochrome P450 enzymes in the liver micro-
somes, secreted to the bloodstream, and absorbed by cancer cells. It undergoes 
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 spontaneous hydrolysis in cancer cells and subsequent converstion to phosphoramide 
mustard, an effi cacious substance, inducing DNA alkylation and triggering a cyto-
toxic effect (Fig.  4.5 ) [ 16 ,  17 ]. Cyclophosphamide was observed to have less toxicity 
in normal tissues such as liver, bone marrow, and intestinal epidermal cells compared 
to previous alkylating drugs. This is because these tissues have an abundant amout of 
aldehyde dehydrogenase (ALDH), which converts 4-hydroxycyclophosphamide into 
non-toxic compounds.

   With the therapeutic effect of cyclophosphamide verifi ed in clinical tests on 
patients with malignant lymphoma, it was registered as an FDA-approved lym-
phoma anticancer agent in 1959. Later, cyclophosphamide has been widely used in 
anticancer treatment for not only lymphocytic leukemia such as Hodgkin’s lym-
phoma, Burkitt lymphoma, childhood acute lymphoblastic leukemia, chronic gran-
ulocytic leukemia, acute myeloid leukemia, and multiple myeloma, but also solid 
cancers such as breast cancer, ovarian cancer, and sarcoma.  

4.1.1.5     Ifosfamide 

 H. Arnold at ASTA Inc. developed a new drug ifosfamide in 1967 by modifying 
cyclophosphamide [ 18 ]. This drug, which is a structural isomer of cyclophospha-
mide, was not only effective for leukemia treatment but also showed a superior 
effi cacy compared to cyclophosphamide in solid tumor such as testicular cancer and 
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  Fig. 4.5    Cyclophosphamide metabolism and mechanism of action. Cyclophosphamide is acti-
vated as 4-hydroxycyclophosphamide by cytochrome p-450 in the liver, after which it readily 
changes into its isomer aldophosphamide. These two intermediary metabolites readily spread into 
cells. In normal hematopoietic stem cells, where there is ample aldehyde dehydrogenase, 
4- hydroxycyclophosphamide and aldophosphamide are oxidized by this enzyme to produce car-
boxyphosphamide, which is not cytotoxic. However, in cancer cells, aldophosphamide is broken 
down into the cytotoxic phosphoramide mustard and the by-product acrolein. Phosphoramide mus-
tard causes cytotoxicity by inducing DNA cross-linking between guanine molecules       
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sarcoma. Therefore, it obtained FDA approval as a therapeutic agent for testicular 
cancer and sarcoma in 1988. Although ifosfamide undergoes drug metabolism and 
activation processes similar to those of cyclophosphamaide and forms isofos-
foramide mustard in cancer cells, it was found to have the disadvantage of increased 
toxicity in the bladder and nervous system since oxidation of its side chain occurs 
more easily, leading to enhanced formation of acrolein, a toxic byproduct (Fig.  4.6 ) 
[ 19 ]. In 1981, while searching for approaches to lower the toxicity of ifosfamide, 
N. Brock et al. discovered that sodium-2-mercaptoethane sulfonate (mesna), which 
contains a thiol group, can convert acrolein into a non-toxic compound and thereby 
effectively prevent bladder toxicity (hemorrhagic cystitis). Since then, mesna has 
been used until today to clinically prevent the side effects of ifosfamide [ 20 ].

4.1.1.6        Estramustine 

 Estramustine was developed by I. Niculescu-Duvaz et al., researchers at the 
Oncological Institute in Bucharest, Romania, to treat estrogen-dependent breast 
cancer by conjugating estrogen to nitrogen mustard in 1967 [ 21 ]. Because the drug 
binds to estrogen receptors (ER), it was initially predicted to have a therapeutic 
effect in breast cancer with high expression of estrogen receptors. However, the 
effect was observed to be weak, and a similar effect was observed in breast cancer 
that does not express estrogen receptors [ 22 ]. Later, P.O. Gunnarsson et al. at 
Uppsala University Hospital observed that estramustine showed selective drug 
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accumulation in the prostate in 1981 [ 23 ], which immediately led to clinical tests 
and validation of its therapeutic effect in prostate cancer. In 1981, estramustine was 
approved as a prostate cancer therapeutic agent. In 1985, H.J. Nelde et al. found that 
estramustine binds more strongly to estramustine binding protein (EMBP), which is 
highly expressed in the prostate tissues, than to estrogen receptors [ 24 ]. Furthermore, 
it is known that the inhibitory effect of microtubule formation is more important 
than alkylation for the cytotoxic effect of estramustine [ 25 ].  

4.1.1.7     Bendamustine 

 Bendamustine is a drug developed by W. Ozegowski and D. Krebs, researchers at 
the Institute for Microbiology and Experimental Therapy in Jena, former East 
Germany, by conjugating a benzimidazole ring to nitrogen mustard in 1963 [ 26 ]. 
Because of the benzimidazole ring, which has the properties of a purine antimetabo-
lite drug, this drug was found to have the advantage of exerting cytotoxic effects in 
cancer cells that are resistant to alkylating anticancer agents [ 27 ]. Clinical trials in 
East Germany demonstrated an effi cacy in various cancers such as chronic lympho-
bastic leukemia, Hodgkin’s lymphoma, non-Hodgkin’s lymphoma, multiple 
myeloma, and lung cancer. Also in the U.S., an excellent therapeutic effect was 
observed in patients with chronic lymphoblastic leukemia, extending progression- 
free survival by 1 year compared to chlorambucil, and so bendamustine was 
approved by FDA as a therapeutic agent for chronic lymphoblastic leukemia and 
B-lymphocyte non-Hodgkin’s lymphoma in 2008, and is still used clinically.   

4.1.2     Alkyl Sulfonate: Busulfan 

 In 1948, as R.J. Goldacre et al. reported that more than two alkylation reactive 
groups of various nitrogen mustard anticancer agents induce crosslinking to bio-
macromolecules including DNA, widespread studies were conducted on chemical 
compounds with similar mechanisms. In 1951, A. Haddow and G.M. Timmis at the 
Chester Beatty Research Institute focused on the alkyl sulfonate drugs that induce 
alkylation at both ends. They synthesized a series of dimethanesulfonate compounds 
that have hydrocarbon chains with various lengths and examined their effects in 
cancer transplantation animal models. As a result, they identifi ed busulfan, a new 
alkylating drug with a superior effi cacy and reduced bone marrow suppression than 
nitrogen mustard anticancer agents. As busulfan has methanesulfonic acid at both 
ends of the buthane chain and can thereby effectively act on both strands of DNA, it 
triggers crosslinking between DNA strands, causing cytotoxicity (Fig.  4.7 ) [ 28 ].

   In 1953, an outstanding therapeutic effect of busulfan specifi c to chronic myeloid 
leukemia (CML) was reported [ 29 ], and the FDA approved it as a therapeutic agent 
for CML in 1954. Busulfan had been widely used as a CML therapeutic agent until 
imatinib emerged recently, in 2001.  
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4.1.3     Aziridines (Ethylenimines) 

 Aziridine (ethylenimine) alkylating drugs, which are similar to nitrogen mustards, 
induce alkylation but unlike aziridinium intermediates in the nitrogen mustard 
group, they are not charged and display much weaker reactivity. These aziridine 
compounds are known to assault cancer cells by triggering DNA interstrand cross-
linking, similarly to nitrogen mustards, and the major drugs in this group include 
thioTEPA and mitomycin C. 

4.1.3.1     ThioTEPA 

 In 1950, a study was published on triethylenemelamine (TEM), which induces 
crosslinking with more than two alkylating groups. A.L. Walpole’s research group 
at the Imperial Chemical Industries Inc. in England and J.H. Burchenal’s group at 
the Sloan-Kettering Cancer Center reported the anticancer effect of aziridine com-
pounds independently in 1950. They predicted that ethylenimine (aziridine ring) 
compounds, which have a similar structure to the ethylenimonium (aziridinium) 
intermediates generated by nitrogen mustard alkylating drugs, would act similarly 
to aziridinium ions and exert an anticancer effect. They examined the anticancer 
activity of various kinds of ethylenimine compounds and found that triethylenemel-
amine (TEM) which has 3 aziridine rings showed an anticancer effect similar to 
nitrogen mustard in various animal cancer models [ 30 ,  31 ]. 
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 However, as no prominent therapeutic effects of TEM were observed in further 
clinical tests, Burchenal’s group synthesized various additional TEM derivatives 
and examined their anticancer effects through collaboration with the American 
Cyanamid Company. As a result, triethylene phosphoramide (TEPA) was devel-
oped, an organic phosphate compound showing excellent effect in various kinds of 
cancer [ 32 ]. TEPA was modifi ed to a more chemically stable derivative, triethylene 
thiophosphoramide (thioTEPA), and clinical tests were performed for various can-
cers (Fig.  4.8 ) [ 33 ]. The results showed therapeutic effects for thioTEPA against 
various solid cancers such as breast cancer, ovarian cancer, and bladder cancer, and 
it was registered as an FDA-approved drug in 1959. It is currently a widely used 
drug for conditioning chemotherapy in patients with bone-marrow transplantation.

4.1.3.2        Mitomycin C 

 In 1956, T. Hata et al. at the Kitasato Institute in Japan isolated mitomycin C from 
 Streptomyces caespitosus  and observed that this antibiotic had an anticancer effect 
in animal cancer models [ 34 ]. Later, in 1964, W. Szybalski and V.N. Iyer at the 
University of Wisconsin in the U.S. discovered the mechanism of its cytotoxicity 
against cancer cells, which was DNA crosslinking induced by the aziridine ring of 
mitomycin C [ 35 ]. As mitomycin C undergoes reduction inside cells, carbon-1 of 
the aziridine ring alkylates the highly nucelophilic nitrogen-2 in the guanylic acid of 
DNA, which then causes migration of the activated carbamate group of carbon-10 in 
mitomycin C. This reacts with amino nitrogen of the guanylic acid in the opposite 
DNA strand, leading to interstrand crosslinking. 
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 The therapeutic effi cacies of mitomycin C were observed in various solid tumors 
from clinical tests performed in the 1960s, and it was fi nally approved by FDA as a 
therapeutic agent for lung cancer and pancreatic cancer in 1974. The therapeutic 
effects of mitomycin C were further observed in the treatment of bladder cancer and 
non-small cell lung cancer. However, due to toxicities such as hemolysis, and the 
introduction of other superior anticancer agents, its clinical use has largely declined.   

4.1.4     Nitrosoureas 

 Nitrosourea alkylating anticancer agents have a nitroso (R-NO) group and urea 
bound together, and undergo spontaneous hydrolysis inside the body producing 
substances that have alkylating and carbamoylating activities. Alkylating substances 
induce DNA alkylation and carbamoylating substances transform proteins. 
Representative drugs include carmustine (BCNU) and lomustine (CCNU), which 
are mainly used in the treatment of brain tumors such as glioblastoma multiforme, 
as their high lipophilicity allows them to easily penetrate blood-brain barrier (BBB) 
(Fig.  4.9 ).

   Development of nitrosourea drugs was led by the National Cancer Chemotherapy 
Service Center (NCCSC) in the U.S. In 1959, A. Goldin et al. at NCCSC discovered 
the anticancer activity of 1-methyl-2-nitro-1-nitrosoguanidine (MNNG), which pro-
vided the crucial basis for the development of nitrosourea anticancer agents [ 36 ]. 
The NCI was interested in MNNG as a new class of alkylating drugs and made a 
contract with the Southern Research Institute (SRI) for developing nitrosourea anti-
cancer agents. Later, in 1961, H.E. Skipper at SRI led a collaborative study with the 
Sloan-Kettering Cancer Center and developed N-methyl-N-nitrosourea (MNU), 
which demonstrates superiority compared to MNNG in the L1210 mouse leukemia 
model. He also found that MNU functioned effectively in L1210 cancers trans-
planted into the brain, and suggested the potential of nitrosourea anticancer agents 
for the treatment of brain carcinoma [ 37 ]. 

  Fig. 4.9    The structure of nitrosourea drugs and the process of their development       
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4.1.4.1     BCNU (Carmustine) 

 T.P. Johnston and J.A. Montgomery at SRI reported in 1963 that 1,3-Bis (2-chloroethyl)-
1-nitrosourea (BCNU, Carmustine), in which the methyl group of MNU was replaced 
with a 2-chloroethyl group, had a superior anticancer effi cacy, which led carmustine 
to become the fi rst clinical nitrosourea drug (Fig.  4.10 ) [ 38 ]. Clinical studies were 
conducted on various cancers at NCI in 1965, and improvement of symptoms by car-
mustine was confi rmed in various cancers. In particular, due to the outstanding thera-
peutic effect in patients with brain tumor, carmustine was approved by the FDA in 
1977 as a therapeutic agent for brain tumor, and is still clinically used.

4.1.4.2        CCNU (Lomustine) 

 In 1966, J.A. Montgomery’s research team developed N-(2-chloroethyl)-N′-
cyclohexyl-N-nitrosourea (CCNU, Lomustine), a new nitrosourea anticancer agent 
in which a cyclohexyl group was conjugated to the N′ position of BCNU [ 39 ]. It was 
observed in 1972 that lomustine had a superior effect to carmustine on L1210 can-
cer transplanted into mouse brain. Although lomustine was predicted to be effective 
for brain tumor as it has higher lipid solubility, which is associated with penetration 
of blood-brain barrier, clinical test results comparing the two drugs showed similar 
therapeutic effects. However, because lomustine had the advantage of oral adminis-
tration compared to carmustine, it was approved by the FDA as a brain tumor 
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  Fig. 4.10    Mechanism of action of BCNU (carmustine). BCNU forms unstable 2-chloroethyl dia-
zene hydroxide, which undergoes spontaneous breakdown to produce a chloroethyl carbonium 
ion, which causes alkylation of N or O in guanine, inducing DNA cross-links and thereby inhibit-
ing replication and transcription of DNA. Because BCNU is highly hydrophobic, it can readily 
cross the blood-brain barrier and is used as a treatment for patients with brain cancers       
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therapeutic agent in 1976. In addition to brain tumor, therapeutic effects of lomus-
tine were observed in blood cancers such as Hodgkin’s lymphoma, non-Hodgkin’s 
lymphoma, and multiple myeloma and various solid cancers such as malignant 
melanoma and gastrointestinal tumor. However, it is rarely used today, except for in 
the treatment of brain tumor.  

4.1.4.3     Streptozotocin (STZ) 

 Streptozotocin is an antibiotic containing nitrosourea identifi ed from  Streptomyces 
achromogenes  by J.J. Vavra, a researcher at Upjohn Inc (merged with Pfi zer) in the U.S., 
in 1959 [ 40 ]. Unlike carmustine or lomustine which are chloroethyl nitrosoureas 
(CENU), STZ is a methylnitrosourea similar to MNU. Hence, whereas CENU causes 
chloroethylation and crosslinking between guanine and cytocine bases in DNA, STZ 
forms diazomethane hydroxide and only induces methylation of guanine. 

 Moreover, because STZ is a glucosamine-nitrosourea compound with a sugar 
structure, it selectively binds to GLUT2, a glucose transporter, and enters into cells. 
Due to this characteristic, STZ was shown to exert a selective toxicity against pan-
creatic beta islet cells. The anticancer effects of STZ were fi rst observed by 
S.P. Owen in 1965. In 1968, I.M. Murray-Lyon et al. at King’s College Hospital in 
England focused on the pancreatic tissue-specifi c toxicity and reported that STZ 
showed an excellent therapeutic effect in insulinoma, a type of pancreatic cancer 
[ 41 ]. Later, R.M. Bukowski et al. proved its therapeutic effect in the treatment of 
metastatic pancreatic cancer using combination therapy with 5-fl uorouracil, adria-
mycin, and mitomycin C. Streptozotocin was approved by FDA as a pancreatic can-
cer therapeutic agent in 1982, but it is rarely used today.    

4.2     Nonclassical Alkylating Drugs 

 Nonclassical alkylating agents, which include hydrazines and triazenes, are syn-
thetic inorganic nitrogen compounds that bind to biomacromolecue by forming 
alkyl diazonium intermediates with high alkylation activity either spontaneously or 
through the action of enzymes. Among the compounds in this class, most of those 
approved as anticancer agents induce methylation of guanine bases, and therefore 
do not have the DNA crosslinking activity shown in classical alkylating agents. The 
anticancer agents in this class are as follows. 

4.2.1     Hydrazine: Procarbazine 

 The fi rst alkylating anticancer agent approved by the FDA among hydrazines was pro-
carbazine, developed at Hoffmann-La Roche. In the late 1950s, while studying deriva-
tives of methylhydrazine, an inhibitor of monoamine oxidase being developed as a 
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sympathetic nervous system stimulant, the company discovered that 1-methyl-2-ben-
zylhydrazine had an anticancer effect in a cancer transplanation mouse model. In 1963, 
P. Zeller and W. Bollag, researchers at Hoffmann-La Roche, reported that, among 
numerous derivatives synthesized to develop drugs with high effi cacy, procarbazine 
exhibited the strongest anticancer effect in various cancer transplantation mouse mod-
els [ 42 ,  43 ]. It was later discovered that the drug exerts its anticancer effect by generat-
ing a methyldiazonium ion through spontaneous hydrolysis and inducing DNA 
methylation, which leads to truncation of chromatin threads and apoptosis. Procarbazine 
showed a therapeutic effi cacy for the treatment of Hodgkin’s lymphoma in combina-
tion therapy with MOPP (mechlorethamine, vincristine, procarbazine, prednisone), 
and became an FDA-approved drug in 1969. Procarbazine is still used clinically today.  

4.2.2     Triazenes 

4.2.2.1     Dacarbazine 

 The anticancer effect of triazene drugs was fi rst reported by D.A. Clarke et al. at 
the Sloan-Kettering Institute in 1955. His research team observed an inhibitory 
effect of 1-aryl-3, 3-dialkyltriazene on cancer cell growth in a cancer transplan-
tation mouse model [ 44 ]. Later, in 1961, while studying synthetic derivaties of 
5- aminoimidazole-4-carboxamide, which was developed as a metabolic antago-
nist anticancer agent, J.A. Montgomery and Y.F. Shealy at the Southern Research 
Institute discovered that 5-diazoimidazole-4-carboxamide (dacarbazine), a triazene 
derivative, exhibited a strong anticancer effect [ 45 ]. 

 Thereafter, the metabolism and mechanisms of dacarbazine were investigated. 
Dacarbazine acts as a prodrug, and when absorbed into the body, it becomes demeth-
ylated by cytochrome P450 (CYP3A4) detoxifi cation enzyme and converted into an 
activated monomethyl compound. As this compound undergoes spontaneous hydro-
lysis, it generates 5-aminoimidazole-4-carboxamide and diazomethane, and ulti-
mately, a methyl diazonium ion derived from diazomethane methylates guanine in 
DNA, causing cytotoxicity (Fig.  4.11 ). These fi ndings indicated that, unlike the 
prediction, dacarbazine displays its anticancer effect by a DNA alkylation reaction, 
rather than acting as a metabolic antagonist.

   Clinical trials of dacarbazine have been conducted in various cancers, and since 
therapeutic effi cacies were observed in melanoma and Hodgkin’s lymphoma, it was 
approved by the FDA as therapeutic agents for these diseases in 1975. Currently, it 
is used as a fi rst-line drug in melanoma rather than Hodgkin’s lymphoma.  

4.2.2.2     Temozolomide 

 Dacarbazine has the disadvantages that it needs to be directly injected into the blood 
vessels, since it is extremely unstable in aqueous solution, and that it shows strong 
toxicity against normal tissues. Therefore, studies on more stable and less toxic 

4 Alkylating Anticancer Drugs



87

derivatives have been performed by various groups. Among them, the most successful 
drug, temozolomide, was developed by M.F.G. Stevens at Aston University in England. 

 In 1984, while conducting a collaborative research project with May & Baker 
Inc., Stevens developed imidazotetrazinone derivatives by reacting dacarbazine and 
aryl isocyanate [ 46 ]. Among them, mitozolomide, which was conjugated with a 
chloroethyl group, showed a superior anticancer activity in murine tumor implanta-
tion models, and subsequent clinical trials were performed. However, severe myelo-
supression was observed in human, which had not been seen in mice, and so the 
compound could not be approved as an anticancer agent. This side effect was specu-
lated to be caused by the chloroethyl carbonium ion, which is produced by sponta-
neous hydrolysis of the mitozolomide prodrug in the human body and induces DNA 
crosslinking, unlike the methyl carbonium ion derived from diazomethane, trigger-
ing severe toxicity in normal bone marrow [ 47 ,  48 ]. 

 Later, in 1987, together with the Cancer Research Campaign (CRC, UK), Stevens 
synthesized imidazotetrazine compounds in which the chloroethyl group was sub-
stituted with an alkyl group in order to lower the side effects of mitozolomide [ 49 ]. 
Analysis of its anticancer effect in animal models showed that temozolomide, in 
which a methyl group was substituted, had the best effi cacy. Temozolomide pro-
duces a methyl carbonium ion when hydrolyzed inside the body, similar to dacarba-
zine, but it was observed to be far more stable than dacarbazine (Fig.  4.11 ). Thus, 
oral administration is possible for temozolomide, and bone marrow toxicity shown 
in dacarbazine or mitozolomide were signifi cantly improved. 

 Interestingly, because temozolomide also has the characteristic of penetrating 
blood-brain barriers, its therapeutic effects were observed in phase I clinical trial on 
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  Fig. 4.11    Mechanism of action of dacarbazine and temozolomide. Dacarbazine and temozolo-
mide are similar imidazotetrazine drugs. Both drugs are converted to MTIC by cytochrome p450 in 
the liver, which forms methyl diazonium ions that cause a methylation reaction at the O of guanine. 
During DNA replication, O-methylguanine causes the addition of a thymidine instead of a cytosine 
in new DNA strands       
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patients with brain tumors such as astrocytoma or glioblastoma multiforme [ 50 ]. 
Large scale clinical trials began later and it was approved by the U.S. FDA as an 
astrocytoma therapeutic agent in 1999 and glioblastoma multiforme therapeutic 
agent in 2005. It is still widely used against brain tumors. 

 The anticancer effect of temozolomide depends on the level of DNA methylation on 
tumor. It is reported that certain brain tumor cells exhibit resistance against temozolo-
mide due to DNA alkyltransferase (AKT) expressed by the MGMT gene. Conversely, 
epigenetic silencing of MGMT gene in brain tumor cells is known to be a predictive 
factor for response to temozolomide treatment. Based on these results, studies are cur-
rently ongoing to apply temozolomide after selecting patient groups who are predicted 
to have a favorable therapeutic response by examining MGMT expression level.   

4.2.3     Altretamines 

 Altretamine (Hexamethylmelamine) is an s-triazine derivative, which was studied as a 
material for synthetic resins in its early development. However, during the process of 
searching for anticancer agents among ethylenimine analogue-related compounds, 
A.L. Walpole’s group at ICI in England and C.P. Rhoads’s group at the Memorial Center 
for Cancer and Allied Disease fi rst reported that altretamine exhibited anticancer effects 
in the mouse cancer model in 1951 and 1952, respectively [ 51 ,  52 ]. Nevertheless, 
because altretamine did not have an outstanding anticancer effect compared to triethyl-
enemelamine (TEM) from the same search, it did not receive much attention. 

 In the early 1960s, the NCI decided to reinvestigate the anticancer effect of 
altretamine in a search for new anticancer agent candidates, and conducted a clini-
cal trial in 1965 [ 53 ]. In a clinical trial conducted by W.L. Wilson et al. at the 
University of Wisconsin, altretamine showed an excellent anticancer effect with 
lower toxicities compared to the previously developed alkylating anticancer agents 
such as chlorambucil, cyclophosphamide, and melphalan, and its clinical trials were 
actively conducted for various cancers. Among them, it was found to have a superior 
therapeutic effi cacy in ovarian cancer, and the FDA approved altretamine as an 
ovarian cancer therapeutic agent in 1990. 

 Although its mechanism has not been clearly determined, it is speculated that 
altretamine is fi rst oxidized by hepatic cytochrome P450 monooxygenase, under-
goes an intermediate state as an iminium ion, before spontaneous demethylation to 
form formaldehyde, with weak methylation activity, reacting with DNA.   

4.3     Alkylating-Like Agents: Platinum Compounds 

 Platinum compounds are known to have similar mechanisms to alkylating drugs. 
These compounds are coordination complexes of platinum with a planar structure 
that can form covalent bonds with electrophilic atoms similarly to alkylating drugs. 
It is known that they bind to N 7  of the guanine base in DNA and induce intrastrand 

4 Alkylating Anticancer Drugs



89

or interstrand crosslinks, which inhibit replication or transcription of DNA, result-
ing in an anticancer activity. As well as the fi rst-generation cisplatin, the second- 
generation carboplatin and the third-generation oxaliplatin platinum compounds are 
widely used in clinics. 

4.3.1     Cisplatin 

 Cisplatin is one of the most widely used anticancer agents today, and because its dis-
covery was made coincidentally, it is called the “penicillin of cancer treatment.” In 
1965, B. Rosenberg, a biophysicist at Michigan State University, was studying the 
effect of electric fi elds on bacterial proliferation. He discovered by chance that bacte-
rial proliferation was inhibited in the culture medium with an electric current. In an 
additional experiment conducted later, he found that the inhibitory effect on prolifera-
tion depends on the type of metallic electrodes used to generate the electric fi eld, 
rather than the electric fi eld itself. It was discovered that, among the metallic elec-
trodes, platinum electrodes released platinum ions that react with ammonium ions and 
chlorine ions, chemical components in the culture medium, to create the platinum 
complex cisplatin, and this has an inhibitory effect on bacterial proliferation [ 54 ]. 

 Focusing on this potent inhibitory effect of cisplatin on bacterial proliferation, 
Rosenberg conductd an experiment to test its anticancer effects using a mouse sarcoma 
model in 1969, which confi rmed its inhibtory effect on cancer proliferation [ 55 ]. Later, 
from 1971, clinical trials on cisplatin were conducted in various hospitals. The poten-
tial of cisplatin as an anticancer therapeutic agent was confi rmed by L. Einhorn at the 
Indiana University Medical Center who was concentrating on the treatment of malig-
nant testicular cancer. He observed a dramatic therapeutic effect in approximately 20 
testicular cancer patients between 1974 and 1975 using a combination therapy with 
cisplatin, vinblastine, and bleomycin. It was later found that some of the patients were 
completely cured. This was the second example of cure in solid cancer [ 56 ]. In addition 
to metastatic testicular cancer, effects of cisplatin were observed in clinical trials for 
metastatic ovarian cancer, invasive bladder cancer, and non-small cell lung cancer. It 
was approved by the FDA in 1978 as a therapeutic agent for these cancers. 

 Cisplatin has a very simple molecular structure, having a platinum atom in the 
center, with two amine groups and two chlorine groups all located on the same side 
( cis  position). Cisplatin is hydrolyzed in cancer cells, and the two chlorine groups 
become detached, after which the platinum ion, now with increased reactivity, forms 
crosslinks with two guanine bases in DNA. As a result, it inhibits DNA replication, 
exerting an anticancer activity (Fig.  4.12 ). Cisplatin is effective only when the two 
chlorine molecules are located in the same side, allowing DNA crosslinking. The 
 trans  form of cisplatin is known to have no effect as an anticancer agent.

   Cisplatin is currently widely used in various cancers as a combination therapy 
with other cytotoxic chemotherapeutics, including gastric cancer, lung cancer, head 
and neck cancer, ovarian cancer, sarcoma, endometrial cancer, and cervical cancer. 
Although cisplatin is an excellent anticancer agent, effective in many different 
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 cancers, it has many side effects such as nausea, vomiting, and nephrotoxicity, and 
so pretreatment is required before cisplatin administration to reduce the tocixity and 
most toxicities are manageable and tolerable today.  

4.3.2     Carboplatin 

 Although cisplatin has a superior anticancer activity, because it has strong toxicity 
in the kidney and nervous system, induces severe nausea and vomiting, and because 
drug resistance in tumor cells has also been reported, there have been attempts to 
develop new platinum compound. Although thousands of derivatives were synthe-
sized and their effects were examined, two new platinum compounds - carboplatin 
and oxaliplatin—are used clinically. Carboplatin (cis-diammine-1,1′-cyclobutane 
dicarboxylate platinum) was fi rst developed by B. Rosenberg as a second- generation 
drug in the early 1970s, and the Bristol-Myers Squibb Company developed it fully 
as an anticancer agent in the 1980s [ 57 ]. 

 As the cyclobutane ring of carboplatin has higher stability, and therefore lower 
reactivity, compared to the chlorine in cisplastin, it was shown to have lower toxici-
ties in animal models, including nephro- and neurotoxicity, myelosuppression, and 
vomiting. Drug resistance was also improved compared to cisplatin [ 58 ]. Clinical 
trials of carboplatin were conducted in the Royal Marsden Hospital in England and 
the NCI in the U.S., and it was approved by the FDA for treatment of ovarian cancer 
in 1989. Later, through numerous clinical trials, its effect on non-small cell lung 
cancer has been also verifi ed and the drug is widely used.  

Cisplatin

Cell-cycle arrest
Cell death
DNA repair
Transcription inhibition
Replication inhibition

1,2- intrastrand or interstrand

1,3- intrastrand or interstrand

  Fig. 4.12    Mechanism of action of cisplatin. When cisplatin is absorbed into cells, it undergoes a 
hydration reaction to form [Pt (NH 3 ) 2 Cl (OH 2 )] +  and [Pt (NH 3 ) 2  (OH 2 ) 2 ] 2+ . Subsequently, cisplatin’s 
Pt forms a ionic bond with the N of guanine, producing 1,2- intrachain, 1,3-intrachain, 
1,2- interchain, and 1,3-interchain cross-links       
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4.3.3     Oxaliplatin 

 Emergence of the limitations of carboplatin in clinical application due to its low 
solubility in aqueous solution led to the development of oxaliplatin, which is a third- 
generation platinum compound anticancer agent. This drug was fi rst synthesized by 
Y. Kidani at Nagoya University in Japan in 1976, and was fully developed as a third- 
generation platinum compound by Sanofi -Aventis Inc [ 59 ]. 

 In addition to enhanced solubility, oxaliplatin was shown to have an effect on 
cancer cells showing resistance to cisplastin and carboplatin while having low side 
effects [ 60 ]. Furthermore, clinical trials on oxaliplatin have been conducted in vari-
ous cancers, and prominent effects have been reported from a clinical phase II trial 
in metastatic cololectal cancer in 1997, in which numerous cancer centers partici-
pated [ 61 ]. Subsquently, a clinical phase III trial was conducted with various condi-
tions, and oxaliplatin became approved as a therapeutic agent for metastatic 
cololectal cancer as a combination therapy with 5-fl uorouracil (5-FU)/leucovorin 
(LV) in 2002. It is also widely used in adjuvant chemotherapy after colorectal can-
cer surgery. Moreover, it is used in adjuvant chemotherapy after lung cancer surgery 
and as a therapeutic agent for metastatic lung cancer, as well as in anticancer ther-
apy for pancreatic cancer and biliary tract cancer.      
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    Chapter 5   
 Antimetabolic Anticancer Drugs                     

          Antimetabolic drugs bind to a specifi c enzyme and prevent normal metabolites from 
interacting with the enzymes, leading to inhibition of a specifi c metabolic pathway. 
Especially, the antimetabolic anticancer drugs interfere with DNA synthesis at mul-
tiple levels by inhibiting enzymes that utilize folic acid or synthesize the precursors 
of pyrimidine and purine, which are necessary for cell growth. In addition, some 
antimetabolites are directly incorporated into DNA, which inhibits DNA synthesis 
(Fig.  5.1 ). Therefore, these drugs are largely classifi ed into folic acid derivatives that 
inhibit enzymes of folate pathway such as dihydrofolate reductase (DHFR), pyrimi-
dine or purine derivatives that inhibit pyrimidine or purine synthesis, and direct 
inhibitors of DNA synthesis (Fig.  5.2 ).

5.1        Folic Acid Derivatives 

 Folic acid derivatives are cytotoxic drugs used not only as anticancer drugs but also 
as anti-infl ammatory drugs or as immunosuppressants, inhibiting the function of 
folic acid. Folic acid provides the methyl group in the reactions of various methyl-
transferases such as the synthesis of thymidine and methionine. When folic acid 
analogs inhibit these enzymes, cell division is suppressed because the precursors of 
biopolymers such as DNA and protein are not synthesized. Methotrexate (MTX), 
pemetrexed, and pralatrexate are folic acid derivatives used as anticancer drugs. 
They act mainly as inhibitors of DHFR, but some of them can inhibit thymidylate 
synthase (TS) or other enzymes (Fig.  5.3 ).



96

5.1.1       Methotrexate 

 Aminopterin is the second drug developed as a chemotherapy agent. It is an antago-
nist of folic acid, a substrate of DHFR that is important in DNA synthesis. Folic acid 
was discovered in 1928 by the British physician L. Wills, who was working in 
Bombay, India [ 1 ]. Wills used yeast extracts to treat pernicious anemia due to 
chronic malnutrition in pregnant women working in textile factories in Bombay, and 
discovered that folic acid was the effective component. 

 After hearing of folic acid being effective against anemia, S. Farber of Harvard 
Medical School assumed that it could restore malignant blood cells into normal 
ones and administered folic acid to a pediatric lymphocytic leukemia patient in 
1947. However, folic acid increased the proliferation of malignant blood cells and 
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worsened the patient’s condition [ 2 ]. Based on this observation, Farber modifi ed his 
hypothesis that a folic acid antagonist could treat leukemia. In 1948, he conducted 
a clinical trial with aminopterin, a folic acid antagonist synthesized by the synthetic 
chemist D. Seeger of the American Cyanamid Company. Aminopterin improved the 
symptoms and controlled leukemia in 10 out of 16 children and extended the lives 
of one-third of the 16 patients by 4 months [ 3 ,  4 ]. Thereafter, D. Seeger and 
Y. Subbarow, synthetic chemists of the American Cyanamid Company, reported the 
synthesis of MTX in 1949, which showed greater effi cacy against cancer cells than 
that shown by aminopterin [ 5 ]. The FDA approved MTX for the treatment of acute 
lymphocytic leukemia in 1953. 

 Later, MTX was also found to be useful in treating other carcinomas. In 1951, 
J.C. Wright of the New York City Harlem Hospital Cancer Research Center observed 
that MTX relieved symptoms of breast cancer, and proposed the possibility of che-
motherapy for solid tumors for the fi rst time [ 6 ], Curative effects of MTX were also 
observed in ovarian, bladder, head, and neck cancers. In 1956, M.C. Li of the 
National Cancer Institute (NCI) used MTX to treat choriocarcinoma, a rare cancer 
that develops in the placenta [ 7 ] and achieved the fi rst cure for solid cancer in 1958. 
Li administered MTX four times to confi rm visible necrosis of choriocarcinoma, 
and administered it further until the chorionic gonadotropin secreted by the chorio-
carcinoma cells completely disappeared, which led to full recovery from choriocar-
cinoma. Furthermore, in 1974, E. Frei of the NCI effectively treated osteosarcoma 
with high-dose MTX combination therapy. MTX is still used widely for various 
carcinomas, despite its long history. 
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 In 1958, M. Osborn and F. Heunnekens of the University of Washington defi ned 
the mechanisms underlying MTX actions. MTX binds DHFR and inhibits the 
reduction of folic acid (FH2) to tetrahydrofolic acid (FH4), eventually inhibiting 
DNA synthesis due to the lack of thymidylic acid in cells (Fig.  5.4 ) [ 8 ]. Metabolic 
studies of MTX revealed that the drug enters the cell through the reduced folate car-
rier type-1 (RFC-1), and is partly converted to polyglutamyl methotrexate via folyl- 
polyglutamyl synthase (FPGS) in the cell. Polyglutamyl methotrexate inhibits not 
only DHFR but also effl ux pumps that cause drug resistance, enabling effi cient 
MTX activity within the cell and inhibition of TS and glycinamide ribonucleotide 
formyltransferase (GARFT).  

5.1.2     Pemetrexed 

 After the anticancer effi cacy of MTX was established, many inhibitors that target 
enzymes responsible for the action of MTX have been synthesized. Among those, 
pemetrexed was discovered during the search for GARFT inhibitors in a joint study 
conducted by E.C. Taylor of Princeton University and Eli Lilly and Company. In 
1992, it was found to have an anticancer effect by strongly inhibiting TS [ 9 ]. 
Pemetrexed inhibits DHFR about 1/1,000 times more weakly than MTX, and inhib-
its TS more strongly when converted to polyglutamyl pemetrexed by FPGS 
(Fig.  5.5 ). In clinical trials, pemetrexed showed clinical effi cacy in various cancers 
such as breast, bladder, colon, and non-small-cell lung cancers, and was especially 
effective against malignant mesothelioma [ 10 ]. In 2004, FDA approved the combi-
nation therapy of pemetrexed and cisplatin for the treatment of malignant mesothe-
lioma. Later, in 2008, the FDA further approved the use of this combination therapy 

MTX

MTX

MTX(Glu)n

FPGS

FH2 FH4

Purine
biosynthesis DNA/RNA

MTX : methotrexate
MTX(Glu)n : polyglutamyl methotrexate
FPGS        : folyl-polyglutamyl synthase

Dihydrofolate
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  Fig. 5.4    Mechanism of action of methotrexate. Methotrexate is transported into the cell by 
reduced folate carrier type-1 ( RFC-1 ), a membrane protein involved in the transport of folic acid. 
Some methotrexate is converted into polyglutamyl methotrexate [ MTX (Glu)n ] by folly- 
polyglutamyl synthase ( FPGS ), after which polyglutamyl methotrexate inhibits dihydrofolate 
reductase, thereby suppressing synthesis of tetrahydrofolic acid ( FH4 ) from folic acid ( FH2 ) and 
ultimately inhibiting DNA synthesis because of a defi ciency of thymidylic acid and purine nucleo-
tide within the cell       
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for patients with locally advanced or metastatic non-small-cell lung cancer (exclud-
ing squamous cell carcinoma). Pemetrexed was also approved for use in mainte-
nance therapy after fi rst-line therapy for lung cancer. Currently, it is a potent 
anticancer drug widely used in lung adenocarcinoma patients.

5.1.3        Pralatrexate 

 Pralatrexate, an MTX analog, was synthesized in the 1950s at the Stanford Research 
Institute (SRI) International, and showed anticancer activity in animal models. In 
the 1970s, F.M. Sirotnak of the Memorial Sloan Kettering Cancer Center observed 
that several types of cancer cells showed high absorption of folic acid in the cell and 
that the membranous protein RFC-1, involved in such a phenomenon, was over- 
expressed in cancer cells [ 11 ]. Sirotnak started to develop antimetabolic drugs that 
strongly bind to RFC-1 and are transferred into the cell more easily than folic acid 
or MTX, consequently inhibiting the DHFR in the cancer cells. In the joint study of 
SRI International and the Southern Research Institute to discover a substance that 
could bind to RFC-1 more strongly than MTX, they discovered a 10-deaza deriva-
tive in 1984, which is an N 10  substituent of aminopterin [ 12 ]. The effi cacy of this 
drug was further improved by synthesizing a 10-deaza-ethyl derivative in 1987 and 
10-deaza propargyl derivative named pralatrexate in 1998 [ 13 ,  14 ]. 

 Pralatrexate has high affi nity for RFC-1 than MTX (14 times more). Compared 
to MTX, pralatrexate shows 10-fold conversion to the polyglutamylated form, thus 
having the advantage of much greater accumulation in cells. The accumulated poly-
glutamylated pralatrexate effectively inhibits DHFR, suppressing DNA synthesis 
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  Fig. 5.5    Mechanism of action of pemetrexed. Pemetrexed is an antifolate agent that inhibits the 
action of enzymes involved in the pyrimidine and purine cycle. Pemetrexed interferes with dihy-
drofolate reductase ( DHFR ) and thymidylate synthase ( TS ), thereby inhibiting pyrimidine synthe-
sis. Pemetrexed also inhibits purine synthesis by interfering with the action of DHFR and 
glycinamide ribonucleotide formyl transferase ( GARFT ). Therefore, pemetrexed inhibits DNA and 
RNA synthesis by reducing the abundance of pyrimidines and purines       
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and leading to cell death. Later clinical studies reported that pralatrexate is excep-
tionally effective in hematologic cancers such as lymphoma and leukemia. In 2009, 
it was approved as a treatment for peripheral T-cell lymphoma.   

5.2     Purine Analogs 

 Purine antimetabolites such as 6-mercaptopurine (6-MP), 6-thioguanine (6-TG), 
fl udarabine, pentostatin, cladribine, clofarabine, and nelarabine have been devel-
oped and used clinically (Fig.  5.6 ).

5.2.1       6-Mercaptopurine and 6-Thioguanine 

 The purine antimetabolite 6-MP was the second antimetabolite drug developed. 
Biochemist G. Hitchings of the New York Burroughs Wellcome & Company (now 
GlaxoSmithKline) assumed that nucleic acids such as DNA and RNA might have 
important roles in cell division as biopolymers, and developed some nucleic acid 
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synthesis inhibitors, expecting that these antimetabolite drugs could treat bacterial 
infectious diseases or cell proliferative diseases such as cancer. G. Elion of this 
research team focused on purine, one of the DNA precursors, and synthesized a purine 
analog to study its inhibitory effect on the proliferation of  Lactobacillus casei  [ 15 ]. In 
1951, Elion discovered that 6-MP strongly suppressed bacterial proliferation. The 
Sloan-Kettering Institute confi rmed its anticancer activity in an animal cancer model 
[ 16 ]. 6-MP is a purine derivative with the 6-OH of hypoxanthine substituted with a 
thiol (-SH) group. 6-TG was developed later on by substituting guanine similarly [ 17 ]. 

 In 1953, J.H. Burchenal conducted a clinical trial of 6-MP on patients with acute 
lymphoblastic leukemia and observed a durable anticancer effect for 1 year median 
survival that was superior to that of MTX [ 18 ]. Based on this result, the FDA approved 
6-MP in 1953 as a drug for acute lymphoma. The clinical effi cacy of 6-MP was also 
observed in patients whose lymphoma progressed even after aminopterin treatment, 
which suggested the different mechanisms of action for these two drugs. This marked 
the start of the combination therapy that has since been widely used for cancer treat-
ment. Based on these fi ndings, E. Frei et al. of NCI treated pediatric acute lymphocytic 
leukemia with POMP combination therapy of 6-MP, MTX, prednisone, and vincristine 
in 1965, thereby ushering the age of combination chemotherapy. 6-MP is still widely 
used. G. Elion and G.H. Hitchings developed another purine analog named 6-thiogua-
nine, which was approved by FDA in 1966 as a therapeutic agent for leukemia. 

 6-MP acts as a prodrug and is converted to thioinosine monophosphate (TIMP) 
by hypoxanthine-guanine phosphoribosyltransferase within the body. It has been 
revealed that TIMP suppresses the enzyme that acts in the early stages of purine 
biosynthesis and induces cell death since its structure that is similar to that of nucle-
oside monophosphates such as adenine or guanine [ 19 ,  20 ].  

5.2.2     Fludarabine 

 J.A. Montgomery and K. Hewson of the Southern Research Institute developed 
2-fl uoroadenosine in 1957 by adding fl uorine to adenosine, taking a cue from 
5- fl uorouracil, which C. Heidelberger developed earlier as an anticancer drug [ 21 ]. 
However, this drug could not be used as an anticancer drug because of its strong 
toxicity, which was observed in an animal tumor transplant model. 

 In 1960, B.R. Baker et al. of the Stanford Research Institute developed the adenine 
arabinoside derivative, vidarabine (ara-A) for anticancer drugs [ 22 ]. However, it was 
ineffective as an anticancer drug because it is rapidly deaminated by adenosine deami-
nase. It was then developed as an antiviral drug because it inhibited viral proliferation. 

 The Montgomery group developed fl udarabine (F-ara-A) in 1969, a derivative of 
vidarabine with fl uorine attached at C-2, to avoid deamination. It was based on the 
fact that 2-fl uoroadenosine was not deaminated by adenosine deaminase [ 23 ]. Later 
on, studies on the mechanism of action of F-ara-A revealed that it inhibits DNA 
polymerase and ribonucleotide reductase as well, leading to blockage of ribonucle-
otide conversion to deoxyribonucleotide [ 24 ]. This action of F-ara-A eventually 
inhibits normal DNA synthesis, suppressing cancer cell growth (Fig.  5.7 ).
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   Fludarabine showed an excellent effi cacy in treating B cell chronic lymphoma in clini-
cal trials, for which it was approved by FDA in 1991. It is also widely used in combina-
tion chemotherapy for non-Hodgkin’s lymphoma and acute myelogenous leukemia.  

5.2.3     Pentostatin (2′-deoxycoformycin) 

 P.W.K. Woo et al. of Parke Davis & Co., a pharmaceutical company in the U.S., discov-
ered a strong inhibitor of adenosine deaminase (ADA) named pentostatin (deoxycofor-
mycin and covidarabine) in the culture medium of  Streptomyces antibioticus  in 1974 
[ 25 ]. Pentostatin suppresses adenosine deaminase because its structure is similar to the 
transition state of the deamination reaction of adenosine by adenosine deaminase. 

 Adenosine deaminase is an enzyme involved in the catabolism of adenosine and 
deoxyadenosine. In 1972, geneticist E.R. Giblett et al. of Seattle’s King County Central 
Blood Bank Inc. and H.J. Meuwissen et al. of New York Albany Medical College dis-
covered that the genetic disease, severe combined immunodefi ciency (SCID), was 
induced by mutation of adenosine deaminase [ 26 ]. In 1978, M.S. Coleman et al. of the 
Kentucky Medical Center studied the pathogenesis of SCID and discovered adenosine 
deaminase defi ciency in the patient’s erythrocytes and lymphocytes, accompanied by 
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  Fig. 5.7    Mechanism of action of fl udarabine. The action of fl udarabine requires conversion of the 
drug to F-ara-ATP. The main effect of F-ara-ATP is suppression of DNA synthesis via inhibition of 
various DNA synthesis-related enzymes. In particular, F-ara-ATP acts as a competitive inhibitor of 
dATP and inhibits DNA polymerase. F-ara-ATP also interferes with the action of DNA primase, 
which synthesizes RNA primers required for DNA polymerase to recognize the point at which 
synthesis of the DNA strand begins. Moreover, F-ara-ATP inhibits the action of ribonucleotide 
reductase, decreasing the pool of the deoxyribonucleotide maintained within the cell by this 
enzyme, leading to an increase in the effect of fl udarabine on DNA synthesis. The effects of F-ara- 
ATP described above bring about the blockage of DNA synthesis and cause apoptosis       
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accumulation of dATP in the cells. They predicted that the high dATP concentration 
would disturb lymphocyte development and proliferation [ 27 ]. 

 Based on these discoveries, K.R. Harrap of the United Kingdom’s Institute of 
Cancer Research assumed that treatment of lymphocytic leukemia would be possi-
ble through suppression of adenosine deaminase, and fi rst reported, in 1979, that the 
adenosine deaminase inhibitor pentostatin might have an anticancer effect [ 28 ]. 
Later, in 1981, M.R. Grever et al. of Ohio State University observed the curative 
effect of pentostatin in T lymphocytic leukemia patients [ 29 ]. Large-scale clinical 
trials showed the excellent effi cacy of pentostatin in hairy-cell leukemia, a type of 
B lymphocytic leukemia, which resulted in its FDA approval in 1991. Pentostatin 
also showed remission in other hematologic cancers such as chronic and acute lym-
phocytic leukemia, acute promyelocytic leukemia, and acute myelocytic leukemia. 
This drug is still frequently used for the treatment of these cancers. 

 Pentostatin inhibits adenosine deaminase, which leads to the accumulation of 
dATP in the cells and then the accumulated dATP perturbs the activity of ribonucle-
otide reductase, resulting in the death of cancer cells.  

5.2.4     Cladribine 

 Toxicities such as hepatotoxicity, nephrotoxicity, and neurotoxicity were reported 
for pentostatin. This led to research on purine analogs with fewer side effects. As a 
result, cladribine (2-chlorodeoxyadenosine), with fewer side effects, was discov-
ered (Fig.  5.8 ). Cladribine contains chlorine bound to the C-2 of deoxyadenosine. 
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  Fig. 5.8    Mechanism of action of cladribine. Cladribine (2-CdA) enters lymphocytes via a mem-
brane transporter. Subsquently, cladribine is phosphorylated by deoxycytidine kinase, forming 
2-CdATP, which is toxic to lymphocytes. In proliferating cells, accumulation of 2-CdATP inter-
feres with ribonucleotide reductase and DNA polymerase, inhibiting DNA synthesis and causing 
apoptosis. In resting cells, cladribine induces apoptosis by depleting NAD and ATP       
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L.F. Christensen et al. of the University of Utah developed it in 1972, and its anti-
cancer effect was studied in an L-1210 murine leukemia model [ 30 ].

   In the 1980s, hematologist D. Carson of Scripps Research Institute searched for 
a metabolic toxic drug that could treat lymphocytic leukemia using the deoxycyti-
dine kinase expressed in lymophocytes, and found that cladribine had such effi cacy 
[ 31 ]. It was revealed in 1988 that this drug acts as a stable substrate analog of ade-
nosine deaminase and inhibits its activity. It was further shown to suppress the activ-
ity of ribonucleotide reductase when converted to 2-CdATP through phosphorylation 
by deoxycytidine kinase [ 32 ]. D. Carson and E. Beutler conducted clinical trials that 
showed the clear effect of cladribine in hairy-cell leukemia, due to which it received 
FDA approval in 1993 as a drug against hairy-cell leukemia [ 33 ].  

5.2.5     Clofarabine 

 Fludarabine and cladribine are not degraded by adenosine deamination, but the loss 
of their effi cacy due to the phosphorolysis caused by purine nucleoside phosphory-
lase (PNP) was not resolved. In addition, the serious neurotoxicity of fl udarabine 
led to the development of a drug that could overcome these drawbacks. 

 J.A. Montgomery group of the Southern Research Institute synthesized various 
2′-fl uoro-2-halo derivatives from 9-β-D-arabinofuranosyladenine and examined 
their anticancer effi cacy. They discovered clofarabine with less susceptibility for 
phosphorolysis and low neurotoxicity [ 34 ]. 

 Clofarabine showed an anticancer activity by inhibiting ribonucleotide reductase 
and DNA polymerase after phosphorylation [ 35 ]. Clinical trials that targeted refrac-
tory acute lymphocytic leukemia patients showed reduction in side effects and 
improved treatment effi cacy. Accordingly, clofarabine received FDA approval in 
2004 as a therapeutic drug for acute lymphocytic leukemia. It is still widely used.  

5.2.6     Nelarabine 

 L. Goodman of Stanford Research Institute, who participated in the development 
research on vidarabine (ara-A), was motivated by the anticancer effect of ara-A and 
reported the synthesis of ara-G (9-β-D-arabinofuranosylguanine) in 1964 [ 36 ]. 
Unlike ara-A, ara-C, and ara-T, which exist as natural substances, ara-G is not found 
naturally. Though its synthesis method was developed, its development as an anti-
cancer drug was halted because of its low solubility. 

 However, in 1975, E.R. Giblett et al. of the Seattle King County Central Blood 
Bank Inc. reported a genetic study, which proved that combined immunodefi ciency 
disease (CID) was not caused by defi ciency of adenosine deaminase (ADA) but that 
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of purine nucleoside phosphorylase (PNP) [ 37 ]. PNP was revealed as an enzyme 
involved in the metabolism of purine nucleosides into the base and the ribose- 1- 
phosphate. dGTP was accumulated in T lymphocytes specifi cally in this genetic 
disease, inducing T-cell lymphopenia. 

 Based on these fi ndings, researchers studied the possibility of treating T-cell 
acute lymphocytic leukemia (T-ALL) through dGTP accumulation by the inhibition 
of PNP. Among them, L. J. Gudas et al. of University of California, San Francisco 
(UCSF) reported in 1978 that, deoxyguanosine inhibited DNA synthesis in T-ALL 
cells leading to leukemic cell death [ 38 ]. 

 However, deoxyguanosine could not be used as an anticancer drug because PNP 
rapidly degrades deoxyguanosine  in vivo . Therefore, there were attempts to develop 
a PNP-resistant deoxyguanosine analog ara-G into drugs. However, ara-G has low 
solubility, so researches continued to solve this problem. 

 In 1995, C.U. Lambe and T.A. Krenitsky et al. of Burroughs Wellcome Co. 
developed a prodrug of ara-G called nelarabine, the solubility of which was eight 
times higher than that of ara-G, and confi rmed its effi cacy in animal tumor models 
[ 39 ]. Nelarabine was converted to ara-G, forming ara-GTP, which interfered with 
the DNA synthesis, but the precise anticancer mechanism is unknown. Nelarabine 
showed a curative effect in a clinical trial that targeted T-ALL and T-cell lympho-
blastic lymphoma (T-LBL) patients, and received FDA approval as the therapeutic 
agent for T-ALL and T-LBL in 2005. It is currently used clinically.   

5.3     Pyrimidine Analogs 

 Starting with the development of 5-fl uorouracil (5-FU), pyrimidine analog antican-
cer drugs such as capecitabine, cytarabine, and gemcitabine have been developed 
and are now being used clinically (Fig.  5.9 ).

5.3.1       Fluoropyrimidines 

5.3.1.1     5-Fluorouracil (5-FU) and 5-Fluorodeoxyuridine Monophosphate 
(FdUMP) 

 5-FU is one of the early anticancer drugs to be developed, but it is an effective drug 
still widely used for solid tumors. In the mid-1950s, C. Heidelberger of the 
University of Wisconsin focused on the study of fl uoro-substituted bioorganic mol-
ecules as fl uorine is reported to have various physiologic effects. Various fl uoro 
substituted bioorganic compounds were screened for anticancer properties. 

 Heidelberger heard that A. Cantarow and K. Paschkis of Jefferson Medical 
College reported the selective absorption of radioisotope-traced uracil by liver can-
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cer cells than normal liver cells in a mouse in 1954 [ 40 ]. Hence, Heidelberger 
decided to investigate the anticancer effect of the fl uorine substituent uracil deriva-
tives. Various fl uoropyrimidine derivatives were synthesized and examined for their 
effi cacy in transplant tumor animal models in a joint study conducted by 
R. Duschinsky and R. Schnitzer of Hoffmann-LaRoche. They reported potent anti-
cancer activities of 5-FU and 5-fl uoroorotic acid in 1957 [ 41 ]. 

 Later, in 1959, Heidelberger studied the mechanism of 5-FU’s anticancer effect. 
It was revealed that 5-FU is converted into FdUMP  in vivo  and inhibits DNA syn-
thesis by targeting thymidylate synthase (TS) (Fig.  5.10 ) [ 42 ,  43 ]. Moreover, in 
1974, D.V. Santi et al. of UCSF revealed the molecular mechanism by which TS 
covalently binds with FdUMP, then reacts with the methylene group provided by 
5,10-methylene tetrahydrofolate, forming a TS-FdUMP-CH 2 H 4 folate complex and 
suppressing the activity of TS [ 44 ].

   Clinical trials of 5-FU were conducted against various types of cancer. It showed 
clinical effi cacy in epithelial cancers of the colon, rectum, breast, stomach, and 
pancreas. Thus, FDA approved 5-FU in 1962. Heidelberger also synthesized 
5- fl uorodeoxyuridine monophosphate (FdUMP), the intermediate product of 5-FU 
and found its anticancer effect [ 45 ]. The clinical trial data showed the curative effect 
of FdUMP in gastrointestinal adenocarcinoma patients, and hence approved by 
FDA in 1970 for gastrointestinal adenocarcinomas. 
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 Interestingly, the mechanism and toxicities of 5-FU are also known to be affected 
by the 5-FU infusion method. 5-FU shows an anticancer effect by suppressing RNA 
synthesis when given in bolus, with more hematologic toxicity due to bone marrow 
suppression. On the other hand, 5-FU mainly suppresses TS and causes oral muco-
sitis or hand-foot syndrome when continuously infused. The 5-FU plus oxaliplatin 
(FOLFOX) therapy, which uses both types of infusion, is currently mainly used to 
treat colon and gastric cancer.  

5.3.1.2     Capecitabine 

 5-FU was found to have very low bioavailability due to its short half-life since it is 
metabolized by dihydrouracil dehydrogenase, in liver. In 1998, Nippon Roche 
Company developed an orally administered prodrug of 5-FU named fl uoropyrimi-
dine carbamate (capecitabine), which had 70–80 % higher bioavailability than that 
of 5-FU [ 46 ]. This drug caused cytotoxicity by forming 5-FU through a three-step 
reaction. Especially, the thymidine or uridine phosphorylases acting in the last step 
are more active in cancer cells than normal cells. Hence, the prodrug is selective 
towards cancer cells. 
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  Fig. 5.10    Mechanism of action of 5-fl uorouracil. 5-Fluorouracil (5-FU) is converted to 5-FdUMP 
via several biochemical reactions, after which it prevents the formation of thymidylate, an impor-
tant DNA precursor, by inhibiting thymidylate synthetase. 5-FU also interferes with transcription 
by inserting itself in place of uracil during the process of RNA synthesis       
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 Capecitabine was approved in 1998 as a therapeutic agent for colon cancer. It is 
also effectively used against breast, gastric, and pancreatic cancer. 

 The advantage of capecitabine over 5-FU is its oral administration with compa-
rable anticancer effect. Patients can continue their daily life without long-term hos-
pitalization. In addition, side effects such as chemotherapy-induced nausea, 
vomiting, and alopecia, are reduced. This has led to the extensive use of capecitabine 
than 5-FU as an anticancer agent.   

5.3.2     Deoxycytidine 

5.3.2.1     Cytarabine (Cytosine Arabinoside, ara-C) 

 In 1951 and 1955, organic chemist W. Bergmann of Yale University identifi ed the 
new pyrimidine nucleosides spongothymidine (3-β-D-arabofuranosylthymine) and 
spongouridine (3-β-D-arabofuranosyluracil) from  Cryptotethia crypta , a type of 
sponge found in the Florida coast. He also revealed that the glycochemical structure 
of these substances had a specifi c pentose of arabinose instead of the general deoxy-
ribose used in DNA synthesis [ 47 ]. 

 In 1956, biochemist S. Cohen of University of Pennsylvania observed the  E. coli  
growth inhibition effect of spongothymidine and proposed the possibility to develop 
this unusual nucleoside as an anticancer drug [ 48 ]. After that, several groups chemi-
cally synthesized arabinose nucleoside. Among them, C. Dekker’s group at the 
University of California, Berkeley synthesized an arabinosyl cytosine, cytarabine, 
in 1959 [ 49 ]. Later, C.J. Kensler et al. of the Boston University School of Medicine 
reported cytarabine’s curative effect in several animal cancer models in 1965 [ 50 ]. 

 In the late 1960s, cytarabine showed an excellent effect in various hematologic 
malignancies, including pediatric acute lymphocytic leukemia (ALL), chronic myelog-
enous leukemia (CML), and acute myelogenous leukemia (AML). FDA approved 
cytarabine against hematologic malignancies in 1969, and it is still widely used. 

 Cohen et al. studied the mechanism of cytarabine, and revealed in 1968 that cyta-
rabine is converted to ara-CTP through phosphorylation in cancer cells, suppressing 
the DNA polymerase and inducing cell death (Fig.  5.11 ) [ 51 ].

5.3.2.2        Gemcitabine (2′, 2′-difl uoro-2′-deoxycytidine, dFdC) 

 Cytarabine had the shortcoming of rapid inactivation by cytidine deaminase into 
ara-U, which has no anticancer effect, when it is absorbed by the body. Thus, studies 
were pursued to overcome this problem. L. Hertel of Eli Lilly and Company, who 
was developing antiviral drugs, reported in 1968 various novel compounds with two 
fl uorines instead of hydrogens attached to C-2′ of deoxyribopyrimidine and 
deoxyarabinopyrimidine [ 52 ]. Later, in 1990, his team found that the 2′, 2′-difl uoro- 
2′-deoxycytidine (gemcitabine) showed an anticancer effect superior to that of cyta-
rabine in various animal tumor models [ 53 ]. 
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  Fig. 5.11    Mechanism of action of cytarabine. Nucleoside transporter ( hENT1 ) promotes the entry 
of cytarabine ( ara-C ) into the cell ( 1 ). Once inside the cell, cytarabine (ara-C) is phosphorylated 
by deoxycytosine kinase (dCK) to form ara-CMP ( 2 ). Subsequently, ara-CTP is produced by 
(deoxy) cytidylate kinase (UMP-CMPK) ( 3 ) and nucleoside diphosphate kinase (NDK) ( 4 ). The 
resulting ara-CTP causes apoptosis by inserting itself into DNA during DNA synthesis       

Deoxycytidine
Monophosphate
Deaminase

Ribonucleotide
Reductase

dFdUMP

CDP

dCMP

Gemcitabine Monophosphate(dFdCMP)

Gemcitabine Diphosphate(dFdCDP)

Gemcitabine Triphosphate(dFdCTP)

Deoxycytidine Kinase(DCK)

DNA Polymerase

DNA synthesis

Gemcitabine(dFdC)

Deoxycytidine Kinase(DCK)

Deoxycytidine Kinase(DCK)

Metabolism & Excretion

(1)

(2)
(3)

  Fig. 5.12    Mechanism of action of gemcitabine. Gemcitabine ( dFdC ) undergoes phosphorylation by 
deoxycytidine kinase to form gemcitabine diphosphate ( dFdCDP ), followed by conversion to gem-
citabine triphosphate ( dFdCTP ), which inserts itself into DNA and interferes with DNA synthesis 
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phosphate ( dCMP ) ( 2 ), which acts as a substrate in the process of DNA replication. Additionally, 
because dFdCDP inhibits deoxycytidine monophosphate deaminase, gemcitabine is not dgraded and 
acts continuously ( 3 ).  dFdC  2′-deoxy-2′,2′-difl uorocytidine,  dFdUMP  2′-deoxy- 2′,2′-difl uorouridine 
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 Gemcitabine has a longer half-life than cytarabine, and is converted to dFdCDP 
and dFdCTP, as is cytarabine, suppressing ribonucleotide reductase that is involved 
in the dCTP synthesis required in DNA replication. It also inhibits cell growth by 
suppressing the DNA polymerases α/ε (Fig.  5.12 ) [ 54 ,  55 ]. Gemcitabine showed an 
outstanding anticancer properties in clinical trials of various solid carcinomas, 
unlike cytarabine, which shows little effect in solid tumors, and was approved for 
malignant pancreatic cancer treatment in 1996. Since then, it has been approved for 
the treatment of non-small-cell lung cancer, breast cancer, biliary tract cancer, ovar-
ian cancer, etc. It is still widely used.
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    Chapter 6   
 Natural Product Anticancer Drugs                     

          Natural product anticancer drugs that are used clinically include compounds  isolated 
from plants such as the vinca alkaloids, taxane/taxane analogues, podophyllotoxin 
derivatives, and camptothecin derivatives, as well as anticancer antibiotics isolated 
from various  Streptomyces  species such as anthracycline/anthracenedione, bleo-
mycin, and actinomycin (Fig.  6.1 ). Vinca alkaloids and taxane/taxane analogues 
exhibit anticancer effects by inhibiting the microtubule function of spindle fi bers, 
which is related to chromosome segregation, while podophyllotoxin derivatives, 
camptothecin derivatives, and other antibiotics cleave DNA bases, causing DNA 
damage through the suppression of topoisomerase I or II and the production of free 
radicals.
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  Fig. 6.1    Types of natural product-derived anticancer agents and a chronology of their 
development       
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6.1       Plant-Derived Anticancer Drugs 

6.1.1     Vinca Alkaloids 

 A number of plant extracts were used in initial anticancer drug development; vin-
blastine and vincristine are vinca alkaloids, the fi rst approved anticancer drugs 
derived from plant extracts. Thereafter, vinorelbine, a semisynthetic derivative, was 
developed with less side effects (Fig.  6.2 ). Vinca alkaloids exhibit anticancer effects 
by inhibiting microtubule formation. Halichondrin B, a macrolide with a similar 
anticancer mechanism, was extracted from sea sponges. Eribulin, an analogous syn-
thetic compound of halichondrin, are clinically used.

6.1.1.1       Vinblastine and Vincristine 

 The history of anticancer treatment derived from plant extracts in Western literature 
was fi rst recorded in the book “De Materia Medica (Regarding Medical Materials)” 
written by P. Dioscorides, an ancient Greek doctor, around fi rst century AD. It 
described about 400 medicinal plants, and identifi ed  Colchicum autumnale , a plant 
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belonging to the liliaceae family, as a treatment for cancer and gout. P.S. Peletier 
and J. Caventon, French chemists, isolated colchicine, a plant alkaloid and the 
effective component of  C. autumnale  in 1820. 

 Thereafter, in 1934, F.J. Lits at Yale University studied the effects of colchicine 
on cells. He carefully investigated the effect of colchicine treatment on cells of vari-
ous murine tissues, and observed mitotic arrest in hematopoietic cells and basal 
cells of epithelium [ 1 ]. 

 In 1934, A.P. Dustin et al. of Chicago University reported that colchicine demon-
strated anticancer activity in an animal tumor transplantation model by arresting the 
growth of cancer cells at mitosis [ 2 ]. However, marked toxicity was observed in 
clinical trial, and thus, colchicine’s development as a clinical drug was halted. 
Nonetheless, colchicine provided an opportunity to uncover the functional princi-
ples of anticancer drug action at the cellular level, thus playing a fundamental role 
in the development of vinblastine and vincristine and in identifying the mechanisms 
of other anticancer effects. Colchicine was approved by the FDA as a gout medicine 
in 2009, and has been used since for gout treatment. 

 Vinca alkaloids are a class of over 80 different types of alkaloids extracted from 
 Vinca minor , a viny ornamental plant that was described by P. Dioscorides men-
tioned in the same book as a medicinal plant useful for various symptoms. In 1948, 
R. Noble of Western Ontario University showed that extracts of  V. rosea  widely 
used as a folk remedy for diabetes caused hematopenia, from which he predicted its 
potential as an anticancer drug and showed that it is similar to mustard gas. In 1958, 
Noble successfully purifi ed vinblastine, the effective component, after a long trial 
period [ 3 ]. Around the same time, G.H. Svoboda et al. from Eli Lilly, were screen-
ing for potential diabetes medicines from  V. rosea , and in 1959, found that an extract 
fraction demonstrated anticancer effects in an animal model for leukemia [ 4 ]. They 
successfully purifi ed the responsible substance in this fraction in 1962, resulting in 
the isolation of vincristine, another vinca alkaloid [ 5 ]. 

 Subsequently, the functional mechanism of vinblastine and vincristine was stud-
ied. In 1960, C.G. Palmer et al. of Indiana University observed that vinblastine arrested 
the cell cycle at metaphase during cell division in a manner similar to colchicine [ 6 ]. 
Thereafter, a group of researchers observed abnormalities in spindle fi ber formation, 
and K.G. Bensch et al. of Stanford University and R. Marantz et al. of Albert Einstein 
College of Medicine discovered in 1969 that vinblastine and vincristine bind tubulin, 
the main constituent protein of the microtubules of spindle fi bers [ 7 ,  8 ]. In 1976, 
R.J. Owellen et al. of Johns Hopkins University showed that the binding of vinblastine 
to tubulin inhibited the polymerization of microtubules [ 9 ], and in 1977, R.W. Tucker 
of Sidney Farber Cancer Institute revealed that suppression of spindle fi ber formation 
by vinblastine in cells correlated with its cytotoxicity (Fig.  6.3 ) [ 10 ].

   Although the structures of vinblastine and vincristine are the same except for the 
methyl group and the formyl group bound to the indole ring structure, respectively, 
they have distinct anticancer activities. Vinblastine primarily had potent effects on 
germ cell cancers, with relatively severe toxicities, whereas vincristine was effective in 
the treatment of pediatric solid tumors such as Wilms’ Tumor, or neuroblastoma, with 
relatively milder toxicities. Vinblastine and vincristine were approved by the FDA as 
anticancer drugs in 1961 and 1963, respectively, and are being used currently.  

6.1 Plant-Derived Anticancer Drugs
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6.1.1.2     Vinorelbine 

 After the success of vinblastine and vincristine, Eli Lilly Company and other 
research groups screened additional vinca alkaloids and synthesized novel deriva-
tives of the two existing drugs, in order to develop anticancer drugs with decreased 
neurotoxicities. P. Potier group of the Centre National de la Recherche Scientifi que 
in France synthesized a derivative of vinblastine, vinorelbine, which bound to tubu-
lin more strongly and had a higher hydrophobicity [ 11 ]. 

 Since vinblastine non-selectively functions not only against microtubules during 
mitosis, but also against microtubules responsible for transport in the axons of neu-
rons, it caused peripheral neuropathy, among other severe side effects. In contrast, 
vinorelbine preferentially targets microtubules involved in mitosis, reducing neuropa-
thy [ 12 ]. In addition, it was observed that systemic distribution of vinorelbine was 
specifi cally concentrated in the lung; hence, vinorelbine produced excellent treatment 
results in clinical trials with lung cancer patients. It was approved by the FDA as a 
treatment for advanced non-small cell lung cancer in 1994 [ 13 ,  14 ]. Moreover, vinorel-
bine was also approved as an anticancer drug for metastatic breast cancer, and is cur-
rently being used widely in the treatment of metastatic lung cancer and breast cancer.   

6.1.2     Macrolide: Eribulin 

 In 1985, D. Uemura et al. of Shizuoka University in Japan discovered halichondrin 
B in  Halichondria okadai , a sea sponge living in the coast of Japan through a drug 
screening protocol using mouse tumor models. Halichondrin B belongs to the poly-
ether macrolide class, and demonstrated a potent anticancer effect (Fig.  6.4 ) [ 15 ]. In 

Blocking of assembly

Vinca alkaloids
a tubulin

b tubulin

  Fig. 6.3    Mechanism of action of vinca alkaloid. α-tubulin and β-tubulin form a head-to-tail polymer-
ization, leading to cylindrical microtubules. Microtubule is formed from binding between alternating 
tubulin monomers that polymerize in a line, in which an α subunit is exposed at one end and a β subunit 
is exposed at the other. The exposed α and β ends are referred to as the (−) and (+) ends, respectively. 
Polymerization occurs at the ( + ) end, where vinca alkaloids bind to β-tubulin. Although vinca alka-
loids do not participate in microtubule breakdown, they can inhibit formation of new microtubules       
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1991, the E. Hamel research group of the U.S. National Cancer Institute found that 
halichondrin B bound to tubulin, similar to vinca alkaloids, and inhibited microtu-
bule formation [ 16 ].

   Halichondrin B had stronger activity than the vinca alkaloids. However, since 
halichondrin B was present in sea sponges in extremely low amounts, only 300 mg 
of halichondrin B was isolated from one ton of sea sponges. Therefore, Y. Kishi of 
Harvard University who was interested in the strong activity of halichondrin B, suc-
ceeded in total synthesis of halichondrin B in 1992 [ 17 ]. Nevertheless, mass produc-
tion was not easy owing to its molecular weight, which is as high as about 
1,110 MW. In 1997, Y. Kishi group identifi ed the essential core region of halichon-
drin B’s structure responsible for its anticancer activity, and then conducted a col-
laboration study with Eisai, a Japanese pharmaceutical company, to develop 
structurally simplifi ed derivatives [ 18 ]. As a result, in 2001, B.A. Littlefi eld et al. of 
Eisai Institute and Kishi group successfully developed eribulin, a macrocyclic ketone 
compound, via the synthesis of various derivatives with improved effi cacy. Eribulin 
had excellent anticancer activity, and was thus able to undergo active clinical trials 
[ 19 ]. Then, it was found that compared to the control group, the median overall sur-
vival of the group treated with eribulin was prolonged to 13.1 months from 
10.6 months in a clinical trial with metastatic breast cancer patients. Objective 
response rate was also high; therefore, eribulin was fi nally approved by the FDA as 
an anticancer drug for metastatic breast cancer in 2010 [ 20 ].

6.1.3        Taxane 

6.1.3.1     Paclitaxel (Taxol) 

 M.E. Wall et al. of the Research Triangle Institute of North Carolina University in 
the United States participated in the NCI plant-screening program from the mid- 
1950s, wherein they investigated the anticancer effects of plants collected by the 
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  Fig. 6.4    Molecular structure of halichondrin B. The parts marked in  red  were used for the devel-
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United States Department of Agriculture. In 1967, they discovered paclitaxel 
(named taxol when initially discovered), another anticancer drug found in the bark 
extracts of the Pacifi c yew ( Taxus brevifolia ), which also bound to tubulins [ 21 ]. 
However, paclitaxel was present at an extremely low amount in the extracts, and its 
isolation process was very complicated. Other signifi cant problems included its low 
solubility, which caused problems during intravenous injection, and relatively low 
anticancer effects in various murine leukemia tumor models [ 22 ]. Thus, the NCI 
ceased the development of taxol as an anticancer drug. 

 Afterwards, paclitaxel was later revealed to have a new anticancer mechanism. 
D.A. Fuchs and R.K. Johnson of the NCI studied the effects of paclitaxel on cells in 
1978, and found that paclitaxel arrested the cell cycle of cancer cells at metaphase 
during cell division [ 23 ]. Therefore, paclitaxel was predicted to have a similar 
mechanism as the vinca alkaloids. However, in 1979, S.B. Horwitz of Albert 
Einstein College of Medicine revealed that paclitaxel inhibits breakdown of spindle 
fi ber microtubules, resulting in the arrest of cell division. This is opposite to the 
mode of action of vincristine, which suppresses microtubule formation and inhibits 
the growth of cancer cells (Fig.  6.5 ) [ 24 ].

   Because paclitaxel was found to have a new anticancer mechanism, the NCI 
implemented a clinical trial to develop it as a novel anticancer drug. The phase I 
clinical trial found that paclitaxel had few side effects, and excellent anticancer effi -
cacy; hence, an active clinical trial was performed against various cancers. The Johns 
Hopkins Oncology Center conducted phase II clinical trial for 4 years, and found 
clear treatment effects on ovarian cancer in 1989 [ 25 ]. However, the sample was 
insuffi cient for a phase III clinical trial; therefore, the NCI performed the clinical trial 
after establishing a paclitaxel supply contract with Bristol-Myers Squibb (BMS). 
The resulting trial confi rmed its treatment effects on ovarian cancer, and paclitaxel 
was approved by the FDA in 1992 as an anticancer drug for ovarian cancer. Later on, 

Taxanes

Alpha tubulin

Beta tubulin

Vinca alkaloids

  Fig. 6.5    Mechanism of action of paclitaxel. Vinca alkaloids and taxanes are anti-microtubule 
compounds that both block the normal function of microtubules, but they have opposite effects of 
action. Vinca alkaloids inhibit the formation of microtubules to interfere with cancer cell growth. 
However, taxanes stabilize microtubules and interfere with their breakdown, suppressing cell pro-
liferation and inducing apoptosis       
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additional clinical trials confi rmed the effi cacy of paclitaxel on various solid cancers 
including breast cancer, stomach cancer, lung cancer, bladder cancer, and Kaposi’s 
sarcoma, and it was approved as a treatment for these various carcinomas. Currently, 
paclitaxel is one of the most widely administered anticancer drugs worldwide. 

 The bark of yew tree trunks was known to mostly contain paclitaxel. However, 
G. Strobel, a botanist, and A. Stierle, a chemist, of Montana State University 
revealed that paclitaxel was actually synthesized by  Nodulisporium sylviforme , a 
commensal fungus of yew trees in 1993 [ 26 ]. Since 1994, paclitaxel has mostly 
been produced through the fermentation of plant cells developed by BMS.  

6.1.3.2     Docetaxel 

 Since paclitaxel was produced only in small amounts from the bark of rare pacifi c 
yew trees through a complex purifi cation process, a number of studies in 1980s 
developed various methods to yield paclitaxel in excellent quantities. In 1984, the 
P. Potier group of the Centre National de la Recherche Scientifi que in France was 
successful in extracting 10-deacetylbaccatin, an inactive precursor of taxane, on a 
large scale from the leaves of European yew ( Taxus baccata ) [ 27 ]. They then con-
ducted a study to develop derivatives with the same activity to paclitaxel using this 
material. They screened various taxane derivatives obtained from 10- deacetylbaccatin 
III using the semisynthetic method coupled with tubulin binding assay, and fi nally 
developed docetaxel in 1989, which binds to tubulin two-fold more strongly than 
paclitaxel [ 28 ]. Docetaxel is advantageous because it is more soluble in an aqueous 
solution than paclitaxel, and has superior effects in various kinds of animal cancer 
models [ 29 ]. Docetaxel was approved by the FDA as a breast cancer drug in 1996 
after clinical trials. In addition, docetaxel has been widely used for the treatment of 
lung cancer, stomach cancer, head and neck cancer, ovarian cancer, and prostate 
cancer, based on clinical trials.  

6.1.3.3     Cabazitaxel 

 Despite the improved treatment effects of paclitaxel and docetaxel, they had limita-
tions. A study on the metabolism of these drugs discovered that these anticancer drugs, 
after being absorbed into cells, were pumped out again by p-glycoprotein, losing their 
anticancer activities [ 30 ]. In 2000, in order to develop a new drug that could overcome 
this disadvantage, Sanofi -Aventis developed cabazitaxel, which has a low binding 
capacity to p-glycoprotein and a high permeability across the blood–brain barrier [ 31 ]. 

 This drug was produced via a semisynthetic method from a diastereomer of 
10-deacetyl baccatin III that was extracted from yew leaves (similar to docetaxel), 
and was observed to have higher cytotoxicity toward cultured cancer cells than 
docetaxel [ 31 ]. The curable effects of cabazitaxel on metastatic prostate cancer 
(metastatic castration-resistant prostate cancer, CRPC), an incurable cancer, was 
confi rmed by clinical trial, and thus was approved by the FDA as a treatment for 
metastatic prostate cancer in 2010 [ 32 ].   
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6.1.4     Ixabepilone 

 After the success of paclitaxel and docetaxel, new types of drugs with improved 
solubility that could evade the resistance mechanism were screened, resulting in the 
discovery of epothilone A and B, two antifungal drugs from the culture medium of 
 Sorangium cellulosum , myxobacteria, by the Merck Institute in 1992. In 1995, 
D.M. Bollag et al. of the same institute discovered that epothilone A and B bind to 
tubulin in a manner similar to paclitaxel [ 33 ]. 

 This drug belongs to the polyketide macrolide class, has a different structure from 
taxanes, and demonstrates cytotoxicity against cells resistant to paclitaxel. However, 
use of epothilone A and B as anticancer drugs was limited owing to their instability 
during drug metabolism. Thus, F.Y. Lee et al. of Bristol-Myers Squibb synthesized 
and developed derivatives in an attempt to enhance their stability. Of these approxi-
mately 300 types of synthesized derivatives, ixabepilone was observed to have marked 
resistance to degradation by esterase in the body [ 34 ]. Developed in 2001, ixabepilone 
had a structure wherein the lactone ring of epothilone B was substituted for a lactam 
ring. It showed excellent anticancer effects in an animal xenograft model. Since ixa-
bepilone was confi rmed to have an effect against metastatic breast cancer in the clini-
cal trial performed afterward, it was registered as an FDA-approved drug in 2007 [ 35 ].  

6.1.5     Podophyllotoxins: Topoisomerase II Inhibitors 

 Podophyllotoxin derivatives such as etoposide and teniposide function as topoisom-
erase II inhibitors and exhibit anticancer effects, while the anthracycline class of 
antibiotics including actinomycin D, daunorubicin, and doxorubicin, have similar 
anticancer mechanisms (Fig.  6.6 ).

6.1.5.1       Etoposide and Teniposide 

 Podophyllotoxin is a plant-derived drug with a long history of use in cancer treat-
ment. “Leech Book of Bald”, a book on medicinal plants that was written in early 
900 s during the medieval times states that cancer was treated with the roots of cher-
vil, which are rich in podophyllotoxin. In addition, in 1861 R. Bentley reported the 
successful treatment of verruca with podophyllin resin from  Podophyllum peltatum . 
V. Podwyssotski isolated podophyllotoxin, a non-glycosidic compound, from the 
roots of podophyllum for the fi rst time in 1880. In 1946, M. Sullivan of WM. Beaumont 
General Hospital in Texas observed that the treatment of condyloma acuminatum, a 
kind of venereal disease, with podophyllin arrested the cells at metaphase during cell 
division, in a manner similar to colchicine [ 36 ]. Podophyllin and podophyllotoxin 
were investigated in animal cancer models in 1950 and were found to be very toxic; 
they were not able to advance to the clinical trial stage at that time. 

 Sandoz (currently, Novartis AG), a Swiss pharmaceutical company, focused on 
the physiological effi cacy of various glycosides from vegetables, had been studying 
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the glycoside extracts of podophyllum since the 1950s. H. Stahelin and A. von 
Wartburg et al. developed a new extraction method, and in 1954, discovered novel 
podophyllotoxin glycoside compounds with reduced toxicity from the roots of  P. 
peltatum . However, they also found that their anticancer effi cacy became weaker 
than non-glycosidic compound. Thus, they developed semisynthetic derivatives with 
reduced toxicity and increased anticancer effi cacy by modifying the podophyllotoxin 
glycoside [ 37 ]. As a result, in 1964 they produced 4′-demethylepipodophyllotoxin 
benzylidene glucoside, a compound with reduced bone marrow toxicity and obvious 
anticancer effects in the L-1210 tumor model; in 1970, they developed thiophene-
2-aldehyde (teniposide) after further modifi cations [ 38 ]. Von Wartburg and Kuhn 
developed another derivative, etoposide by reacting 4′-demethylepipodophyllotoxin 
benzylidene glucoside with acetaldehyde in 1971, which could be taken orally [ 39 ]. 

 The molecular mechanisms of the anticancer effects of these drugs were 
reported in the 1980s. In 1976, J.D. Loike and S.B. Horwitz of the Albert Einstein 
College of Medicine found that podophyllotoxin exerted its cytotoxicity by 
directly acting on tubulins to stop cell growth at metaphase during cell division, 
whereas etoposide and teniposide did not act on tubulin and instead uniquely 
induced DNA cleavage, leading to cell death [ 40 ]. Based on these studies, in 
1984 L.F. Liu group of Johns Hopkins Medical School found that etoposide and 
teniposide directly suppressed topoisomerase II, which controls DNA torsional 
stress (Fig.  6.7 ) [ 41 ].
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  Fig. 6.6    Structure of topoisomerase II inhibitors and the process of their development       
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   Clinical trials for both etoposide and teniposide were implemented in 1971, and 
approved by the FDA; etoposide was approved for treatment of testicular cancer and 
non-small cell lung cancer in 1983, whereas teniposide was approved for intractable 
childhood ALL in 1992. These two drugs are currently used clinically.   

6.1.6     Camptothecins: Topoisomerase I Inhibitors 

6.1.6.1     Topotecan and Irinotecan 

 Camptothecin is an alkaloid extracted from  Camptotheca acuminate , a plant used as 
an anticancer drug in traditional Chinese medicine. M.E. Wall et al. of the Research 
Triangle Institute, who also discovered paclitaxel, discovered camptothecin as 
another candidate compound for anticancer treatment in 1966 [ 42 ]. Camptothecin 
was found to have potent bladder toxicity during its clinical trial, halting further 
clinical investigation. However, research on its functional mechanism continued. 
The L.F. Liu group of Johns Hopkins Medical School, who identifi ed the suppres-
sion of DNA topoisomerase II as etoposide’s functional mechanism, also found that 
camptothecin directly suppressed DNA topoisomerase I, another enzyme that con-
trols DNA supercoiling (Fig.  6.8 ) [ 43 ].

   Inspired by this fi nding, W. Kingsbury et al. of GlaxoSmithKline developed 
topotecan in 1991, which is a derivative with reduced toxicity [ 44 ]. In addition, 
S. Sawada et al. of the Yakult Institute for Microbiological Research in Japan 
developed irinotecan, a prodrug of camptothecin in 1991 [ 45 ]. Once irinotecan is 
absorbed into the body, it is activated via metabolism to strongly inhibit DNA topoi-
somerase I. The FDA approved topotecan for metastatic ovarian cancer, and irino-
tecan for metastatic colorectal cancer in 1996. Furthermore, they were approved for 

Normal catalytic cycle of Topoisomerase II Action of Topoisomerase II inhibitor

Double-stranded DNA

Transient, cleavable
complex

Irreversible double-strand 
breaks in DNA

Etoposide leads to double-strand breaks in DNA

Topoisomerase II

ligation

Topoisomerase II

Etoposide

  Fig. 6.7    Mechanism of action for topoisomerase II inhibitors. Topoisomerase II cleaves double- 
stranded DNA during the process of DNA replication and stabilizes DNA by reducing torsional 
stress before rejoining cut ends. However, in phases S–G2 of the cell cycle, when the inhibitor 
etoposide forms a complex with topoisomerase II, rejoining of DNA ends after cutting is inhibited, 
leading to DNA damage and suppression of cell division       
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stomach cancer, lung cancer, and glioblastoma based on further clinical trial results, 
and now are in use clinically.   

6.1.7     Omacetaxine Mepesuccinate 
(Homoharringtonine, HHT) 

 Omacetaxine mepesuccinate is a semisynthetic derivative of cephalotaxine, a type 
of alkaloid extracted from Japanese plum-yew ( Cephalotaxus harringtonia ) 
belonging to taxaceae. Seeds of the Japanese plum-yew were used for the treatment 
of dry cough and sputum in traditional Chinese medicine. The Chinese government 
requested scientists to develop new drugs from the traditional Chinese medicine 
during the Cultural Revolution, whereupon researchers in the Fukien region found 
that alkaloids extracted from  C. fortune  had anticancer effects in 1970 [ 46 ]. 

 In 1972, R.G. Powell et al. of the Northern Regional Research Laboratory located 
in Illinois, USA, also reported the extraction of fi ve alkaloids, namely, cephalotax-
ine, harringtonine (HT), homoharringtonine (HHT), isoharringtonine (IHT), and 
deoxyharringtonine (dHT) from  C. harringtonia , of which HHT had the strongest 
anticancer effect in an animal model using P388 leukemia cells [ 47 ]. 

 M.T. Huang of Albert Einstein University discovered in 1975 that homoharringto-
nine strongly suppressed protein synthesis, while other researchers further elucidated 
that its mechanism was related to elongation step of protein synthesis [ 48 ]. HHT binds 
to the A (acceptor) site of 60S ribosome and suppresses the binding of aminoacyl-
tRNA, inhibiting the synthesis of proteins required for the proliferation of cancer cells. 

Topotecan

Topoisomeras I covalently bound to DNA Stabilization of the “Cleavable Complex”

Interaction between the cleavable complex
and DNA replication fork

Double-stranded DNA break

topoisomerase I

DNA replication fork

  Fig. 6.8    Mechanism of action for topoisomerase I inhibitors. Topoisomerase I binds to double- 
stranded DNA during the process of DNA replication and splits DNA into single strands, stabiliz-
ing DNA by reducing torsional stress. Subsequently, ligation is performed by topoisomerase 
I. However, topoisomerase I inhibitors such as topotecan and irinotecan inhibit DNA religation; 
therefore, when dividing cells reach the start of replication, the double-strands are cleaved, which 
ultimately induces apoptosis       
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 The Shanghai Institute of Materia Medica conducted clinical trials with a mix-
ture of harringtonine and homoharringtonine that were partially purifi ed from  C. 
fortuneii , and reported their treatment effects against acute myeloid leukemia and 
chronic myeloid leukemia in 1977 [ 49 ]. In 1984, the Phase I clinical trial performed 
with a highly purifi ed homoharringtonine and led by the NCI in the US showed an 
excellent clinical effi cacy in non-lymphocytic leukemia, particularly in chronic 
myeloid leukemia [ 50 ]. However, since homoharringtonine was present in the ceph-
alotaxus alkaloids at low concentrations, clinical trials were stopped owing to dif-
fi culty in maintaining an adequate drug supply. 

 Instead, various research groups investigated synthesis methods, and J. P. Robin 
et al. of Oncopharm in France developed a mass production method in 1999 for highly 
purifi ed homoharringtonine using cephalotaxine, a compound that was present in ceph-
alotaxus alkaloids in abundance but had no anticancer activity. Nevertheless, since ima-
tinib had markedly superior effects in the treatment of chronic myeloid leukemia during 
that time, homoharringtonine was on the verge of disappearance without attracting any 
attention as an anticancer drug. However, as there were reports of chronic myeloid 
leukemia patients who showed resistance to imatinib, there was renewed focus on 
homoharringtonine by researchers of the M.D. Anderson Cancer Center of Texas. 

 R. Chen et al. of the M.D. Anderson Cancer Center found that homoharringto-
nine suppressed the translation of Bcr-Abl mRNA in 2006 [ 51 ], and R. Tang et al. 
of Universite’ Pierre et Marie Curie also revealed that homoharringtonine  suppressed 
translation of Mcl-1, a tumor protein that is deeply correlated with chronic myeloid 
leukemia (Fig.  6.9 ) [ 52 ].

Oncoprotein breakdown

Oncogenes
mRNAs

Protein synthesis blocked

Omacetaxine

ribosome

mRNA

peptide

  Fig. 6.9    Anticancer mechanism of omacetaxine. Omacetaxine (homoharringtonine) binds to 
the A-site on ribosomes and inhibits protein synthesis, resulting in reduced concentration of 
proteins with a short half-life, such as Bcr-Abl (which is related to the development of chronic 
myeloid leukemia), leading to cell death. Similarly, the anticancer effect of omacetaxine is 
known to occur as the result of inhibiting the synthesis of oncoproteins, including Mcl-1 and 
Myc, which are important regulators of cell survival and proliferation in cancer cells, 
respectively       
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   Then, J. Cortes et al. of the M.D. Anderson Cancer Center conducted a clinical 
trial with chronic myeloid leukemia patients who were resistant to Bcr-Abl kinase 
inhibitors such as imatinib, wherein they observed that homoharringtonine had 
effects not only on patients with the imatinib-resistant Bcr-Abl mutant, but also on 
chronic myeloid leukemia patients with a Bcr-Abl T315I mutation who were resis-
tant to the 2nd generation Bcr-Abl inhibitors [ 53 ]; thus homorringtonine was 
approved by the FDA as a medicine for chronic myeloid leukemia in 2012.   

6.2     Anticancer Antibiotics 

 Anticancer antibiotics are antibiotics extracted from soil microorganisms that have 
anticancer activities. They range from compounds that were developed from actino-
mycin D by S. Waksman to antibiotics in the anthracycline group, including dauno-
rubicin, doxorubicin, epirubicin, and idarubicin, as well as mithramycin and 
bleomycin. Many are now in clinical use. Most of them were isolated from various 
 Streptomyces  species, and inserted between DNA bases to cause DNA damage for 
their anticancer effects. 

  Fig. 6.10    Types of anthracycline and the process of their development       
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6.2.1     Actinomycin D (Dactinomycin) 

 Since the discovery of penicillin from blue mold ( Penicillium glaucum ) by 
A. Fleming in 1928, antibiotics have become an essential drug group in chemo-
therapy. Although antibiotics were defi ned as bioactive substances that kill bacteria, 
their application was gradually extended to other diseases and they were applied to 
cancer treatments from the 1950s. S. Waksman, a microbiologist of Rutgers College 
who fi rst used the term “antibiotics” in 1942, discovered not only streptomycin, a 
tuberculosis medication, but also other various antibiotics including actinomycin, 
streptothricin, neomycin, and candicidin from  Streptomyces  (the richest source for 
antibiotics development), for which he was awarded the Nobel Prize in physiology 
or medicine in 1952. 

 S. Farber of Harvard Medical School identifi ed the potential use of aminopterin 
and methotrexate of the antimetabolite group for anticancer chemotherapy, and 
focused on antibiotics to screen for novel anticancer drugs in 1954. He investigated 
the anticancer effects of about 20 types of antibiotics that Waksman had previously 
discovered, in mouse leukemia models, of which actinomycin D (dactinomycin) 
was observed to have the most potent anticancer effi cacy in mouse cancer models. 
Actinomycin D belongs to the chromopeptide class of antibiotics that Waksman 
discovered in  Streptomyces chrysomallus  in 1954 [ 54 ]. Farber failed to obtain clear 
results from the fi rst clinical trial with childhood leukemia patients, but did observe 
outstanding effects on Wilms’ Tumor, a rare carcinoma, by investigating the anti-
cancer effects of this drug in other carcinoma patients, which led to the expansion 
of anticancer chemotherapy to treatment of solid cancers [ 55 ]. 

 H. M. Sobell and S. C. Jain of Rochester University discovered that the phenoxa-
zone chromophore of actinomycin D intercalated the backbones of CpG dinucleo-
tides of DNA via hydrophobic interactions by using X-ray crytallography analysis 
in 1972; other researchers reported that actinomycin D either suppressed DNA- 
mediated RNA polymerase, or inhibited the function of topoisomerase II, which 
induced double-strand DNA breakage [ 56 ,  57 ]. Based on aforementioned fi ndings, 
actinomycin D obtained FDA approval as a treatment for Wilms’ Tumor, rhabdo-
myosarcoma, and genital cancer in 1964, and is currently in use.  

6.2.2     Anthracycline 

 Anthracycline group contain the highest number of drugs among antibiotic antican-
cer drugs, including such drugs as daunorubicin, doxorubicin, epirubicin, and ida-
rubicin. Moreover, synthetic compounds such as mitoxantrone and valrubicin that 
were developed in an attempt to improve the effi cacy of antibiotics in the anthra-
cycline group demonstrate anticancer effects with similar functional mechanisms. 
These anticancer drugs commonly function as topoisomerase II inhibitors to cause 
DNA damage, which results in the suppression of cancer cell growth and the induc-
tion of apoptosis. 
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6.2.2.1     Daunorubicin (Daunomycin) 

 The history of the use of anthracyclines as antibiotic anticancer drugs dates back to 
when two research groups discovered daunorubicin around the same time in 1963. 
A. Grelin et al. of Farmitalia Research Laboratories in Italy discovered that 
 Streptomyces peucetius  isolated in Apulia region yielded antibiotics with a ruby 
color that had high cancer suppression effi cacy in a mouse cancer model [ 58 ]. 
M. Dubost et al. of Rhône Poulenc in France discovered the same compound from 
 Streptomyces caeruleorubidus  around the same time; hence, the two groups named 
this antibiotic “daunorubicin” after the name of the discovered region (Dauni, the 
name of the Apulia region in Roman times) and its color [ 59 ]. 

 The structure of daunorubicin comprises a daunosamine sugar bound to the 
anthraquinone mother nucleus with a hydrophobic surface structure. W.J. Pigram of 
King’s College in the UK found that anthraquinone penetrated into DNA bases via 
hydrophobic interactions through X-ray crytallography analysis in 1972 [ 60 ]. A. Di 
Marco et al. of the National Cancer Institute in Italy reported suppression of DNA 
and RNA synthesis by insertion of anthracycline into them in 1975. Following this 
study, many studies were performed on the anticancer mechanisms of the anthracy-
cline group, including daunorubicin, with various mechanisms uncovered. 
Ultimately, daunorubicin’s major effect was found to be owing to the suppression of 
activity by topoisomerase II after insertion into DNA. In 1984, the L.F. Liu group of 
Johns Hopkins Medical School revealed that doxorubicin, an anthracycline drug, 
directly suppressed topoisomerase II [ 61 ]. They discovered that once anthracycline 
bound to topoisomerase II, topoisomerase II would cleave DNA, and the end of the 
cleaved DNA would be fi xed to topoisomerase II via a covalent bond. The DNA was 
blocked from re-ligation, causing cell death (Fig.  6.11 ). It was also reported that 
anthracycline induced reactive oxygen species, which caused damage to various cell 
components such as DNA, proteins, and lipids, resulting in further anticancer 
effects.

   Daunorubicin was observed to have effects on various kinds of hematopoietic 
malignancies in animal experiments, and clinical effi cacy of daunorubicin were 
confi rmed by clinical trials on patients with acute lymphocytic leukemia in 1966 
and acute myeloid leukemia in 1969 [ 62 ,  63 ]. Based on these results, daunorubicin 
was approved by the FDA as an anticancer drug for acute myeloid leukemia and 
acute lymphocytic leukemia in 1979, and is still used widely.  

6.2.2.2     Doxorubicin (Adriamycin) 

 Since severe cardiotoxicity was observed during daunorubicin treatment, studies 
were conducted to develop drugs with reduced toxicity. In 1969, F. Arcamone et al. 
of the Farmitalia Institute discovered doxorubicin, which is 14-hydroxy daunorubi-
cin, from a mutant of  S. peucetius . The compound had similar cardiotoxicity and a 
much stronger activity [ 64 ]. Doxorubicin is also called adriamycin, because it was 
fi rst collected from a bacterial strain in the soil at the coast of the Adriatic sea in 
Southern Italy. 
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 Doxorubicin demonstrated effects not only against leukemia, the main target of 
daunomycin, but also against solid cancers. A. Di Marco et al. of the National 
Cancer Institute in Italy fi rst observed its effects in murine solid cancer models [ 65 ], 
based on which G. Bonadonna et al. of the same institute performed clinical trials in 
patients with various carcinomas, resulting in the confi rmation of its effects on a 
wide variety of cancers including leukemia, Hodgkin lymphoma, bladder cancer, 
breast cancer, stomach cancer, ovarian cancer, thyroid cancer, soft tissue sarcoma, 
and osteosarcoma. In addition, other researchers observed its effects on solid can-

  Fig. 6.11    Mechanism of action for anthracycline. When daunorubicin is inserted between DNA 
bases, DNA is damaged via topoisomerase and apoptosis occurs. p53 plays an important role in the 
response to DNA damamge and apoptosis. Daunorubicin is also known to induce apopotosis by 
damaging DNA and the cell membrane through the formation of free radicals       
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cers [ 66 ]. Doxorubicin was approved by FDA as an anticancer drug in 1974, and is 
still used widely.  

6.2.2.3     Epirubicin and Idarubicin 

 The success of daunorubicin and doxorubicin promoted the synthesis of various 
derivatives. F. Arcamone et al. of the Farmitalia Institute developed two improved 
drugs in 1975: epirubicin was an epimer with a 4′-hydroxyl group on the sugar of 
doxorubicin, and idarubicin had reduced toxicity owing to the removal of the 
methoxyl group on the aromatic ring of daunorubicin [ 67 ]. The anticancer effects of 
epirubicin were similar to doxorubicin, while its cardiotoxicity was low. Idarubicin, 
unlike daunorubicin or doxorubicin, could be administered orally, and its anticancer 
activity was similar to doxorubicin [ 68 ]. Thus, idarubicin and epirubicin obtained 
FDA approval for treatment of acute myeloid leukemia in adults in 1990 and for 
breast cancer in 1999, respectively.  

6.2.2.4     Anthracenedione: Mitoxantrone (Dihydroxyanthracenedione, 
DHAD) 

 Mitoxantrone was developed by studies aiming to improve the cardiotoxicity of 
daunorubicin and doxorubicin. The C.C. Cheng group of the Midwest Research 
Institute in Missouri, US, developed mitoxantrone in 1978. Mitoxantrone is a syn-
thetic drug developed by removing the sugar group [ 69 ], based on the report that 
sugar on doxorubicin correlated with cardiotoxicity. Although mitoxantrone 
improved the irreversible cardiotoxicity of doxorubicin, its application in the treat-
ment of carcinomas was mostly limited [ 70 ]. In 1987, it was approved by the FDA 
as a medicine for acute non-lymphocytic leukemia. Similar to anthracycline, mito-
xantrone inserts into DNA base pairs, inhibits DNA synthesis and DNA repair, and 
inhibits topoisomerase II [ 71 ].  

6.2.2.5     Valrubicin 

 In 1974, M. Israel of Sidney Farber Cancer Institute developed valrubicin 
(N-trifl uoroacetyladriamycin-14-valerate), a derivative of doxorubicin with 
reduced toxicity [ 72 ]. The trifl uoroacetyl group is bound to the amino group of 
glycoside on doxorubicin in this drug, and a hydrocarbon ester composed of 5 car-
bons was attached to carbon number 14 to facilitate cell penetration. In collabora-
tion with E. Frei, M. Israel observed that valrubicin had superior anticancer effects 
and decreased toxicities in animal cancer models when compared with doxorubicin 
[ 73 ]. Valrubicin was predicted to exert its cytotoxicity through the suppression of 
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topoisomerase II, although its functional mechanism has not yet fully elucidated. 
Clinical trials on valrubicin were led by the Dana-Farber Cancer Institute [ 74 ], 
and FDA approved it as a medicine for incurable bladder cancer resistant to BCG- 
treatment in 1998. However, it is rarely used at present.   

6.2.3     Mithramycin (Plicamycin) 

 In 1953, W.E. Grundy and J.C. Sylvester et al. discovered mithramycin, a new anti-
biotic in the polyketide class from  S. plicatus  that suppressed the growth of gram 
positive bacteria [ 75 ]. In 1962, K.V. Rao et al. reported the anticancer effects of 
mithramycin in an animal adenocarcinoma model for the fi rst time [ 76 ]. J.H. Brown 
et al. reported in 1965 that this drug had excellent antitumor effects against testicu-
lar cancer [ 77 ]. Later on, a clinical trial was performed with patients with malignant 
testicular cancer, and the FDA approved this drug for malignant testicular cancer in 
1970. However, since mithramycin was found to have adverse reactions including 
fatal thrombocytopenia and hemorrhage [ 78 ], its production was ceased after 2000. 
Thereafter, mithramycin treatment of testicular cancer was replaced by platinum- 
based regimen. Although mithramycin was predicted to interact with DNA, details 
of its functional mechanism remain unknown.  

6.2.4     Bleomycin 

 H. Umezawa, a microbiologist of the Institute of Microbial Chemistry in Japan 
who discovered kanamycin, a tuberculosis medicine in 1956, began studying 
antibiotics with anticancer effects in 1953. He discovered phleomycin from a 
culture medium of  S. verticillus  in 1956. The drug had a strong anticancer effect 
in an animal cancer models. However, it was clinically infeasible due to its 
marked nephrotoxicity [ 79 ]. Afterwards, he developed a new purifi cation method 
in 1966, yielding bleomycin, a glycopeptidic antibiotic that had almost no kidney 
toxicity [ 80 ]. 

 Umezawa studied the metabolism of bleomycin in the body and its distribution 
in tissues, and found that it was rapidly hydrolyzed in most tissues except in the skin 
and lung, resulting in few adverse reactions, including less bone marrow toxicity. 
He also predicted that cancers derived from the skin and lung (mostly carcinomas) 
could be effectively treated with bleomycin because these tissues had low hydrolyz-
ing activities [ 81 ]. In 1982, the Umezawa group developed a complete chemical 
synthesis method for the mass production of bleomycin [ 82 ]. 

 In 1978, A.D. D’Andrea and W.A. Haseltine of Harvard Medical School studied the 
molecular mechanism of bleomycin, and found that bleomycin formed free radicals 
after insertion into DNA, which induced DNA cleavage (Fig.  6.12 ) [ 83 ]. Bleomycin 
was approved by the FDA as a treatment for Hodgkin’s lymphoma, head and neck 
cancer, cervical cancer, and genital cancer in 1973 following clinical trials. Later, bleo-
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  Fig. 6.12    Mechanism of 
action for bleomycin. 
Bleomycin binds with the 
transition metal Fe ( II ) 
before gaining oxygen to 
form active bleomycin-Fe 
( III )-OOH. In another 
reaction, bleomycin binds 
with Cu ( II ) before being 
reduced to form bleomycin-
Cu ( I ), which becomes 
active bleomycin by reacting 
with oxygen. Activated 
bleomycin causes DNA 
damage, which leads to 
apoptosis       
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mycin was also found to have excellent effects in the treatment of testicular cancer. It 
has been mostly used for the treatment of Hodgkin’s lymphoma and testicular cancer.
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    Chapter 7   
 Immunotherapeutic Anticancer Drugs 
and Other Miscellaneous Anticancer Drugs                     

          Immunotherapeutic anticancer agents eliminate cancer cells by acting on the 
immune system and activating the immune response against cancer cells. This class 
of drugs includes cytokines such as INF-α and IL-2, nonspecifi c immune stimulants 
BCG and levamisole, and recently developed anti-CTLA-4 monoclonal antibody 
ipilumumab. 

 Other miscellaneous anticancer agents developed as clinical drugs include photody-
namic therapeutic agents, asparaginase, arsenic trioxide, and hydroxyurea (Fig.  7.1 ).

7.1       Immunotherapeutic Anticancer Drugs 

 At the end of the nineteenth century, W. Coley of New York’s Memorial Hospital 
pioneered the development of anticancer immunotherapy. Coley observed tumor 
shrinkage in a patient who had an ulcer with erysipelas due to streptococcal infection 
accompanying the tumor, and proposed the hypothesis that cancer could be treated 
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  Fig. 7.1    Types of immunotherapeutic and other anticancer agents, as well as a chronology of their 
development       
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by the immune system or by an infl ammatory response. To test this hypothesis, in 
1893, Coley conducted an experiment by inoculating  Streptococcus pyogenes  and 
 Serratia marcescens  into cancer patients and reported that the size of tumor decreased 
in patients due to a strong infl ammatory response following the bacterial infection 
[ 1 ]. This study later led to the discovery of lipopolysaccharide (LPS), which is an 
endotoxin produced by bacteria, and LPS from various bacteria have been screened 
as anticancer agents. Further, in 1975, E.A. Carswell et al. at the Memorial Sloan-
Kettering Cancer Center observed that TNF-α, produced by innate immune cells in 
response to LPS, induces necrosis of cancer tissues [ 2 ]. Thus, Coley’s study became 
the starting point for the development of immunotherapeutic anticancer agents that 
can treat cancer through enhancement of immunity, using the innate immune 
response as well as the adaptive immune response involving antibodies or T cells. 

 Currently, immunotherapeutic anticancer agents in clinical use include cytokines 
such as interferon-α and IL-2, nonspecifi c immuno-stimulants such as BCG and levam-
isole, as well as sipuleucel-T (a dendritic cell based therapeutic agent that enhances 
prostate cancer-specifi c cell-mediated immunity), and ipilimumab (a monoclonal anti-
body against CTLA, which inhibits the activation of cytotoxic T lymphocytes). Such 
immunotherapeutic anticancer agents are currently being actively developed along with 
targeted anticancer agents. 

7.1.1     Cytokines 

 Cytokines that regulate the activity of immune cells were the fi rst immunotherapeutic 
anticancer drugs to be developed. A variety of cytokines have since been discovered 
and their anticancer effects were examined. However, the only cytokines currently 
approved for clinical uses are interferon-α (IFN- α) and interleukin-2 (IL-2). 

7.1.1.1     Interferon-α 

 In 1954, while investigating the effi cacy of smallpox vaccines at the University of 
Tokyo, Y. Nagano and Y. Kojima injected UV-inactivated smallpox virus into rabbit 
skin and prepared an extract of the infected tissues after a certain period of time. 
They studied the effect of this extract on the proliferation of smallpox virus and 
found that there is a component in this extract which inhibits the proliferation of 
smallpox virus [ 3 ]. In 1957, A. Isaacs and J. Lindenmann working at the British 
Medical Research Council discovered that infecting the egg amnion with inacti-
vated infl uenza virus produced a substance that inhibited the proliferation of the live 
infl uenza virus, this active substance was named “interferon (IFN)” [ 4 ]. Later, it was 
observed that interferon synthesized following infection with various pathogens 
such as bacteria, parasites as well as viruses, inhibits not only their proliferation but 
also the growth of various host cells, including host immune cells. This led to inves-
tigations of IFN as a potential anticancer agent. 

 In humans, interferons are divided into three classes (IFN-α, IFN-β, IFN-ɣ). 
Since more than 20 distinct IFN genes have been identifi ed, purifi cation of a single 
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pure interferon and the discovery of their genes took a long time. In 1979, S. Pestka’s 
group at the Roche Institute of Molecular Biology in New Jersey purifi ed human 
INF-α and reported a partial sequence of its amino acids [ 5 ]. In 1980, Pestka’s group 
identifi ed the cDNA and its sequence, and succeeded in producing IFN-α2, a recom-
binant protein [ 6 ]. In the same year, C. Weissmann’s group at the Institute of 
Molecular Life Sciences located in Zurich, Switzerland, discovered that IFN-α is a 
product of multiple genes (humans possess 12  IFN-α  genes), and succeeded in pro-
ducing IFN-α2b recombinant protein in collaboration with Schering-Plough Ltd [ 7 ]. 

 Later, clinical trials with IFN-α2a and IFN-α2b were conducted in various cancers, 
and the FDA approved these two drugs as therapeutic agents for hairy cell leukemia in 
1986. Therefore, these were the fi rst cytokine-derived anticancer agents to be devel-
oped for clinical use [ 8 ]. As cytokines, interferons bind to receptors on target cells, 
activating JAK-1 and TYK2 tyrosine protein kinases, which in turn induce transloca-
tion of the transcription factor STAT1 into the nucleus, where it initiates transcription 
of more than 100 different genes. As a result, interferons regulate various cellular 
functions such as cell proliferation, death, differentiation, and motility, as well as 
physiological processes such as the infection suppression response and angiogenesis. 

 Owing to the complexity of effects regulated by interferons, delineating the molecu-
lar mechanisms responsible for the anticancer effects exhibited by interferons took a 
long time. It is hypothesized that interferon induced increased expression of MHC 
class I proteins in cancer cells facilitates the destruction of cancer cells by NK cells and 
cytotoxic T cells. In addition, interferon increased expression of MHC class II proteins 
in hematopoietic cells such as dendritic cells and macrophages, which activate cancer 
cell-specifi c helper T cells, thereby exerting anticancer effects [ 9 ,  10 ]. Furthermore, 
various factors such as protein kinase R (PKR), promyelocytic leukemia (PML), 
RAP46/Bag-1, phospholipid scramblase, the apoptosis inducer APO2L/TRAIL, and 
Fas ligand are also known to mediate the anticancer effects of interferons (Fig.  7.2 ).
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  Fig. 7.2    Anticancer mechanism of interferon-α. Interferon-α ( IFNα ) binds to receptors on the 
membrane of target cells. Subsequently, protein kinases such as JAK-1 and TYK-2 are activated, 
and interferon-stimulated gene factor 3 ( ISGF3 ) is formed from STAT1, STAT2, and IRF-9. ISGF3 
moves into the nucleus and binds to interferon-sensitive response elements ( ISRE ) on DNA, induc-
ing expression of various genes and causing a range of responses, such as suppression of cell 
growth, induction of apoptosis, modulation of cell motility, and regulation of angiogenesis       
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7.1.1.2        IL-2 (Interleukin-2, Aldesleukin) 

 IL-2 was the second cytokine-derived anticancer drug to be developed. In 1965, 
L. Lowenstein’s group and L. MacLean’s group at McGill University in Canada 
independently discovered that the culture medium from leukocytes contained a sub-
stance that induced proliferation of T lymphocytes [ 11 ,  12 ]. In 1983, K.A. Smith at 
Dartmouth University purifi ed this active substance IL-2, using an antibody that 
neutralizes its activity, and determined its N-terminal amino acid sequence [ 13 ]. 
Immediately afterwards, T. Taniguchi et al. at the Japanese Foundation for Cancer 
Research identifi ed the cDNA sequence of IL-2. Thus, mass production of IL-2 
recombinant proteins became possible [ 14 ]. Later, S.A. Rosenberg et al. at the NCI 
conducted various clinical trials to treat cancer in different tissues using IL-2 by 
inducing T lymphocyte proliferation [ 15 ]. As IL-2 was effective in the treatment of 
metastatic renal carcinoma and melanoma, it was approved by the FDA as a thera-
peutic agent for these cancers [ 16 ]. Even today, IL-2 is an important treatment 
option for these cancers. 

 The anticancer mechanisms of IL-2 are proposed to be mediated by the activa-
tion of immune cells, especially cytotoxic T-lymphocytes (CTLs) and unlike inter-
ferons there is no direct toxic effect on the cancer cells. While IL-2 is known to 
activate lymphokine-activated killer (LAK) cells and monocytes that kill cancer 
cells, promote proliferation of T cells stimulated by antigens, and increase cytotox-
icity of T lymphocytes and natural killer (NK) cells  in vitro , the exact mechanisms 
of IL-2-mediated anticancer effects  in vivo  are not completely understood.   

7.1.2     Denileukin Diftitox (DAB389IL2) 

 IL-2R comprises three kinds of membrane proteins – CD25 (α chain), CD122 
(β chain), and CD132 (ɣ chain) – and these three proteins combined have a high 
binding affi nity for IL-2. In 1987, D.P. Willams et al. at Boston University devel-
oped to produce denileukin diftitox (DAB389IL2), a toxic protein that can bind to 
the IL-2 receptor (IL-2Rα, CD25), by replacing the receptor-binding site of diphthe-
ria toxin with IL-2 [ 17 ]. 

 The toxin is endocytosed upon binding with IL-2R and reaches the acidic vesi-
cles. Here, the diphtheria toxin is dissociated from DAB389IL2 by an enzymatic 
reaction and is released into the cytoplasm where it inhibits the functions of ribo-
somes involved in protein synthesis, thereby exerting cytotoxicity (Fig.  7.3 ). IL-2Rα 
alone has a low binding affi nity for IL-2 and DAB389IL2 binding to IL-2Rα alone 
does not trigger endocytosis, but denileukin diftitox exhibits cytotoxicity specifi -
cally against cells that express IL-2R complexes composed of IL-2Rα/β/ɣ, which 
have high IL-2 binding affi nity.

   Since the expression of IL-2R trimeric complexes was reported in cutaneous 
T-cell lymphoma, the anticancer effect of (DAB389IL2) was investigated mainly in 
cutaneous T-cell lymphoma [ 18 ,  19 ]. Later, a therapeutic effect of DAB389IL2 was 

7 Immunotherapeutic Anticancer Drugs and Other Miscellaneous Anticancer Drugs



139

observed in cutaneous T-cell lymphoma, and the FDA approved it as a therapeutic 
agent for cutaneous T-cell lymphoma in 1999. 

 Further, preliminary experiments with denileukin diftitox in ovarian and renal 
cancers have shown an increase in immune function by activation of cytotoxic T 
cells [ 20 ].  

7.1.3     Levamisole 

 Levamisole, a derivative of imidazothiazole, was developed as an anthelmintic by 
A.H.M. Raeymaekers et al. at Janssen Inc. in Belgium in 1966 [ 21 ]. In 1971, 
G. Renoux and M. Renoux at the Laborotoire d’Immunologie in France observed 
that levamisole as a vaccine adjuvant enhances immune function upon bacterial vac-
cine inoculation, and found that this occurs by stimulation of the cellular immune 
system [ 22 ]. Later, to investigate the effi cacy of levamisole in treating cancer by 
immunostimulant, they injected levamisole into a mouse model transplanted with a 
highly metastatic Lewis lung cancer cells and found that it effectively inhibited 
growth of the primary cancer as well as the onset of secondary metastatic cancer 
[ 23 ]. Based on these results, clinical trials of levamisole were conducted in various 
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  Fig. 7.3    Anticancer mechanism of denileukin diftitox ( DAB389IL2 ). Denileukin diftitox protein 
is a drug formed from a fusion of the membrane translocation domain ( T ) of toxin A from diphthe-
ria toxin ( DT ) with human IL-2. When denileukin diftitox binds to the interleukin-2 (IL-2) receptor 
(IL-2R) and is endocytosed in an acidic vesicle, the drug undergoes structural changes due to the 
acidic environment, causing the toxic part ( A ) of DT to separate and move into the cytoplasm. DTA 
causes ADP-ribosylation of elongation factor 2 (EF2) on ribosomes, interfering with protein syn-
thesis and killing cancer cells       

 

7.1 Immunotherapeutic Anticancer Drugs



140

cancers. In a clinical trial in colorectal cancer patients supported by the U.S. NCI, 
levamisole did not show an effi cacy as a monotherapy, but an effi cacy was observed 
when it was used as a combination therapy with 5-FU in patients with stage III 
colorectal cancer. Hence, the FDA approved it in 1990 as a stage III colorectal can-
cer therapeutic agent [ 24 ,  25 ]. In 1998, 5-FU/leucovorin combination therapy was 
found to be superior to 5-FU/levamisole combination therapy. Therefore, 5-FU/
levamisole combination therapy was replaced by 5-FU/leucovorin combination 
therapy.  

7.1.4     BCG (Bacillus Calmette-Guérin) 

 BCG is a tuberculosis vaccine that was developed by the French physiologists 
A. Calmette and C. Guérin in 1906, and it has been used to prevent tuberculosis 
since 1921. From the mycobacteria species, they chose to culture  Mycobacterium 
bovis , rather than the highly infectious  M. tuberculosis , on a potato slice soaked 
with bile and glycerol thereby reducing its toxicity to develop it as a vaccine. In 
1924, P.A. Lewis and D. Loomis at the Rockefeller Institute for Medical Research 
discovered that compared to inoculation with other infectious pathogens, 
 Mycobacterium tuberculosis  inoculation into a guinea pig induced a strong humoral 
immune response, the delayed hypersensitivity reaction [ 26 ]. Such an enhancement 
of the immune response was later reported to inhibit proliferation of other infectious 
pathogens and exhibit an inhibitory effect on cancer in animal implantation tumor 
models. B. Zbar and H.J. Rapp at the NCI focused on these fi ndings in the 1970s 
and initiated a comprehensive study using a guinea pig model with tumor implanta-
tion in order to develop BCG as a new anticancer agent [ 27 ]. They reported that 
BCG inoculation is highly effective for treatment of skin cancer providing a scien-
tifi c rationale for clinical development of BCG in cancer. The therapeutic effect of 
BCG was further investigated in patients with various cancers, and in 1976, 
A. Morales et al. at Queen’s University in Canada reported a remarkable therapeutic 
effi cacy of BCG in bladder cancer when directly injected into the bladder (intravesi-
cal injection) [ 28 ]. Through clinical results in bladder cancer [ 29 ], BCG was fi nally 
approved by the FDA as a therapeutic agent for bladder cancer in 1991, and is still 
used clinically. 

 The precise mechanism of action of BCG in the treatment of bladder cancer has 
not been determined. However, it is proposed that when BCG is injected around the 
tumor lesion, uroepithelial cells around that region recognize BCG as an external 
antigen and secrete cytokines such as IL-1, IL-6, IL-8, TNF-α, and granulocyte- 
macrophage colony stimulating factor (GM-CSF), which recruit various immune 
cells. Among these immune cells, dendritic cells and macrophages facilitate the 
differentiation of CD4 + T cells into Type 1 helper T cells (Th) 1 through increased 
expression of MHC class II as well as presentation of bladder cancer antigens. This 
response via the Th 1 immune system mainly increases the secretion of IFN-γ, IL-2, 
and IL-12 and activates various kinds of cellular immunity ultimately resulting in 
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the elimination of bladder cancer cells (Fig.  7.4 ). In addition, activated neutrophils 
secrete tumor necrosis factor-related apoptosis-induced ligand (TRAIL), which is 
known to play an important role in the destruction of bladder cancer cells.

7.1.5        Imiquimod 

 Imiquimod (R-837 or S-26308), an immunoregulatory drug of the imidazoquinoline 
class, was developed by R.L. Miller et al. in 1985 at 3 M Pharmaceuticals (U.S.A) 
as a drug inhibiting the proliferation of Herpes simplex virus (HSV) [ 30 ]. In 1988, 
C.J. Harrison et al. at the Cincinnati Children’s Hospital Medical Center investi-
gated the mechanisms of imiquimod-mediated inhibition of HSV proliferation. 
They discovered that the drug inhibits HSV proliferation by acting on immunity- 
and infl ammation-related cells inside the body; thereby increasing the expression of 
INF-α as opposed to a direct effect on viral proliferation [ 31 ]. M.J. Reiter et al. at 

BCG

Urothelial Carcinoma

cytokines

Macrophage

Dendritic Cell

CD4+ TH0 CD4+ TH1 IFN-g
IL-2
IL-12

CD8+ T cell 

Activated NK cell

Activated Macrophage

  Fig. 7.4    Anticancer mechanism of BCG. When BCG binds to urothelial cells, cytokines and che-
mokines are secreted, inducing recruitment and activation of immune cells. Activated dendritic 
cells and macrophages then cause differentiation of CD4 + T cells into helper T ( Th ) 1 cells, which 
amplify the immune response. Secreted IFN-γ, IL-2, and IL-12 activate immune cells to attack and 
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3 M Pharmaceuticals reported in 1994 that imiquimod enhances the innate immune 
response by inducing the expression of not only INF-α but also cytokines such as 
TNF-α and IL-6 that are involved in the innate immune response [ 32 ]. 

 Based on these studies, Y.A. Sidky et al. at the Medical College of Wisconsin 
investigated the anticancer effect using the innate immune response enhanced by 
imiquimod in animal models with implantation of various solid tumor cell lines and 
demonstrated the anticancer activity of imiquimod. In 1992, it was reported that the 
anticancer effect of imiquimod is mainly mediated via increased INF-α expression 
upon imiquimod administration [ 33 ]. 

 In 2002, H. Hemmi et al. at Osaka University in Japan demonstrated that imiqui-
mod binds to toll-like receptor7 (TLR7) on the surface of antigen-presenting cells, 
such as dendritic cells and macrophages, and induces the expression of pro- 
infl ammatory cytokines such as INF-α, TNF-α, and IL-12 and chemokines such IL-8 
[ 34 ]. Since INF-α and IL-12 enhance the Th1 cell-mediated immune response, is now 
also known to exert its anticancer effect by enhancing the adaptive immune response. 

 Later, clinical trials demonstrated a therapeutic effect of imiquimod in genital 
warts caused by HPV infection and the FDA approved imiquimod as a therapeutic 
agent for this disease in 1997. Its anticancer effect was also studied in skin cancer 
not associated with viral infection, and a therapeutic effect was observed in basal 
cell carcinoma. Therefore, it was approved as a therapeutic agent for basal cell car-
cinoma in 2004 [ 35 ], and is currently in clinical use.  

7.1.6     Ipilimumab 

 Ipilimumab is a humanized antibody against CTLA-4: a cytotoxic T lymphocyte 
inhibitory antigen. It was developed as a therapeutic antibody by Bristol-Myers Squibb 
Inc. Cytotoxic T lymphocytes (CTLs) are known to recognize and destroy cancer cells. 
When tumor specifi c antigens are presented to CTLs by dendritic cells, CTLs recog-
nize the antigens through T cell receptors (TCRs), become activated, and consequently 
attack cancer cells expressing these antigens. However, J.P. Allison et al. at UC 
Berkeley found that this activation could be inhibited upon binding of CTL cell mem-
brane protein CTLA-4 with the B-7 membrane protein of the antigen- presenting cells 
(Fig.  7.5 ) [ 36 ]. In 1996, using an animal model of colorectal cancer, the same group 
observed that treatment with antibodies against CTLA-4 blocks the CTL inhibitory 
function of CTLA-4, allowing constant CTL activation, thereby exerting a profound 
therapeutic effect in colorectal cancer [ 37 ]. Later, the therapeutic effects of CTLA-4 
antibodies were verifi ed in various animal cancer models and T. Keler et al. at Medarex 
Inc. (a daughter company of Bristol-Myers Squibb) developed ipilimumab as a com-
plete humanized monoclonal antibody in collaboration with J.P. Allison in 1999 [ 38 ].

   Clinical trials of ipilimumab were conducted with a focus on melanoma because 
the cancer-specifi c CTLs [tumor-infi ltrating lymphocytes (TIL)] are frequently found 
in melanoma [ 39 ]. A clinical trial using ipilimumab was conducted on patients with 
metastatic melanoma and had received standard chemotherapy with dacarbazine. 
The results showed an increase in overall survival by 3.6 months [ 40 ]; ipilimumab 
was therefore approved as a therapeutic agent for malignant melanoma in 2011.  
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7.1.7     Sipuleucel-T 

 Dendreon, a biotech company in the U.S. developed a method to produce 
Sipuleucel-T, a dendritic cell that can activate T cells with cytotoxicity against pros-
tate cancer cells, in 2000 [ 41 ]. When dendritic cells are isolated from the patients’ 
blood and treated with a genetically engineered surface antigen of prostate cancer 
cells, PA2024 which is prostatic acid phosphatase (PAP) and GM-CSF fusion pro-
tein, the dendritic cells engulf these proteins and present a segment of PAP as an 
antigen on their surface. When these activated dendritic cells are injected into 
patients with prostate cancer, cytotoxic T lymphocytes (CD8 +  T cell) that respond to 
PAP are produced and these T cells destroy prostate cancer cells specifi cally 
(Fig.  7.6 ) [ 41 ]. After large-scale clinical trials were conducted on prostate cancer 
patients confi rming the therapeutic effect of Sipuleucel-T [ 42 ], the FDA approved it 
as a therapeutic agent for metastatic prostate cancer in 2010.
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  Fig. 7.5    Depiction of the effects of ipilimumab. Ipilimumab acts as an antibody against CTL 
antigen-4 ( CTLA-4 ), which is located on the cell membrane of cytotoxic T lymphocytes ( CTLs ). 
When ipilimumab binds to CTLA-4, CTLs that had been inhibited by antigen-presenting cells are 
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7.1.8        Thalidomide 

 Thalidomide is a derivative of glutamic acid. W. Kunz at Chemie Grunenthal 
Inc. in Germany discovered it as a non-peptide byproduct of the process of 
developing peptide antibiotics in 1953. His colleague H. Keller noticed that its 
structure was similar to the sedative glutethimide and investigated whether tha-
lidomide produced similar effects. He discovered that it produced an antiemetic 
and hypnotic effect. Thalidomide was subsequently approved as a therapeutic 
agent for morning sickness (hyperemesis gravidarum) in pregnant women [ 43 ]. 
However, since more than 10,000 infants were reportedly born with deformities, 
including phocomelia, from pregnant women who had taken this drug, thalido-
mide became one of the most notorious drugs in history and its use was prohib-
ited in the early 1960s. 

 In 1965, J. Sheskin at the Hadassah University in Israel prescribed thalidomide 
to treat sleep disorder due to pain in a patient with Hansen’s disease and observed 
that the erythema due to Hansen’s disease was cured in this patient. This observa-
tion facilitated studies to develop thalidomide as an immune-regulatory and anti- 
infl ammatory drug [ 44 ]. Celgene Corporation, a pharmaceutical company in the 
U.S., led a major clinical study to develop thalidomide as a drug to treat erythema 
in patients with Hansen’s disease and proved its effi cacy. Thus, in 1998 FDA 
approved thalidomide with strict drug management protocols to prevent adverse 
effects of the drug [ 45 ]. 

 A study by E.P. Sampaio et al. in 1991 at Rockefeller University determined the 
mechanism of the anti-infl ammatory action of thalidomide by inhibiting the expres-
sion of TNF-α, a cytokine involved in the induction of infl ammation [ 46 ]. 
Thalidomide was also found to be effective in the treatment of autoimmune diseases 
such as rheumatoid arthritis, Behçet’s disease, and systemic lupus erythematosus 
(SLE) (Fig.  7.7 ).

   A study was performed on the anticancer effects of thalidomide by R. D’Amato 
and J. Folkman at Harvard University in 1994 [ 47 ]. They proposed that the 
deformities caused by thalidomide were a result of defective angiogenesis dur-
ing the development and evaluated its effect on angiogenesis using animal mod-
els. They observed that along with an inhibitory effect on cancer growth 
thalidomide remarkably suppressed tumor angiogenesis. This led to various 
studies on the anticancer potential of thalidomide. B. Barlogie’s group at the 
University of Arkansas, in collaboration with J. Folkman, conducted a study 
using thalidomide mediated inhibition of angiogenesis to treat multiple myeloma 
with profound angiogenesis. In 1999, Barlogie’s group was the fi rst to report 
that thalidomide was effective in treating multiple myeloma [ 48 ]. Following 
additional clinical trials, thalidomide was approved by the FDA as a therapeutic 
agent for multiple myeloma in combination with dexamethasone in 2006, and is 
still in clinical use.  
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7.1.9     Lenalidomide and Pomalidomide 

 After discovering the superiority of thalidomide as an anti-infl ammatory and 
 anticancer drug, Celgene Inc. conducted a study on second-generation thalidomide 
derivatives that exhibit improved effi cacy and less toxicity. G.W. Muller et al. synthe-
sized various derivatives from thalidomide and EM-12, an analogue of thalidomide 
and verifi ed their effects on the inhibition of TNF-α expression in peripheral blood 
mononuclear cells (PBMCs) induced by LPS. They discovered that two of the deriv-
atives, pomalidomide and lenalidomide with an amino group conjugated to the fourth 
carbon of the phthaloyl ring, exhibited better effi cacy compared to other derivatives 
[ 49 ]. These drugs showed a 50,000-fold higher inhibitory effect on the expression of 
TNF-α compared to thalidomide. After clinical trials in various diseases, including 
myeloma, lenalidomide and pomalidomide were FDA-approved as therapeutic 
agents for multiple myeloma in 2006 and 2013, respectively [ 50 ,  51 ]. In 2014, 

Stromal cell

Thalidomide

NK cell 

Cancer cell

T cell 

CRBN

IKZF1/3 Ub Ub Ub

Proteasome

IKZF1/3
degradation

Ubiquitination

Binding

Activation

A
ctivation

C
yt

ot
ox

ic
ity

Cytoxicity

Cyt
ot

ox
ic

ity

TN
Fa

V
E

G
F

  Fig. 7.7    Anticancer mechanism of thalidomide. Thalidomide blocks angiogenesis by inhibiting 
the expression of VEGF and TNF-α secreted by stromal cells surrounding cancer cells and induces 
cytotoxic T cells and NK cells to kill multiple myeloma cells. By binding cereblon ( CRBN ) in 
multiple myeloma cells, thalidomide promotes degradation of Ikaros family zinc fi nger protein 1 
( IKZF1 ) and IKZF3 transcription factors through ubiquitination. Degradation of IKZF1 and 
IKZF3 regulates the transcriptional activity of several molecules related to the immune system and 
causes apoptosis in cancer cells       
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J. Krönke et al. at the Brigham and Women’s Hospital studied the molecular mecha-
nisms of action of these drugs in multiple myeloma and discovered that lenalidomide 
binds to the E3 ubiquitin ligase complex and facilitates the degradation of IKZF1 and 
IKZF3, important transcription factors for proliferation of myeloma cells [ 52 ].   

7.2     Other Miscellaneous Anticancer Drugs 

7.2.1     Mitotane (o,p-Dichlorodiphenyldichloroethane) 

 Mitotane is a derivative of DDT (dichlorodiphenyltrichloroethane) and is a para 
isomer of DDD (dichlorodiphenyldichloroethane), which was used as a pesticide 
along with DDT. In 1949, A.A. Nelson and G. Woodard reported that DDD injec-
tion to dogs triggered adrenal cortical damage [ 53 ]. The major component respon-
sible for this damage to the adrenal gland was determined to be mitotane. 
D.M. Bergenstal et al. at the NCI predicted that the adrenal cortical specifi c action 
of mitotane could be applied in treatment of adrenocortical carcinoma. In 1959, 
after injecting mitotane in cancer patients, they reported a therapeutic effect in adre-
nocortical carcinoma [ 54 ]. Since the therapeutic effect of mitotane was confi rmed 
by major clinical trials in patients with adrenocortical carcinoma, it was approved 
by FDA in 1970 and is still in clinical use. Although the anticancer mechanism of 
mitotane is not clearly known, it is postulated that o,p-DDA [1,1-(o,p- 
dichlorodiphenyl) acetic acid] produced by the action of an unidentifi ed drug meta-
bolic enzyme abundant in the adrenal cortex acts as a free radical and disrupts 
mitochondrial function, leading to cytotoxicity [ 55 ].  

7.2.2     Asparaginase 

 Asparaginase is an enzyme that metabolizes asparagine into aspartic acid and 
ammonia. It exerts an anticancer effect by inhibiting the production of proteins nec-
essary for the proliferation of cancer cells. In 1953, J.G. Kidd’s group at the 
New York Hospital-Cornell Medical Center observed that injecting the serum of 
guinea pig into a murine leukemia model alleviated lymphocytic leukemia [ 56 ]. 
This phenomenon was not reproducible on injecting horse or rabbit serum. 
Therefore, they proposed that a specifi c anticancer substance is present in the serum 
of guinea pig. In 1963, D. Broome at the same institute came across a report from 
1922 that guinea pig serum contains higher amount of asparaginase compared to the 
sera of other animals. This along with the fi nding from 1956 by R.E. Neuman and 
T.A. McCoy at the Samuel Roberts Noble Foundation Research Institute in 
Oklahoma that asparagine is required in the culture of Walker Carcinosarcoma 256 
cells helped D. Broome to establish that the anticancer substance in the serum of 
guinea pig could be asparaginase [ 57 ,  58 ]. 
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 However, there were practical diffi culties in obtaining asparaginase from the 
serum of guinea pigs to treat patients. To isolate asparaginase enough for treating a 
single leukemia patient, serum from 4,000 guinea pigs was needed each day. In 
1964, L.T. Mashburn and J.C. Wriston at the Memorial Sloan-Kettering Cancer 
Center reported that L-asparaginase purifi ed from  E. coli  culture medium has an 
anticancer effect; this allowed mass production of L-asparaginase [ 59 ]. Although 
normal lymphocytes, other normal tissues, and cancer cells can all synthesize 
L-asparagine, acute lymphoblastic leukemia (ALL) cells specifi cally synthesize low 
amounts of L-asparagine, which leads to a selective toxicity for ALL cells upon 
L-asparaginase treatment. Hence, major clinical trials using L-asparaginase were 
conducted in ALL patients, and it was approved by the FDA as a therapeutic agent 
for ALL in 1978. 

 However, due to the xenogenous nature of L-asparaginase produced by  E. coli , it 
generally induced an immune hypersensitive reaction during the treatment. 
Therefore, further studies were conducted to overcome this adverse effect. In 1978, 
Y. Ashihara et al. at the Tokyo Institute of Technology observed that Peg-
asparaginase, in which polyethylene glycol (PEG) was conjugated to L-asparaginase 
lowered immune stimulation and weakened the hypersensitive response [ 60 ]. 
Studies investigating the drug metabolism of Peg-asparaginase elucidated that the 
drug half-life was also markedly extended and it was predicted to be an anticancer 
agent with improved effi cacy and fewer toxicities over L-asparaginase. After clini-
cal trials in ALL patients, Peg-asparaginase was approved by the FDA as a thera-
peutic agent for ALL in 1994. 

 In 1968, H.E. Wade et al. at the Microbiological Research Establishment in 
England studied the activity of asparaginases from more than 200 species of bacte-
ria and discovered a signifi cantly higher activity of asparaginases from the culture 
medium of a plant pathogenic bacterium,  Erwinia chrysanthemi  [ 61 ]. Cross reactiv-
ity of the immune response was not observed between the asparaginase produced by 
 E. chrysanthemi  and the asparaginase produced by  E. coli . Therefore, it was 
approved by the FDA as a therapeutic agent for ALL patients who exhibited a 
hypersensitive reaction to asparaginase produced from  E. coli .  

7.2.3     Porfi mer Sodium: Photodynamic Therapy (PDT) 

 In photodynamic anticancer therapy, irradiation with specifi c wavelengths activates 
the chemicals injected into patients. These chemicals generate reactive oxygen spe-
cies, subsequently destroying cancer cells. In 1900, O. Raabe at the University of 
Munich in Germany reported that acridine added to the culture medium of parame-
cia killed them in a light-dependent manner [ 62 ]. His advisor, H. von Tappeiner 
found that oxygen was involved in this process and proposed the term photody-
namic therapy for the fi rst time. In 1903, Tappeiner reported that applying eosin to 
patients with skin cancer and irradiating white light alleviated the symptoms of skin 
cancer, thereby introducing photodynamic therapy as a treatment for cancer [ 63 ]. 
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 The drugs that are most frequently used for the study of photodynamic therapy are 
porphyrin compounds. The well-known porphyrin: protoporphyrin binds to iron and 
forms heme, which is a major component of hemoglobin in erythrocytes. In 1911, 
W. Hausmann at Universität Wien fi rst reported that hematoporphyrin formed on 
exposing erythrocytes to acid killed erythrocytes and paramecia in a light- dependent 
manner [ 64 ]. In 1913, F. Meyer-Betz at the University of Munich injected hemato-
porphyrin to himself and observed that it showed phototoxicity when exposed to 
sunlight [ 65 ]. Later, in 1942, H. Auler and G. Banzer in Berlin reported that hemato-
porphyrin specifi cally accumulated in tumor tissues in cancer patients [ 66 ]. In 1961, 
R. Lipson and his colleagues at the University of Minnesota produced a haematopor-
phyrin derivative (HPD) by adding sulfuric acid and acetic acid to hematoporphyrin 
and injected it into cancer patients. As a result, it was observed that HPD accumu-
lated in cancer tissues with signifi cantly higher sensitivity than hematoporphyrin, 
and it was proposed for application in cancer diagnosis [ 67 ]. Later, studies on the 
therapeutic effect of HPD in cancer were conducted in animal models, and 
T.J. Dougherty et al. at the Roswell Park Cancer Institute in New York observed in 
1975 that when HPD was injected in mice with breast cancer and the mice were 
irradiated with red light, the cancer was completely eradicated [ 68 ]. Around the same 
time, J.F. Kelly et al. at St. Mary’s Hospital in London reported excellent therapeutic 
effects of HPD in a bladder cancer model [ 69 ]. In 1956, J.F. Kelly et al. conducted 
clinical trials in bladder cancer patients and observed a therapeutic effect of HPD in 
cancer. Later, clinical trials were conducted in various cancers, and the FDA approved 
Porfi mer sodium as a therapeutic agent for esophageal cancer in 1995. However, it is 
currently rarely used due to the development of concurrent chemoradiotherapy.  

7.2.4     Arsenic Trioxide 

 Use of arsenic trioxide as a drug has a long history. Shinnongbonchogyeong (AD 
250; also known as Shennong Bencao Jing, or the Herbal Classic of Shennong), 
published during the Han dynasty in China, mentions the use of arsenic trioxide as 
a therapeutic agent for chill, anemia, ulcer, extermination of insects, and tumors. 
The Compendium of Materia Medica published in China around AD 1590 mentions 
that it was used for treatment of chronic ulcers and cervical lymphadenopathy. In 
the West, Ibn Sina from the Persian Empire in the eleventh century mentions arsenic 
trioxide as a therapeutic agent for cancer, and Paracelsus from Switzerland, who 
established the basis for toxicology in the sixteenth century, also mentioned it as a 
therapeutic agent for cancer, ulcers, and wounds. 

 In the eighteenth century, T. Fowler from England made Fowler’s solution, which 
is arsenic trioxide dissolved in potassium bicarbonate solution, and reported its 
effect in diseases such as malaria, headache, and fever. In 1865, H. Lissauer from 
Breslau, Germany, used Fowler’s solution for cancer treatment and reported that it 
cured acute leukemia [ 70 ]. Fowler’s solution was widely used as a therapeutic agent 
for leukemia until the introduction of chemotherapy in the 1940s. 
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 In China in the 1970s when using Western medicine became diffi cult due to the 
Cultural Revolution, there were attempts to develop alternative drugs from tradi-
tional therapy. Treatment of leukemia with arsenic trioxide was attempted by 
T.D. Zhang et al. at the Harbin University. They reported in 1981 that it especially 
had a superior therapeutic effect in acute promyelocytic leukemia (APL) [ 71 ]. 
Arsenic trioxide was registered as the fi rst anticancer drug in China. Later, 
S.L. Soignet et al. at the Memorial Sloan-Kettering Cancer Center in the U.S. con-
ducted clinical trials using arsenic trioxide in APL patients [ 72 ]. In a clinical trial on 
APL patients who did not respond to all- trans  retinoic acid (ATRA) treatment or 
whose APL relapsed after treatment, arsenic trioxide was highly effective with a 
complete remission in more than 85 % cases, and it was approved by the FDA in 
2000 [ 73 ]. Currently, arsenic trioxide is used in APL when there is resistance against 
all- trans  retinoic acid treatment. 

 Although the anticancer mechanisms of arsenic trioxide in APL have not been 
fully understood, J. Zhu et al. at Shanghai Second Medical University suggested in 
1997 that arsenic trioxide generates free radicals and induces oxidative stress, which 
decreases the stability of PML-RARα protein, an oncogenic fusion protein com-
monly observed in APL, resulting in tumor cell death (Fig.  7.8 ) [ 74 ].

7.2.5        Hydroxyurea (Hydroxycarbamide) 

 Hydroxyurea was fi rst synthesized by W.F.C. Dresler at the Rostock University in 
Germany in 1869 [ 75 ]. In 1928, F. Rosenthal et al. at the Breslau University in 
Germany discovered that hydroxyurea inhibited growth of leukocytes in the bone 
marrow of rabbits [ 76 ]. Based on these fi ndings, various research groups conducted 
studies to develop hydroxyurea as a new anticancer agent in the 1960s, and 
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B. Stearns et al. at the Squibb Institute observed an anticancer effect of hydroxyurea 
in an animal leukemia model [ 77 ]. Further, clinical trials were conducted in various 
kinds of cancer, and B.J. Kennedy et al. at the University of Minnesota Medical 
Center reported superior effi cacy of hydroxyurea in chronic myeloid leukemia 
(CML) in 1966 [ 78 ]. It was therefore approved by the FDA as a therapeutic agent 
for myeloproliferative disorder in 1967. Since then, hydroxyurea has been actively 
used for the treatment of chronic myeloid leukemia (CML) such as polycythemia 
vera (PV) and essential thrombocythemia. 

 Studies on its mechanism of action conducted around the same time showed that 
hydroxyurea binds to ribonucleotide reductase and inhibits the formation of deoxy-
ribonucleotides from ribonucleotides, which disrupts DNA synthesis during the S 
phase, thereby exerting an anticancer effect [ 79 ,  80 ].      
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    Chapter 8   
 Hormonal Anticancer Drugs                     

          Paul Ehrlich, a pioneer in chemotherapy, experienced many failures while develop-
ing anticancer chemotherapy due to the indiscriminate toxicity of chemotherapy 
drugs. In 1915, based on his experience, he stressed on the importance of under-
standing the biological difference between normal cells and cancer cells for the 
development of a cancer-specifi c magic bullet. This suggestion was realized with 
the invention of targeted anticancer agents after decades of basic research in the 
fi eld of cancer biology. Another example of an anticancer drug that was successfully 
developed after understanding the biological characteristics of a specifi c cancer is 
the hormonal anticancer drug. 

 The observation that removal of the testes of prostate cancer patients and ovaries 
of breast cancer patients alleviated the cancers themselves led to the discovery of 
hormonal anticancer drugs. Further studies reported that hormones such as testos-
terone and estrogen, which are secreted by the testis and ovaries, are related to the 
development of prostate and breast cancer, respectively. These discoveries led to the 
development of anticancer agents from synthetic compounds or other hormones that 
regulate the production of these sex hormones (Fig.  8.1 ).

8.1       Hormonal Anti-prostate-Cancer Drugs 

 The discovery that testosterone aggravates prostate cancer was based on the fi ndings 
that prostate development was modulated by the endocrine system of the testicles. 
In 1786, J. Hunter, a Scottish surgeon and pioneer of modern surgery, discovered 
that the size of the testis and prostate of animals concurrently changed depending on 
the season. He also observed prostate shrinkage in animals whose testicles had been 
removed. This led to the hypothesis that testis regulates prostate development. In 
1893, W.J. White, a surgeon in Philadelphia, performed orchiectomy on a dog and 
found that it led to changes in the anatomical structure of its prostate, degeneration 
of the prostate gland tissue and surrounding muscle tissue, and a decrease in pros-
tate weight [ 1 ]. 
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 C.B. Huggins of the University of Chicago performed a study on how testoster-
one secreted from the testicles accelerated the growth of the prostate cancer and 
used orchiectomy or estrogen administration to inhibit this process. In 1939, 
Huggins studied the physiological phenomena of a canine prostate and its prostatic 
fl uid secretion when he observed that testis removal decreased prostatic fl uid secre-
tion and prostate size. After assuming that this phenomenon was due to the decrease 
in testosterone levels by orchiectomy, he administered testosterone to the dog and 
observed contrary results in the prostate. In addition, when estrogen was adminis-
tered to a normal dog, the effects were similar to those of orchiectomy, which led to 
the assumption that estrogen exerts anti-testosterone effects [ 2 ]. 

 Based on these results, in 1940, Huggins investigated the effects of orchiectomy 
and estrogen administration on the spontaneous development of prostate cancer in a 
dog. He discovered that the development of prostate cancer was signifi cantly inhib-
ited [ 3 ]. This discovery led to the hypothesis that prostate cancer cells cannot sur-
vive independently, and their development is dependent on the hormones of the 
host, similar to the development of normal prostate cells. In 1941, Huggins con-
ducted a clinical trial to see if these effects also occur in humans. He found that 
diethylstilbestrol (DES), a form of synthetic estrogen, inhibited testosterone synthe-
sis and acted as a chemical castration agent, alleviating the symptoms of prostate 
cancer over a period of several months [ 4 ,  5 ]. After such therapeutic effects were 
discovered, in 1950, the FDA approved DES for the treatment of prostate cancer, 
following its FDA approval in 1941 for the alleviation of post-menopausal symp-
toms and treatment of congestion of the mammary glands. Huggins received the 
Nobel Prize in Physiology or Medicine in 1966 for his contribution to prostate can-
cer treatment using castration and DES. The use of DES for prostate cancer  treatment 
was the fi rst attempt to use a selective agent rather than a non-selective cytotoxic 
agent for cancer treatment. 

1. Estrogen/
2. LHRH agonist/antagonist
3. Antiandrogens
4. CYP17A1 inhibitors
5. Testosterone/ progestin
6. SERM
7. Antiestrogen
8. Aromatase(CYP19) inhibitors 
9. etc
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  Fig. 8.1    Types of hormonal anticancer agent and a chronology of their development       
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 Later, various strategies were developed to inhibit androgen action. The 
principles behind these treatments are based on the scientific discovery of the 
hypothalamo- pituitary- gonadal/adrenal axis, the functions of which are medi-
ated by various hormones. First, two peptide hormones, luteinizing hormone-
releasing hormone (LHRH) and corticotropin-releasing factor (CRF), are 
released in the hypothalamus and stimulate the pituitary gland to release 
luteinizing hormone (LH) and adrenocorticotropic hormone (ACTH), respec-
tively. LH stimulates testosterone synthesis in the testis, while ACTH acceler-
ates the production of androstenedione and dehydro-epiandrosterone in the 
adrenal cortex. These three steroidal hormones are absorbed by the prostate 
gland and transformed into androgen. The 5-α-reductase in the prostate gland 
cells transforms testosterone into 5α-dihydrotestosterone that acts as the main 
androgen. Similar to estrogen, 5α-dihydrotestosterone has been found to accel-
erate the development of prostate cancer cells by binding with the androgen 
receptor (AR). 

 This circuit has a feedback control system in which testosterone acts on the 
hypothalamus and pituitary gland to inhibit the release of LHRH and LH, and the 
cortisol synthesized in the adrenal cortex inhibits the production of CRF and ACTH 
in the hypothalamus and pituitary gland. Based on the androgen synthesis control 
system, various treatment methods have been developed (Fig.  8.2 ), including 
 surgical removal of the testis, the site of testosterone synthesis, and the use of other 
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  Fig. 8.2    Hormonal anticancer agents used in the treatment of prostate cancer       
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medicines that inhibit the function of androgen. Among these medicines, the LHRH 
agonist is mainly used to treat prostate cancer.

   The main principles used for the treatment of prostate cancer and the representa-
tive drugs, are as follows.

    ①    Inhibition of testosterone production in the testis through a decrease in the LH 
level in the pituitary glands (LHRH agonists/antagonists: leuprolide, goserelin, 
and degarelix)   

   ②    Direct inhibition of androgen functions for androgen-dependent prostate cancer 
cells (anti-androgens: fl utamide, bicalutamide, and 5-a-reductase inhibitors)   

   ③    Inhibition of androgen precursor synthesis in the testis and adrenal cortex 
(abiraterone)     

8.1.1     LHRH Agonists/Antagonists 

 A.V. Schally of Tulane University of Louisiana received the Nobel Prize in Physiology 
or Medicine in 1977 for discovering CRF, TRH, and LHRH released by the hypo-
thalamus and for studying the physiological functions. In 1971, Schally extracted 
purifi ed LHRH from the hypothalami of 250,000 pigs and determined its 10-amino 
acid sequence. He also used purifi ed or chemically synthesized LHRH to defi ne the 
hormone’s function of stimulating the secretion of both LH and follicle- stimulating 
hormone (FSH) in the pituitary gland [ 6 ,  7 ]. LHRH has a high potential as a marker 
for diagnosing hypogonadism caused by pituitary gland disorders, thus promoting 
ovulation in amenorrhea patients and treating oligospermia. However, it has a short 
half-life of 2–4 min; therefore, efforts have been since 1971 toward screening for an 
LHRH agonist with a longer half-life by composing various peptides [ 8 ]. 

 The testing of LHRH agonists in animals revealed that temporary administration 
increased LH and FSH secretion and sexual steroid hormone synthesis, but long- term 
administration caused a signifi cant decrease in the synthesis of sexual steroid hor-
mones, particularly testosterone [ 9 ]. After Schally observed that the inhibitory effects 
of LHRH agonists in testosterone synthesis were similar to those of castration, he 
investigated the possible use of LHRH agonists to treat prostate cancer. In 1981, trip-
torelin, a synthesized LHRH agonist, was fi rst administered to rat prostate cancer 
models to observe the effects of LHRH agonists in the treatment of prostate cancer 
[ 10 ]. In 1982, Schally worked with G. Tolis of the Royal Victoria Hospital in Canada 
and reported an evident therapeutic effect of triptorelin on prostate cancer [ 11 ]. 

 Subsequently, various LHRH agonists, such as leuprolide, goserelin, and histre-
lin, were used in clinical trials to treat prostate cancer. As studies revealed that the 
effects of LHRH agonists were equivalent to those of DES or castration, the FDA 
approved the use of leuprolide, goserelin, triptorelin, and histrelin as anticancer 
drugs in 1985, 1989, 2000, and 2004, respectively. LHRH antagonists have also 
been developed for prostate cancer, with the FDA approving abarelix and degarelix 
in 2003 and 2008, respectively. 

8 Hormonal Anticancer Drugs
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 LHRH agonists are more stable than LHRH, and therefore, can increase testos-
terone concentration to 140–160 % within the fi rst few days. However, their long- 
term administration disturbs the feedback system of androgen synthesis, reducing 
testosterone synthesis to near-depletion levels and eventually inhibiting the devel-
opment of prostate cancer cells. On the other hand, LHRH antagonists consistently 
inhibit testosterone synthesis without an initial increase in the testosterone concen-
tration (Fig.  8.3 ).

8.1.2        Anti-androgens 

8.1.2.1     First-Generation Anti-androgens: Flutamide, Bicalutamide, 
and Nilutamide 

 In 1968, S. Liao of the University of Chicago observed that when radiolabeled tes-
tosterone was administered to a rat, the testosterone accumulated specifi cally in the 
prostate tissue. An analysis of the metabolites of radiolabeled testosterone accumu-
lated in the prostate showed that 5α-dihydrotestosterone (5α-DHT), which is the 
most effective androgen, was stably detected in the nucleus. The centrifugal sedi-
mentation method was used to determine 5α-DHT attached to which nuclear com-
ponents. The results revealed that 5α-DHT formed a complex with the protein 
strongly associated with chromatin. Based on these results, he hypothesized that 
testosterone is converted into 5α-DHT in the prostate cells, binds to the androgen 
receptors (ARs) in the nucleus, and functions in a manner similar to that of steroid 
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  Fig. 8.3    Mechanism of action for luteinizing hormone-releasing hormone (LHRH) agonists and 
antagonists. LHRH agonists act on the anterior pituitary to promote secretion of adrenocortico-
tropic hormone (ACTH) and luteinizing hormone (LH), leading to depletion of these hormones in 
the pituitary gland. As a result, the testes become unable to produce testosterone, soon resulting in 
decrease of the supply of testosterone to the prostate gland, which acts as an anti-prostate cancer 
mechanism. Conversely, LHRH antagonists act on the anterior pituitary to inhibit production of 
FSH and LH, inhibiting prostate cancer by blocking immediate testosterone production       
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hormones by regulating gene expression [ 12 ]. Furthermore, these fi ndings acceler-
ated the development of anti-androgen drugs that treat prostate cancer by disrupting 
the binding between androgen and AR. 

 In 1972, R.O. Neri, a researcher at Schering Corporation observed the therapeu-
tic effects of fl utamide, which was discovered as a non-steroidal anti-androgen, on 
the benign prostate hyperplasia of a dog [ 13 ]. In 1974, Liao investigated the mecha-
nisms of fl utamide and discovered that it acts as an anti-androgen by competitively 
disrupting the binding of 5α-DHT and AR (Fig.  8.4 ) [ 14 ]. In 1989, after clinical 
trials, the FDA approved fl utamide as the fi rst anti-androgen treatment for prostate 
cancer. Since then, much effort has been made to improve the safety of the drug, and 
pharmaceutical companies have developed other non-steroidal anti-androgen drugs, 
such as bicalutamide (AstraZeneca) in 1995 and nilutamide (Sanofi -Aventis) in 
1996, which has been approved by the FDA as drugs for prostate cancer.

   However, anti-androgen treatment alone has weaker therapeutic effects compared to 
DES, orchiectomy, or LHRH agonists. As a result, anti-androgens are used along with 
LHRH agonists to alleviate the initial overreactions of LHRH agonists. Anti-androgen 
treatment alone is used with limitations to maintain the quality of life (i.e., the sex life 
and psychological stability) of individuals with terminal-stage prostate cancer.  

8.1.2.2     Second-Generation Anti-androgen: Enzalutamide 

 Based on the three-dimensional structure analyses of ARs, C. Sawyers of the 
Sloan- Kettering Cancer Center and M. Jung of the University of California, Los 
Angeles, in 2009 developed a second-generation agent, enzalutamide, whose 
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  Fig. 8.4    Mechanism of action for antiandrogen. When antiandrogens bind to androgen receptors, 
they induce structural changes in the receptors, after which the antiandrogen-androgen receptor 
complex moves into the nucleus, where it binds to DNA. Because the structure of the androgen 
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AR-binding affi nity is more than fi ve times greater than that of the existing 
 fi rst-generation AR antagonist, bicalutamide [ 15 ]. Unlike the fi rst-generation 
AR antagonists, enzalutamide suppresses nuclear translocation of AR and 
strongly inhibits the functions by disrupting the binding to DNA and its co-
activators [ 16 ]. Enzalutamide was tested in a clinical trial against malignant 
prostate cancers that either showed a high expression of ARs or showed resis-
tance to surgical or chemical castration due to mutation. The drug extended the 
overall survival by a median of 4.6 months in comparison to the placebo group, 
which led to approval by the FDA in 2012 for metastatic, castration-resistant 
prostate cancers [ 17 ,  18 ].   

8.1.3     CYP17A1 Inhibitor: Abiraterone 

 Other types of anticancer drugs that treat prostate cancer by disrupting androgen 
functions have also been developed since 2000. These drugs do not act directly on 
the AR, but lower the androgen concentration in the body by inhibiting 
17-α-hydroxylase/C17,20 lyase (CYP17A1), an enzyme that changes androgen pre-
cursors into androgens. CYP17 changes pregnenolone and progesterone into their 
17-α-hydroxy derivatives and cleaves the side chain through its lyase activity, lead-
ing to the production of androgen precursors, such as dehydroepiandrosterone 
(DHEA) and androstenedione. 

 In 1979, J. Heeres of Janssen Pharmaceuticals discovered ketoconazole, an imid-
azole antifungal medication. Further research on its mechanism revealed that keto-
conazole inhibited steroid synthesis pathway in a fungus [ 19 ]. In 1983, A. Pont at 
Stanford University discovered that ketoconazole disrupted androgen synthesis by 
inhibiting CYP17 in the adrenal glands of vertebrates; ketoconazole was then pre-
sented as a new drug for the treatment of prostate cancer [ 20 ,  21 ]. However, the 
therapeutic effi cacy of ketoconazole was minimal, and its specifi city was not high 
enough; it also showed potentially serious side effects. Thus, further research was 
carried out to address these shortcomings [ 22 ]. 

 In 1994, M. Jarman and S.E. Barrie of the Institute of Cancer Research in the 
United Kingdom analyzed the structure of CYP17 and developed a pyridyl ste-
roid medication called “abiraterone,” which had higher specifi city than ketocon-
azole and irreversibly inhibited CYP17 (Fig.  8.5 ) [ 23 ]. In animal studies, 
abiraterone lowered the serum testosterone concentration to 0.1 nM and increased 
the serum LH concentration by three- or fourfold without any side effects such as 
corticosterone synthesis inhibition, which is common with ketoconazole. These 
results showed that the effects of abiraterone were specifi c to CYP17. Further 
clinical trials showed that the drug increased the median overall survival rate by 
4.6 months compared to placebo in malignant prostate cancer patients who 
showed tolerance to surgical or chemical castration treatment. As a result, the 
FDA approved abiraterone in 2011 as a medicine for metastatic, castration-resistant 
prostate cancers [ 24 ].
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8.2         Hormonal Anti-breast-Cancer Drugs 

 Breast cancer is another hormone-dependent cancer. In the late 1890s, the Scottish 
surgeon G. Beatson learned from local herdsmen that removing the ovaries of cows 
increased milk secretion. He assumed that this was possible because the ovaries 
control the physiological actions of the breasts. Thus, he investigated the possibility 
of oophorectomy as a breast cancer treatment. He discovered that removing the 
ovaries of breast cancer patients alleviated their cancer-related symptoms [ 25 ]. 
Since then, many surgeons have performed oophorectomy on breast cancer patients, 
and in one-third of such patients, therapeutic effects have been reported [ 26 ]. 

 Estrogen, a sex hormone synthesized in the ovaries that controls the physiologi-
cal actions of the breasts, was fi rst discovered in 1923 by E.A. Doisy at St. Louis 
University. He was the fi rst to discover estrogen activity in ovarian follicle extracts 
and provided the basis for the research on the mechanism and treatment of breast 
cancer [ 27 ]. Doisy then proceeded to separate the three physiologically important 
estrogens: estrone (E1), estriol (E3), and estradiol (E2), in that order. In 1936, 
A. Lacassagne of the Radium Institute in France administered estrogen to female 
mice for a long period of time to investigate the hormonal actions of estrogen on 
breast cancer. He discovered that the incidence of breast cancer increased and 
 proposed the regulation of the estrogen activity for breast cancer treatment [ 28 ]. As 
the relationship between the hormonal actions of estrogen and breast cancer pro-
gression became known, various treatments, from oophorectomy to removal of 
other estrogen-modulating organs such as the adrenal gland or pituitary gland, were 
widely performed until the 1960s. 
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  Fig. 8.5    Anticancer mechanism of abiraterone. Abiraterone acetate inhibits CYP17-dependent 
synthesis of DHEA, suppressing synthesis of adrenal androgen, testosterone, and estrogen, as well 
as synthesis of androgen in prostate cancer cells. The decrease in androgen receptor (AR) ligand 
abundance exerts an anticancer effect by suppressing transcription of AR-regulated genes, includ-
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 E. Jensen of the University of Chicago clarifi ed the mechanism of action of 
estrogen. In 1962, he used radioisotope-labeled estrogen to investigate its distribu-
tion. He found estrogen accumulation in the uterus, vagina, and anterior pituitary 
gland [ 29 ]. He continued his research on the identifi cation of estrogen receptors 
(ERs) and fi nally discovered ER in 1968 [ 30 ]. An investigation of the distribution of 
estrogen in breast cancer patients showed the accumulation of estrogen in the cancer 
tissues of some patients. This led to the assumption that these tissues contained 
receptors that modulated the actions of estrogen, and that such receptors were 
related to the therapeutic effects of oophorectomy [ 31 ]. 

8.2.1     Selective Estrogen Receptor Modulator (SERM) 

8.2.1.1     Tamoxifen: First-Generation SERM 

 Estrogen inhibits FSH, which stimulates follicle maturation and delays ovulation. 
This principle was the basis of research in the late 1950s to develop synthetic estro-
gen analogues into female contraceptives. The American Pharmaceutical Company 
Searle developed the fi rst female contraceptive called “Enovid” in 1960. A. Walpole 
and D. Richardson at ICI Pharmaceuticals in the UK then developed new female 
contraceptives by synthesizing derivatives from triphenylethylene chemicals that 
had effects similar to those of estrogen. In 1967, they discovered tamoxifen, which 
inhibited ovulation in rats [ 32 ]. However, further investigation showed that tamoxi-
fen had the opposite effect in humans, i.e., it promoted ovulation. 

 Walpole and Jensen focused on the relationship between estrogen and breast 
cancer and hypothesized that if tamoxifen, which has been shown to exert anti- 
estrogen effects on ovulation, had chemical castration effects similar to those of 
oophorectomy, it would also aid in breast cancer suppression. In 1971, Walpole and 
oncologist M. Cole investigated the therapeutic effi cacy of tamoxifen through clini-
cal trials and found that some breast cancer patients experienced defi nite alleviation 
of symptoms [ 33 ]. In 1976, the biochemist V.C. Jordan, using isotopic labeling, 
discovered that tamoxifen strongly inhibited breast cancers with ERs, but did not 
have any effect on ER-negative breast cancers [ 34 ]. 

 After several clinical trials, the FDA fi nally approved tamoxifen for the treatment 
of metastatic breast cancers. In 1986, B. Fisher of the Allegheny University of the 
Health Sciences in Pittsburgh conducted a clinical trial using tamoxifen as an adju-
vant therapy in breast cancer patients. In the trial, the tamoxifen group showed a 
55 % lower recurrence rate compared to the control group after three years [ 35 ]. In 
1990, the FDA also approved tamoxifen as an adjuvant for breast cancer patients 
with no lymph node metastasis. Tamoxifen is still widely used in clinical practice. 

 Since tamoxifen showed minimal side effects even after long-term administra-
tion, B. Fisher also investigated the preventive effects in women at a high risk of 
breast cancer. He examined the breast cancer incidence rates after 5 years of tamoxi-
fen use and found that the tamoxifen group had 50 % lower incidence than the 
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 placebo group. After he reported such results in 1998, the FDA approved the use of 
the drug as a preventive medicine for breast cancer [ 36 ]. 

 The use of tamoxifen to treat breast cancer was the fi rst targeted treatment 
based on the understanding of the interaction between oncogenic molecules of 
specifi c cancer cells and drugs that specifi cally target such molecules. This helped 
reduce the toxicities often observed with chemotherapeutic agents and greatly 
infl uenced future developments of molecule-targeted anticancer therapies 
(Fig.  8.6 ).

8.2.1.2        Second-Generation SERM 

 In 1987, V.C. Jordan of the University of Leeds in the UK observed that while 
tamoxifen inhibited ERs in the breasts and uterus, it acted similar to the action 
of estrogen in the bones and during the metabolism of blood lipids [ 37 ]. He 
later called medicines with such tissue-specific activation effects “selective 
estrogen receptor modulators (SERMs).” Even though tamoxifen very effec-
tively treated breast cancer, further studies revealed side effects, such as endo-
metrioma or formation of a thrombus, with its long-term administration. 
Second-generation SERMs with reduced side effects were developed in the late 
1980s [ 38 ]. 
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  Fig. 8.6    Mechanism of action for tamoxifen. Tamoxifen binds to estrogen receptors (ERs) in 
competition with estrogen. When tamoxifen binds to ERs, it does not induce a structural change 
and thus, impairs binding of coactivators. When ERs are not bound to coactivators, they cannot 
induce ER-dependent gene expression. Thus, tamoxifen produces an anticancer effect by inhibit-
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   Toremifene 

 The fi rst FDA-approved second-generation SERM was toremifene, which was 
developed by a Finnish pharmaceutical company Farmos in 1986 [ 39 ]. Toremifene 
was an analogue of tamoxifen and showed effects similar to SERM, such as inhibi-
tion of ERs in the breasts and estrogen action by aiding receptor activation in the 
bones and blood lipid metabolism. However, lower estrogen activity was observed 
in the uterus compared to tamoxifen, with improved safety [ 39 ]. 

 In clinical trials on terminal breast cancer patients past menopause, toremifene 
showed therapeutic effects on cancers, similar to those of tamoxifen [ 40 ]. High doses 
of toremifene were also observed to alleviate symptoms in terminal breast cancer 
patients who developed resistance to tamoxifen. This led to the approval of toremi-
fene by the FDA in 1997 as a therapeutic option for metastatic breast cancers [ 41 ].  

   Raloxifene 

 Raloxifene is a second-generation SERM that was developed by C.D. Jones of Eli 
Lilly and Company in 1984. It is a benzothiophene medicine with a chemical struc-
ture different from that of non-steroidal triphenylethylene compounds such as 
tamoxifen and toremifene. This second-generation SERM was discovered during 
the search for new compounds that could overcome the limitations of tamoxifen, 
such as its weak estrogen agonist activity and strong antagonist activity, and loss of 
activity after its conversion into another isomer in the body [ 42 ]. Raloxifene was 
more effective than tamoxifen in inhibiting the proliferation of uterine tissues 
caused by estradiol in rats and strongly inhibited cancer growth in rat breast cancer 
models. Based on these results, Eli Lilly and Company attempted to develop raloxi-
fene as a therapeutic option for tamoxifen-resistant metastatic breast cancers, but 
failed to show therapeutic effects unlike those observed with tamoxifen. Raloxifene 
was clinically tested for osteoporosis treatment [ 43 ,  44 ]. Eli Lilly and Company 
then investigated the preventive effects of raloxifene on breast cancer in subjects in 
an osteoporosis clinical trial. The results in 2001 showed that raloxifene reduced the 
incidence of invasive breast cancer by 86 % [ 45 ]. Further clinical trials that com-
pared raloxifene with tamoxifen showed that raloxifene had similar preventive 
effects and lower risks of side effects, such as the formation of thrombus, cataract, 
or endometrioma [ 46 ]. Thus, the FDA approved it in 2007 as a preventive medicine 
for breast cancer.    

8.2.2     Anti-estrogen: Fulvestrant 

 Tamoxifen and second-generation SERMs show anti-estrogen activities in certain 
tissues such the breasts, and may cause endometrioma in the uterus, where estrogen 
is activated. As a result, compounds that act as anti-estrogen agents even in the 
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uterus were developed. Many such compounds have been synthesized, but fulves-
trant, which A.E. Wakeling and J. Bowler of ICI developed in 1988, is the only 
compound that is clinically used [ 47 ]. 

 Based on previous study results that suggest that the addition of long side-chains 
to the C7 of estradiol did not affect its binding ability to ERs, Wakeling discovered 
a 7α-alkyl estradiol analogue called “fulvestrant.” Fulvestrant inhibited the expres-
sion of the progesterone receptor (PR) by estradiol in the uterine tissues of rats, and 
its long-term use caused uterine tissue degeneration, which was also observed in 
oophorectomies. In addition, administering fulvestrant to carcinogen-induced ani-
mal breast cancer models showed strong breast cancer growth inhibition [ 47 ]. This 
implied that fulvestrant acted effectively as an anti-estrogen agent. 

 In 1993, S. Dauvois of ICI studied the molecular mechanism of fulvestrant and 
reported that while its binding affi nity to ERs is similar to that of tamoxifen, it spe-
cifi cally disrupted the complex formation of estrogen with ERs and nuclear translo-
cation of ERs [ 48 ]. Dauvois also observed that fulvestrant accelerated the rapid 
degradation of ER proteins (Fig.  8.7 ) [ 49 ].

   These results suggested the potential use of fulvestrant as an anticancer agent 
superior to tamoxifen. To confi rm this, related clinical trials were conducted. 
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  Fig. 8.7    Mechanism of action for fulvestrant. Fulvestrant competes with estrogen at estrogen 
receptors (ERs). Because ERs bound to fulvestrant are less able to form dimers, rapid ER degrada-
tion and decreased movement of dimers into the nucleus occur. The small numbers of dimers that 
move into the nucleus bind to estrogen response elements (ERE), but cannot bind to coactivators; 
thus, transcription of estrogen-targeted oncogenes is suppressed       
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Fulvestrant showed therapeutic effi cacies similar to those of anastrozole, an aroma-
tase inhibitor, in tamoxifen-resistant metastatic breast cancer patients. This led to 
FDA approved in 2002 [ 50 ]. The biochemical characteristics of this drug are differ-
ent from those of tamoxifen, which can be used concurrently with other treatments. 
Fulvestrant is currently used in clinical practice.  

8.2.3     Aromatase (CYP29) Inhibitors 

 Other drugs that treat breast cancers by disrupting the actions of estrogen have also 
been developed. Rather than acting directly on the ER, these drugs inhibit aroma-
tase, which transforms the precursor androgen into estrogen, and lowers the estro-
gen concentration in the body. In 1959, K.J. Ryan of Harvard University discovered 
the aromatase activity in microsomal vesicles from the human placenta that changed 
19-carbon androgen into estrogen using NADPH and oxygen [ 51 ]. In 1986, S. Chen 
of Beckman Research Institute purifi ed aromatase enzyme and C.T. Evans of the 
University of Texas cloned the gene [ 52 ,  53 ]. 

 The research on aromatase inhibitors was started by investigating the side effects 
of aminoglutethimide, a type of anticonvulsant. In 1967, R.N. Dexter at Vanderbilt 
University reported that aminoglutethimide hindered the conversion of cholesterol 
into pregnenolone, which led to a decrease in steroid hormones, such as mineralo-
corticoid, glucocorticoid, and sex steroids in the adrenal glands [ 54 ]. In 1973, 
C.T. Griffi ths and T.C. Halls at Harvard University used dexamethasone with ami-
noglutethimide, which inhibited steroidogenesis in the adrenal glands. They discov-
ered that this combination alleviated breast cancer symptoms in some patients [ 55 ]. 
In 1974, E.A. Thompson of the University of Texas Health Science Center discov-
ered that aminoglutethimide inhibited the activity of the aromatase obtained from 
microsomal vesicles in the placenta and reduced the estrogen synthesis from andro-
stenedione [ 56 ]. Based on these results, R.J. Santen at the University of Pennsylvania 
in 1978, observed that aminoglutethimide acted as an aromatase inhibitor  in vivo  in 
breast cancer patients and greatly reduced the estrogen blood concentration in those 
patients. This discovery led to the development of aromatase inhibitors for breast 
cancer treatment [ 57 ]. 

 However, due to the similarity of the structure of aminoglutethimide to that of 
glutethimide, it acted as an anticonvulsant in the nervous system. It also had low 
specifi city, inhibiting P450scc enzymes responsible for pregnenolone from choles-
terol, which led to side effects such as liver toxicity, drowsiness, skin rash, and 
fever. As a result, further studies were carried out for the development of safe aro-
matase inhibitors with high specifi city. 

 Formestane and fadrozole were developed as second-generation aromatase inhib-
itors. In 1976, A.M. Brodie of the Worcester Foundation for Experimental Biology 
in the U.S. developed a synthetic compound called “4- hydroxyandrostenedione” 
(4-HOA, formestane), which was similar to androstonedione, a substrate of aroma-
tase [ 58 ]. Formestane is an irreversible inhibitor (type II steroidal aromatase 
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 inhibitor) with improved specifi city to aromatase, unlike aminoglutethimide, which 
is a reversible inhibitor (type I non-steroidal aromatase inhibitor). Formestane 
reduced the blood estrogen levels in rats by 80 % and inhibited the growth of cancer 
cells in animal breast cancer models [ 59 ]. Clinical trials also showed that the thera-
peutic effi cacy of formestane was similar to that of tamoxifen [ 60 ]. Although both 
formestane and fadrozole were clinically effective, neither was approved as an anti-
cancer drug. 

 Triazole compounds, such as anastrozole and letrozole, are type 1 aromatase 
inhibitors developed as third-generation aromatase inhibitors. R.E. Steele of CIBA- 
GEIGY discovered the non-steroidal aromatase inhibitor CGS 18320 as a second- 
generation aromatase inhibitor in 1987 [ 61 ]. Letrozole was evolved from CGS 
18320 in collaboration with R.J. Santen in 1993 and became a third-generation aro-
matase inhibitor [ 62 ]. P.V. Plourde of Zeneca (a subsidiary of ICI Pharmaceuticals, 
currently known as AstraZeneca) developed anastrozole in 1994 [ 63 ]. Both drugs 
have an aromatase-inhibiting effect, which is signifi cantly higher than that of ami-
noglutethimide with less side effects, such as hindrance of aldosterone or cortisol 
synthesis (Fig.  8.8 ). Clinical trials have shown that the effi cacies of anastrozole and 
letrozole in breast cancer patients are superior to those of tamoxifen [ 64 ,  65 ]. Thus, 
the FDA approved them in 1995 and 1997, respectively, and they are still widely 
used.

   Another third-generation aromatase inhibitor is exemestane, a formestane ana-
logue and type II aromatase inhibitor that was developed by E. Di Salle of the 
Italian pharmaceutical company Farmitalia Carlo Erba [ 66 ]. Unlike formestane, 
which is injected intramuscularly, exemestane can be administered orally and has 
higher specifi city and effi cacy. Clinical trials have reported that its effi cacy is supe-
rior to that of tamoxifen, which led to FDA approval for used as a breast cancer 
drug [ 67 ].   

Cholesterol

Pregnenolone

Androstenedione

Testosterone

Estrone

Estradiol

Aromatase

Aromatase

Breast cancer growth
inhibited 

Aromatase
inhibitor

  Fig. 8.8    Anticancer mechanism of aromatase inhibitors. Aromatase is responsible for converting 
androstenedione and testosterone produced from cholesterol into estrone and estradiol, respec-
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8.3     Other Hormonal Anticancer Drugs 

 Other hormonal anticancer drugs are used as supplementary drugs during cancer 
treatment to alleviate the cancer or the side effects of chemotherapy. These drugs 
include corticosteroid hormones, progestogen, and somatostatin analogues. 

 T. Reichstein discovered corticosteroid hormones in 1944 in the adrenal cortex. 
Corticosteroid hormones can be classifi ed into glucocorticoids and mineralocorti-
coids. Glucocorticoids, such as cortisol, can modulate the metabolism of glucose, 
fat, and protein or alleviate infl ammation, and mineralocorticoids, such as aldoste-
rone, can control the concentration of electrolytes. Due to their strong physiological 
functions, many synthesized corticosteroid hormones have been developed, some of 
which have been used for cancer treatment. 

8.3.1     Prednisone 

 In 1955, A. Nobile at Schering Pharmaceuticals developed a new synthesis method 
for hydrocortisone, which has anti-infl ammatory activity. During the synthesis pro-
cess,  Corynebacterium simplex  was used for hydrolysis to remove the acetyl group 
attached to carbon-11 of the steroid ring. As a result, not only was the acetyl group 
removed, but a new double bond was also added to the steroid ring A, where pred-
nisone and prednisolone were developed [ 68 ]. As prednisone and prednisolone had 
higher glucocorticoid activities than hydrocortisone but weaker mineralocorticoid 
activities, they were used as immunosuppressants and anti-infl ammatory agents. 

 Prednisone and prednisolone were also used to treat adult leukemia and lym-
phoma and were approved by the FDA in 1955. They were further developed for the 
treatment of blood cancers, such as acute lymphoblastic leukemia (ALL), non- 
Hodgkin’s lymphoma, and multiple myeloma. Prednisone was later used as a main 
anticancer drug in the fi rst combination chemotherapy called VAMP (vincristine, 
amethopterin, mercaptopurine, and prednisone), which E. Frei and E. Freireich of 
NCI used in 1964 to treat acute lymphoma in children, and in 1967 in MOPP (mech-
lorethamine, vincristine, procarbazine, and prednisone) combination chemotherapy, 
which V.T. DeVita administered to successfully treat Hodgkin’s lymphoma [ 69 ,  70 ]. 
These two drugs are currently being used for the treatment of various blood-borne 
cancers, including leukemia, lymphoma, and multiple myeloma.  

8.3.2     Testolactone 

 In 1953, H.J. Fried at the Squibb Institute developed testolactone by fermenting 
progesterone using  Streptomyces zavendulae  [ 71 ]. A. Segaloff of Tulane University 
participated in the Breast Cancer Treatment Development Program of NCI, which 
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was launched in 1957, during which he discovered the therapeutic effects of 
 testolactone on progressive breast cancers in 1962, while researching on hormone 
therapy [ 72 ]. After several clinical trials, the FDA approved testolactone in 1970 for 
the treatment of breast cancer [ 73 ]. In 1975, E.A. Thompson et al. at the University 
of Texas Health Science Center discovered that testolactone can be used for the 
treatment of breast cancer by inhibiting estrogen synthesis through its aromatase- 
inhibiting effects [ 74 ]. However, testolactone has been replaced to formestane and 
exemestane and is rarely used today.  

8.3.3     Progestin 

 Synthetic progestins (progesterone-like drugs), such as medroxyprogesterone ace-
tate and megestrol acetate, were developed as contraceptives based on their 
ovulation- inhibiting effects. Medroxyprogesterone acetate is the 6-methyl analogue 
of acetoxyprogesterone, which the pharmaceutical companies Syntex and Upjohn 
developed in 1956 and used as a contraceptive. B. Ellis at the British Drug House 
developed megestrol acetate as an analogue of medroxyprogesterone acetate in 
1960 [ 75 ]. NCI conducted clinical trials of both drugs as part of its breast cancer 
treatment program, and the results revealed therapeutic effects on malignant breast 
cancers [ 73 ]. In 1996, it was also found that megestrol acetate is effective for endo-
metrial cancers [ 76 ]. The molecular mechanisms behind these effects have not yet 
been clarifi ed, but they are assumed to lower the estrogen levels in breast cancer 
patients [ 77 ]. The FDA approved medroxyprogesterone acetate and megestrol ace-
tate in 1950 and 1971, respectively. Further research revealed that these drugs alle-
viated appetite loss (anorexia) observed in cancer patients, due to which they have 
been used more as appetite boosters than as anticancer agents. They are currently 
being used to reduce anorexia in many metastatic cancer patients.  

8.3.4     Somatostatin 

 In 1973, R. Guillemin’s group from the Salk Institute discovered the hormone 
somatostatin, which is released in the hypothalamus and which inhibits the release 
of the growth hormone (GH) in the pituitary gland, besides determining the amino 
acid sequence [ 78 ]. Further studies by various research groups revealed somatosta-
tin’s inhibitory effects on the release of other peptide hormones such as insulin, 
glucagon, and gastrin. As the potential clinical application of somatostatin was real-
ized, more studies on synthetic analogues were conducted to improve their short 
half-life. Octreotide developed by W. Bauer of Sandoz in 1982 showed therapeutic 
effects on neuroendocrine tumors, such as carcinoid tumors that released peptide 
hormones, vasoactive intestinal peptide-secreting tumors (VIPomas), and insulino-
mas. The FDA registered octreotide as an anticancer agent in 1987 [ 79 – 80 ]. In 
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1990, its therapeutic effects on acromegaly and gigantism caused by overproduction 
of growth hormones were also reported [ 81 ]. In addition to its anticancer effects, 
octreotide is also known to alleviate severe diarrhea accompanied by VIPomas or 
caused by 5-fl uorouracil chemotherapy or radiation therapy.      
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    Chapter 9   
 Molecular Targeted Anticancer Drugs                     

          From the middle of the 1960s, combination chemotherapy was at the center of 
 chemotherapy for cancer. Following successful treatment of various hematologic 
malignancies through combination chemotherapy, signifi cant effort was aimed at 
utilizing such treatments in patients with solid cancers. Research into solid cancer 
treatment using combination chemotherapy was a core component of anticancer 
research programs from 1970s, but in spite of long-term, large-scale clinical trials, 
revolutionary results did not emerge, and the progression of anticancer chemother-
apy has gradually slowed since 1980. Ultimately, in 2003, it was determined that 
mega-dose combination chemotherapy combined with bone marrow transplant was 
not superior than conventional combination chemotherapy in advanced breast can-
cer, and it was widely believed that cytotoxic chemotherapy had reached its limit as 
a treatment for solid cancer. The failure of mega-dose cytotoxic chemotherapy as a 
treatment for solid cancers showed researchers that a deep biological understanding 
of the complexity and diversity of individual types of cancer was essential for more 
effective cancer treatment. 

 A major breakthrough facilitating the development of molecular targeted agents 
occurred in 1976, when Varmus and Bishop discovered a proto-oncogene tyrosine 
kinase Src (c-Src), leading to novel research into cancer at the molecular level. The 
National Cancer Institute (NCI) recognized the potential of molecular cancer 
research and launched the Molecular Biology of Cancer Research Program in 1984 
as a means of funding large-scale basic cancer research. Moreover, it was recog-
nized that the murine leukemia model, which had a key role in screening for anti-
cancer agents, was an insuffi cient method of identifying compounds with a 
reasonable chance of success in human clinical trials; therefore, in 1990, the NCI 
launched a new method of screening for anticancer drugs, which utilized 60 human 
cancer cell lines derived from seven different types of cancer tissues. 

 By early 1990, with the accumulation of knowledge about the pathogenesis and 
progression of cancer resulting from basic cancer research, the potential for revo-
lutionary new anticancer treatment had become apparent. It was revealed that can-
cer depended on specifi c signaling pathway derived from specifi c oncogenic 
mutation for continued growth; moreover, it was shown that each type of cancer 
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used subtly different complementary pathways for growth and metastasis. Based 
on these discoveries, novel molecular targeted anticancer agents began to be devel-
oped, with the goal of inactivating target molecules and cancer-specifi c signaling 
pathways. 

 Molecular targeted agents suppress the functions of certain proteins that play a 
key role during the growth and progression of cancer, thereby inhibiting cell divi-
sion in certain cancers, promoting apoptosis of cancer cells, activating the immune 
system to destroy cancer cells, and delivering specifi c drugs to cancer cells. A sig-
nifi cant advantage of molecular targeted therapy is that it is focused on specifi c 
oncogenic aberrations in cancer cells; therefore, such drugs are expected to be more 
selective and effective against cancer cells and have relatively fewer side effects 
compared to conventional cytotoxic chemotherapeutics. 

 Targeted agents that can bind specifi cally to oncoproteins are mostly developed 
in the form of monoclonal antibodies or small molecular compounds. Monoclonal 
antibodies and small molecular inhibiotrs have distinct pharmacological properties 
and advantages. Monoclonal antibodies cannot peneterate the cell membrane and 
are mostly suited to targeting proteins on the cell surface membrane. In comparison, 
small molecular inhibitors can cross the cell membrane and therefore mostly target 
intracellular proteins (Fig.  9.1 ). From the perspective of drug development, antibod-
ies are generally easier, but more expensive, to develop, while small molecular 
inhibitors are cheaper to develop and are effective even when some oncoproteins 
mutated (making them undetectable to antibodies); however, the development prob-
ability for small molecular inhibitors is considerably lower than that of antibodies. 
Beginning with tretinoin in 1995, approximately 50 targeted anticancer agents were 
approved until the end of 2013, comprising the majority of recently developed 
anticancer drugs (Fig.  9.2 ).
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  Fig. 9.1    Target proteins and intracellular signaling pathways for targeted anticancer agents       
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    Due to the cancer biology research over the last 40 years, a large number of 
genes and proteins involved in the oncogenesis have been discovered. However, 
oncoproteins that have been effectively targeted by cancer treatment have a very 
restricted set of characteristics; such proteins are mostly enzymes and have notable 
surface grooves where chemical reactions take place. Therefore, it is possible to 
inhibit the reaction occurring at a particular region of oncoprotein using small 
molecular inhibitor that fi t the grooves. Because the majority of transcription factors 
and other proteins that do not have evident grooves, it is generally very diffi cult to 
suppress activity using small molecular inhibitors. The majority of enzymes that 
can be regulated by targeted drugs in this way are protein kinases, although protea-
some components, histone deacetylases (HDAC), and DNA methyltransferases 
(DNMT) are also susceptible to such manipulation. Among protein kinases that can 
be inhibited by small molecular inhibitors, the majority are growth factor receptors 
or non-receptor tyrosine kinases. There are far more serine/threonine kinases than 
tyrosine kinases, but only a few serine/threonine kinases, including c-Raf and 
mitogen- activated protein kinase kinase 1 and 2 (MAP2K1/2 or MEK1/2), have 
been successfully targeted by anticancer agents. 

 Eukaryotic tyrosine kinase activity was fi rst reported in 1980 by T. Hunter at the 
Salk Institute, who identifi ed c-Src in cells from chickens and humans. Subsequently, 
the epidermal growth factor receptor (EGFR) and platelet-derived growth factor 
receptor (PDGFR) were shown to have tyrosine kinase activity. Among the 598 
kinases encoded by the human genome, 90 tyrosine kinases have been identifi ed to 
perform critical roles in regulating survival and proliferation of various types of 
cells. In terms of tumor progression, it has been established that mutation and over-
expression of tyrosine kinases such as the Bcr-Abl fusion protein and EGFR in 
cancer cells facilitate survival, proliferation, invasion, and metastasis. Furthermore, 
tyrosine kinases perform the critical role in the regulation of tumor microenviron-
ment through controling cellular processes such as angiogenesis. Because of the 
immense profound amount regulatory roles of tyrosine kinases in cells, tyrosine 
kinase inhibition has becoming a major goal of research for the development of 
targeted anticancer drugs. 

 The discovery of small molecule tyrosine kinase inhibitors was the result of a 
massive screening of natural compounds. In 1981, at Germany’s Giessen University, 
H. Glossman et al. discovered that the fl avonoid quercetin inhibits c-Src activity 
in vitro at mM concentrations. In 1983, R.L. Erikson’s group at Colorado University 
confi rmed that quercetin suppresses c-Src in vivo. However, owing to its low speci-
fi city, quercetin was also revealed to suppress the activity of serine/threonine kinases 
such as cAMP-dependent protein kinase (PKA) and Ca 2+ /calmodulin-dependent 
protein kinase (CaMK). Later, Japanese scientists discovered natural compounds 
with higher specifi city for tyrosine kinases, including erbstatin, genistein, and lav-
endustin. However, as growing numbers of tyrosine kinase were gradually discov-
ered, these tyrosine kinase inhibitors derived from natural compounds were found 
to have low specifi city for particular tyrosine kinases and to be unstable in vivo, 
which led to the development of synthetic inhibitors with higher specifi city and 
stability. 
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 The fi rst study for development of synthetic tyrosine kinase inhibitors was per-
formed by A. Levitzki at Israel’s Hebrew University in the late 1980s. Using the 
natural substance erbstatin and itaconic acid which contain the hydroxyphenyl 
group found in tyrosine, as a template, he developed tyrphostin1, a benzene malo-
nonitrile with a weak inhibitory effect on serine/threonine kinases and high specifi c-
ity for the EGFR, in 1988. In the following years, Levitzki’s group synthesized 
various derivatives by altering tyrphostin1 and developed several types of tyrphostin 
with specifi city for particular tyrosine kinases, including the insulin receptor, 
PDGFR, and Bcr-Abl fusion protein. 

 However, the drugs developed by Levitzki mostly show a limited inhibitory 
effect at micromolar (μM) concentrations, whereas a higher binding affi nity was 
required for clinical applications. In addition, when the inhibitory mechanisms of 
these drugs were investigated, they were found to be different from those that had 
been expected at the start of development, with the majority of the drugs found to 
act as a competitive inhibitor of the binding of ATP on the ATP binding pocket, 
rather than tyrosine mimic on the substrate-binding domain. 

 Beginning in the late 1980s, pharmaceutical companies took the lead in the 
development of tyrosine kinase inhibitors, leading to the gradual development of 
drugs with higher specifi city and action at nanomolar (nM) concentrations. In order 
to improve the specifi city of tyrosine kinase inhibitors as competitive inhibitors of 
ATP, drugs with more complicated structures, involving multicyclic rings such as 
quinazoline and phenylaminopyrimidine, were developed. Quinazoline drugs, 
which have high specifi city for the EGFR, were fi rst discovered by AstraZeneca in 
1992, leading to the release of gefi tinib. In 1994, .W. Fry of Parke-Davis 
Pharmaceuticals reported tyrosine kinase inhibitor PD153035. In 1995, Oncogene 
Science discovered tyrosine kinase inhibitor CP-358774, which was developed as 
erlotinib. CGP 57148, a phenylaminopyrimidine inhibitor of Bcr-Abl, was reported 
by J. Zimmermann of Ciba Pharmaceuticals in 1995 and later developed as ima-
tinib. In addition, tyrosine kinases such as vascular endothelial growth factor 
(VEGFR), RET proto-oncogene (RET), stem cell factor receptor (SCFR), PDGFR, 
Janus kinase 2 (JAK2), and Bruton’s tyrosine kinase (BTK) were shown to play 
important roles in the progression of various types of tumors, leading to the devel-
opment of kinase inhibitors that are now commonly used in the clinic. 

 The history and development processes for molecular targeted anticancer agents 
are discussed below in the order of their development, beginning with the earliest 
reported compounds. 

9.1     Tretinoin (All- Trans  Retinoic Acid, ATRA) 

 The fi rst targeted anticancer agent was all- trans  retinoic acid (ATRA), which was 
used in the treatment of acute promyelocytic leukemia (APL). APL is a rare form of 
leukemia, characterized by the acculumation of immature promyelocyte. In 1977, at 
the University of Chicago, oncocytologist J.D. Rowley discovered a common 
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translocation of chromosomes 15 and 17 in cancer cells from APL patients, which 
she believed to be the cause of APL [ 1 ]. In 1990, three different research teams, 
including E. Solomon’s group at the Imperial Cancer Research Fund in the United 
Kingdom and A. Dejean’s group at France’s Institut Pasteur, independently identi-
fi ed the genes in the area of the translocation identifi ed in cancer cells from APL 
patients. As a result, they discovered that the translocation in APL cancer cells 
caused two genes, promyelocytic leukemia protein ( PML ) on chromosome 15 and 
retinoic acid receptor a ( RAR A) on chromosome 17, to combine into a fusion gene 
encoding the tumor-specifi c fusion protein PML-RARα [ 2 ,  3 ]. 

 A separate study was performed by T.R. Breitman et al. at the NCI to develop 
drugs to treat APL. Breitman had been interested by a 1971 report that Friend, at 
Mount Sinai Hospital, had induced cancer cell apoptosis by completely differenti-
ating erythroleukemia cells using dimethyl sulfoxide (DMSO) [ 4 ]. In 1981, 
Breitman discovered that ATRA induced differentiation and killed HL60 human 
APL cells at a low concentration of 1 nM. The next year, Breitman observed that 
ATRA also specifi cally induced differentiation in cancer cells isolated from APL 
patients [ 5 ]. 

 In 1988, leukemia researchers Z.Y. Wang et al. at Shanghai University fi rst 
administered ATRA to 5-year old girl with refractory APL and observed a complete 
remission within 3 weeks of treatment. However, because relapse was frequently 
observed in patients treated with ATRA alone, conventional chemotherapy was per-
formed in combination with ATRA treatment, showing a dramatic response, with no 
relapse within 5 years for 75 % of the patients [ 6 ]. Clinical trials conducted by 
R.P. Warrell at the Memorial Sloan-Kettering Cancer Center in the United States in 
1991 demonstrated a similar therapeutic effi cacy [ 7 ]. Based on these results, ATRA 
was fi nally approved by the FDA as a treatment for APL in 1995. ATRA was widely 
used and provided an opportunity to promote the development of targeted drugs. As 
research into the dramatic therapeutic effect of ATRA continued, H. de Thé et al. 
identifi ed the anticancer mechanism of ATRA in 1999, discovering that ATRA binds 
to the RAR, a part of the PML-RARα protein, eliminating the transcription inhibi-
tion by the fusion protein and inducing transcription of differentiation-related genes 
(Fig.  9.3 ) [ 8 ].

9.2        Bcr-Abl Inhibitors 

 Imatinib was approved as a treatment for chronic myeloid leukemia (CML) in 
2001. It is a highly specifi c inhibitor of the oncoprotein Bcr-Abl tyrosine kinase, 
which acts as an important oncogene during the progression of CML. Imatinib 
was the fi rst protein kinase inhibitor to be approved as an anticancer agent, and 
it is known as the most pioneering and successful targeted anticancer drug. 
However, reports of imatinib- resistant mutant Bcr-Abl proteins in CML patients 
spurred the development of second generation Bcr-Abl inhibitors such as dasat-
inib, nilotinib, and bosutinib, which are currently introduced in the clinics 
(Fig.  9.4 ).
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9.2.1       First Generation Bcr-Abl Inhibitor: Imatinib 

 APL treatment using ATRA is not a perfect targeted anticancer therapy from a 
methodological perspective, because the discovery of the drug was not based on the 
discovery and understanding of oncogenes, but rather depended on experimental 
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serendipity and inspiration. Accordingly, the fi rst drug fi tting the defi nition of a 
targeted anticancer agent was imatinib, which was used to treat CML in 1996. 

 In 1960, P.C. Nowell at the University of Pennsylvania was studying chromo-
somes in CML patients when he discovered a very small chromosome that was not 
observed in healthy individuals or patients with other forms of leukemia; he named 
this construct the “Philadelphia chromosome” [ 9 ]. Later, in the 1970s, as chromo-
some staining techniques improved, studies were conducted to investigate the ori-
gins of the Philadelphia chromosome. In 1973, before J.D. Rowley discovered the 
chromosomal translocation in APL in 1977, she discovered that the Philadelphia 
chromosome observed specifi cally in CML cells was the result of a chromosomal 
translocation in the part of chromosome 22 that binds to the long arm of chromo-
some 9 [ 10 ]. In 1982, A. de Klein et al. at Erasmus University in the Netherlands 
performed a further study of the translocation region in the Philadelphia chromo-
some and discovered that the Abl gene from chromosome 9 was fused with chromo-
some 22 [ 11 ]. In addition, in a collaborative study with N. Heisterkamp et al. at the 
NCI, who fi rst determined the chromosomal location of c-Abl, de Klein et al. identi-
fi ed the Bcr gene on chromosome 22 as the gene bound to Abl and reported that the 
Philadelphia chromosomal translocation produced the oncogene Bcr-Abl in 1985 
[ 12 ]. In 1980, D. Baltimore et al. at the MIT Whitehead Institute discovered that 
v-Abl protein showed tyrosine kinase activity related to its ability to induce cancer 
[ 13 ]. In 1986, Baltimore’s group observed the tyrosine kinase activity of the oncop-
rotein Bcr-Abl and predicted that this function would be a cause of CML [ 14 ,  15 ]. 

 Hemato-oncologist B. Druker at Oregon Health & Science University assumed 
that inhibition of the activity of the Bcr-Abl oncoprotein could be a treatment strat-
egy for patients with CML. A. Matter and N. Lydon from the Swiss pharmaceutical 
company Ciba-Geigy (later merged with Novartis) had been studying protein kinase-
inhibiting compounds and attempted to develop a Bcr-Abl inhibitor as a collabora-
tive project. In the late 1980s, Matter and Lydon discovered 2- phenylaminopyrimidine, 
a protein kinase C (PKC) inhibitor, through large-scale compound screening. 
Subsequently, J. Zimmerman synthesized a large number of 2-phenylaminopyrimi-
dine derivatives and measured their inhibitory effects on Bcr- Abl activity, leading to 
the discovery of a new lead compound [ 16 ]. After starting a collaborative study with 
B. Druker, Zimmerman synthesized derivatives from this lead compound with the 
goal of producing a specifi c Bcr-Abl inhibitor, leading to the development of 
CGP57148 (the previous name for imatinib) in 1992, in which a methyl group and 
benzamide were added to the benzene ring of 2- phenylaminopyrimidine before the 
addition of methylpiperazine to increase solubility (Fig.  9.5 ) [ 17 ]. In 1996, Druker 
performed preclinical trials with CGP57148 and observed a selective and potent 
cytotoxic effect on cultured CML cells, as well as a potent therapeutic effi cacy in 
animal models of CML expressing Bcr-Abl [ 18 ].

   Thereafter, beginning in 1998, Druker collaborated with C.L. Sawyers at 
Memorial Sloan-Kettering to conduct phase 1 clinical trials using imatinib as a 
monotherapy in CML patients. In 2001, Druker and Sawyrs reported the surprising 
result that leukemic cells had disappeared from the blood of 53 of 54 imatinib- 
treated CML patients receiving a dose ≥300 mg/day within a few weeks [ 19 ]. 
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In phase 2 and phase 3 clinical trials conducted in approximately 30 countries, 95 % 
of imatinib-treated CML patients showed a disappearance of cancer cells [ 20 ]. In 
2001, after imatinib designated for priority review, , the drug was fi nally approved 
by the FDA as a treatment for CML. Imatinib is still widely used, but second gen-
eration Bcr-Abl inhibitors such as dasatinib, nilotinib, and bosutinib are used clini-
cally in patients with imatinib resistance. 

 Studies of the molecular biology of cancer led directly to the development of 
imatinib, which acts with high specifi city on a cancer-specifi c oncoprotein to treat a 
single type of cancer with minimal adverse events. As a result, imatinib serves as a 
model for the development of molecular targeted anticancer agents. In addition, the 
development of imatinib provided a demonstration of the effectiveness of molecular 
mechanism-based screening systems that were clearly distinct from previously 
existing systems for anticancer drug development. 

 Moreover, contrary to initial expectations, imatinib was found to have inhibitory 
activity against several cancer-related tyrosine kinases, as well as excellent thera-
peutic effects in patients with other types of cancer. The inhibitory activity of ima-
tinib on PDGFR-α and PDGFR-β activities contributes to its therapeutic effects in 
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patients with hypereosinophilic syndrome and medulloblastoma, while its inhibi-
tory effect on c-KIT plays an important role in its therapeutic effect in patients with 
advanced gastrointestinal stromal tumors (GISTs) [ 21 ,  22 ]. Imatinib is currently 
used widely as a treatment for patients with CML and GISTs.  

9.2.2     Second Generation Bcr-Abl Inhibitors 

9.2.2.1     Dasatinib 

 After imatinib treatment, the majority of CML patients did not experienced relapse 
for a long period of time, but relapse was observed in a small subset of patients 
showing drug resistance. C.L. Sawyers, an oncologist at Memorial Sloan-Kettering 
Cancer Center, studied the molecular mechanisms of imatinib resistance, and in 
2001 reported that the Bcr-Abl gene in resistant CML cells contained a mutation in 
the amino acid residue related to drug binding, which prevented the interaction of 
the drug with the oncoprotein [ 23 ]. These results stimulated the development of 
second generation Bcr-Abl inhibitors. 

 In the early 2000s, Sawyers performed studies aimed at developing second gen-
eration Bcr-Abl inhibitors together with the pharmaceutical company Bristol-Myers 
Squibb. J. Das et al. at Bristol-Myers Squibb synthesized derivatives of aminothia-
zole, which had been identifi ed as an immunosuppressant. In 2004, a study of ami-
nothiazole derivatives identifi ed the thiazolyl-aminopyrimidine compound dasatinib, 
which had inhibitory activity on Bcr-Abl 300-fold stronger than that of imatinib 
(Fig.  9.6 ) [ 24 ,  25 ]. In 2004, Sawyers et al. reported that dasatinib inhibited Bcr-Abl 
activity in the 15 types of imatinib-resistant Bcr-Abl mutants that had been identi-
fi ed at the time, except for mutant T315I. Moreover, using cells expressing Bcr-Abl 
mutant proteins, they confi rmed the therapeutic effect of dasatinib in an implanta-
tion tumor model [ 26 ]. In 2006, J.S. Tokarski et al. at Bristol-Myers Squibb per-
formed structural analysis of human ABL kinase domain complexed with imatinib 
or dasatinib and discovered that the site of dasatinib action on Bcr-Abl was different 
from the site of imatinib action, demonstrating the molecular mechanism for inhib-
iting imatinib-resistant Bcr-Abl [ 27 ]. Based on these results, Sawyers conducted 
clinical trials of dasatinib in imatinib-resistant CML patients, and in 2006 reported 
successful therapeutic responses, with CML cells completely disappearing in 82 % 
of patients [ 28 ]. In 2006, dasatinib was approved as a treatment for imatinib- resistant 
CML. Dasatinib is still widely used.

9.2.2.2        Nilotinib 

 Novartis, the developer of imatinib, also conducted studies aimed at developing 
second generation Bcr-Abl inhibitors together with J.D. Griffi n’s group at the Dana- 
Farber Cancer Institute. In 2005, based on the structural analysis of the Abl-imatinib 
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complex by J. Kuriyan’s group at Rockefeller University, J.D. Griffi n’s group and 
Novartis altered the N-methylpiperazine group on imatinib to a methylimidazole 
group and added a trifl uoro-methyl group to the benzamide part of the molecule, 
producing the phenylamino-pyrimidine compound nilotinib [ 29 ,  30 ]. Nilotinib has 
approximately 20-fold stronger binding affi nity than imatinib and higher specifi city 
for Abl. Nilotinib inhibited the activity of all imatinib-resistant Bcr-Abl mutants 
except for the T315I mutant [ 30 ]. In 2006, Novartis cooperated with O.G. Ottman at 
the M.D. Anderson Cancer Center to perform clinical trials in CML patients with an 
imatinib-resistant Philadelphia chromosome, wherein nilotinib showed an outstand-
ing therapeutic effi cacy, eliminating resistant leukemic cells in 72 % of patients [ 31 ]. 
Based on these results, nilotinib was approved by the FDA as a treatment for ima-
tinib-resistant CML in 2006.  

9.2.2.3     Bosutinib 

 Bosutinib is a 4-anilino-3-quinolinecarbonitrile that was discovered in 2001 by D.H 
Boschelli et al. at the pharmaceutical company Wyeth Research (merged with Pfi zer 
in 2009) during screening for Src tyrosine kinase inhibitors based on quinoline [ 32 ]. 
In 2003, J.M. Golas et al. at Wyeth Research investigated the inhibitory effect of 
bosutinib on Abl and found that it was stronger than the inhibitory effect of bosutinib 
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against Src, which was 50 times stronger than the inhibitory effect of imatinib [ 33 ]. 
In 2006, in a collaborative study with M. Puttini et al., Golas showed that bosutinib 
inhibited several imatinib-resistant Bcr-Abl mutant proteins except for T315I mutant 
[ 34 ]. In a clinical trial on imatinib-resistant CML patients, bosutinib showed a clear 
effect in 82 % of patients. In 2012, bosutinib was approved by the FDA as the third 
second generation Bcr-Abl inhibitor for the treatment of imatinib- resistant CML [ 35 ].    

9.3     EGFR Inhibitors 

 The success of molecular targeted anticancer agents in the fi eld of hemato-oncology 
promoted the development of molecular targeted drugs for the treatment of solid 
cancers. The fi rst target protein to receive attention for molecular targeted therapy 
of solid cancers was the EGFR, because the EGF/EGFR signaling pathway plays a 
core role in the progression of various solid tumor cells. EGFR inhibitors include 
the monoclonal antibody drugs cetuximab and panitumumab, as well as fi rst gen-
eration small molecular tyrosine kinase inhibitors gefi tinib and erlotinib and second 
generation tyrosine kinase inhibitor afatinib (Fig.  9.7 ).

   Research into the EGF/EGFR signaling pathway started with the study of 
S. Cohen at Washington University in 1960. Cohen had been studying nerve growth 
factor (NGF) in extract from the submaxillary gland of mice, when he observed a 
new, unexpected activity that could not be attributed to NGF: opening of the eyelids 
and early tooth eruption in newborn mice [ 36 ,  37 ]. Cohen continued research into 
this new activity at Vanderbilt University, and in 1963 he revealed that the 
 phenomenon resulted from stimulation of epidermal growth within tissues [ 38 ]. In 
1972, he isolated the EGF peptide from submaxillary gland extract. 

O

O

O

N

N

Gefitinib

EFGR tyrosin kinase inhibitors

Canertinib

Erlotinib

Afatinib 

Cetuximab
Panitumumab

HN Cl

F

N O

O

O

O

O

O
ON N

N

HN
NH

N

N

O

OO
O

S

F

Cl

Cl

F

N

HN

N

N

F

Cl

CH2

OO

O

H3C

H3C
C

C H

HN

N

N

N
H

N
H

N
H

Trastuzumab
Pertuzumab

HER2 tyrosine kinase inhibitors

  Fig. 9.7    The structure of EGFR and HER2 inhibitors and the process of their development       

 

9 Molecular Targeted Anticancer Drugs



187

 Thereafter, several researchers observed a strong effect of EGF on cell growth, 
while studies of human-derived EGF were conducted. In 1975, Cohen purifi ed 
human EGF [ 39 ] and in 1982 he purifi ed the EGFR, which transmits the growth 
signal after binding with EGF [ 40 ]. Cohen’s group and T. Hunter’s group separately 
discovered that tyrosine residues on the EGFR are phosphorylated when the recep-
tor binds EGF, leading both groups to propose that this tyrosine phosphorylation 
was important for growth signal transduction, as well as the possibility that the 
EGFR might be a tyrosine kinase [ 41 ,  42 ]. In 1986, Cohen was awarded the Nobel 
Prize in Physiology or Medicine for his work discovering and understanding the 
function of the EGF/EGFR system. 

 In 1984, J. Downward et al. at the Imperial Cancer Research Fund performed 
purifi cation of the EGFR and partially determined its amino acid sequence [ 43 ]. 
Shortly afterward, A. Ullrich and the research team of M.G. Rosenfeld at UCSD 
discovered the gene encoding the EGFR (Erb-B1) and resolved its entire 
sequence [ 44 ]. Interestingly, EGFR showed high homology with the oncoprotein 
v-Erb-B, discovered in avian erythroblastosis virus (AEV), which suggested that 
this protein’s activity might be related to the development or progression of 
cancer. 

 Later, various studies reported that EGFR expression and activity were upregu-
lated in a large number of solid cancers, including lung cancer, head and neck cancer, 
colorectal cancer, pancreatic cancer, breast cancer, and glioblastoma multiforme [ 45 ]. 
This series of studies clearly demonstrated the correlation of EGFR expression and 
activity with cancer, leading to numerous studies aimed at treating cancer by EGFR 
inhibition. 

9.3.1     First Generation EGFR Inhibitors 

9.3.1.1     Gefi tinib 

 In 1992, A.J. Barker et al. at the pharmaceutical company Zeneca (now 
AstraZeneca) discovered the anilinoquinazoline class inhibitor AG1478, with 
high specifi city for the EGFR, by screening a library of 250,000 compounds [ 46 , 
 47 ]. AG1478 has a similar structure to ATP and inhibits the kinase activity of the 
EGFR by binding to the ATP binding pocket within its tyrosine kinase domain 
and competing with ATP. However, AG1478 had low solubility and was unstable; 
therefore, in 1997, these shortcomings were improved upon with the development 
of gefi tinib [ 48 ]. The activity of gefi tinib was confi rmed in an implantation tumor 
model. In 2003, clinical trials of gefi tinib were conducted in patients with non-
small cell lung cancer (NSCLC), which was known to show increased EGFR 
activity. Gefi tinib produced partial response in 10–15 % of NSCLC patients and 
was approved by the FDA for advanced NSCLC that does not respond to conven-
tional chemotherapy [ 49 ]. However, in an additional large-scale clinical trial, gefi -
tinib did not show a clinical benefi t in terms of overall survival. In 2005, the FDA 
restricted the use of gefi tinib to patients in which the drug had already shown an 
effi cacy. 
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 Several studies were conducted in the 2000s with the goal of determining why 
gefi tinib was not as effective as was expected by preclinical studies. In independent 
studies in 2004, T.J Lynch et al. of Harvard Medical School and J.G. Paez et al. 
revealed that the presence of EGFR mutations in lung cancer patients was strongly 
predictive of the effi cacy of gefi tinib [ 50 ,  51 ]. Specifi cally, in NSCLC patients in 
which gefi tinib was particularly effective, mutations were frequently observed in 
the EGFR, such as the deletion of exon 19 (which suppressed apoptosis) or an 
L858R mutation, in which the leucine at position 858 in exon 21 was substituted 
with arginine. The mutated EGFR strongly activated the Akt-1 pathway, which is 
related to the EGFR-mediated cell survival, rather on cell proliferation; thus, when 
EGFR activity was inhibited by gefi tinib in the cells with mutated EGFR, apoptosis 
was induced more effectively than in other cancer cells (Fig.  9.8 ). These EGFR 
mutations were particularly frequent in non-smoking Asian female patients with 
lung adenocarcinoma (non-smoking Asian female patients: 25 %, non-smoking US 
female patients: 10 %).

   Based on thes results, a new comparative clinical trial using gefi tinib as the fi rst- 
line treatment was conducted in advanced NSCLC in East Asia. In comparison with 
conventional combination treatment with carboplatin plus paclitaxel, gefi tinib treat-
ment produced a signifi cant improvement in progression-free survival for NSCLC 
patients with EGFR mutations [ 52 ]. In 2015, the FDA approved gefi tinib as a fi rst- 
line treatment for advanced NSCLC with EGFR mutations.  

9.3.1.2     Erlotinib 

 Around the same time that gefi tinib was developed, another anilinoquinazoline- 
class EGFR inhibitor, erlotinib, was developed by L.D. Arnold et al. at OSI 
Pharmaceuticals [ 53 ]. Similar to gefi tinib, erlotinib also enters the ATP binding site 
within the EGFR kinase domain and competitively inhibits ATP binding (Fig.  9.8 ). 
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Erlotinib has a strong inhibitory effect on the EGFR, with an IC 50  value of 20 nM 
for purifi ed EGFR. In addition, erlotinib halts the cell cycle in G1 and induces apop-
tosis in human colon cancer cells [ 54 ]. 

 Following preclinical studies of erlotinib, clinical trials were performed in col-
laboration with Genentech. When erlotinib was administered to patients with 
advanced NSCLC that did not respond to conventional chemotherapy, the median 
overall survival improved from 4.7 months (for the placebo group) to 6.7 months 
(for the treatment group) [ 55 ]. In 2004, the FDA approved erlotinib as a treatment 
for advanced NSCLC when conventional chemotherapy is ineffective. 

 Like gefi tinib, erlotinib was highly effective in NSCLC patients with activating 
EGFR mutations; therefore, independent phase 3 clinical trials were conducted in 
NSCLC patients in Asia and Europe, which reported that erlotinib produced a thera-
peutic effect superior to that of standard chemotherapy in 2011 and 2012 [ 56 ,  57 ]. 
Accordingly, the FDA approved the use of erlotinib as a fi rst-line treatment in 
NSCLC patients with an exon 19 deletion or L858R mutation in exon 21 of the 
EGFR. 

 In addition, a clinical trial of erlotinib was conducted in patients with locally 
advanced or metastatic pancreatic cancer, wherein erlotinib was administered with 
gemcitabine. Erlotinib treatment extended the median overall survival by 0.4 months 
in comparison with that of patients who were treated with gemcitabine alone [ 58 ]. 
Erlotinib has been in active use as a treatment for pancreatic cancer since its approval 
by the FDA in 2005.   

9.3.2     Afatinib: Second Generation EGFR Inhibitor 

 Similar to imatinib, long-term use of gefi tinib or erlotinib has been observed to 
induce resistance. In 2005, in independent studies by H. Varmus and W. Pao et al. at 
the Memorial Sloan-Kettering Cancer Center and by S. Kobayashi et al. at Harvard 
Medical School, the mechanisms of erlotinib resistance were investigated in patients 
who had an exon 19 deletion or an L858R mutation, but had relapsed after treatment 
with gefi tinib or erlotinib. The researchers discovered that resistance was acquired 
when there was a secondary T790M mutation, in which the threonine at position 
790 in the ATP binding site of the EGFR was replaced with methionine, reducing 
the inhibitory effect of erlotinib [ 59 ,  60 ]. The threonine at position 790 performs a 
similar role to the residue involved in the T315I mutation in Bcr-Abl, which is 
known to cause strong resistance to imatinib; mutation of T790 weakens binding of 
gefi tinib and erlotinib. Approximately 50 % of patients who showed resistance after 
treatment with gefi tinib or erlotinib were shown to have acquired a T790M 
mutation. 

 Beginning in 2005, second generation EGFR inhibitors were developed with the 
goal of overcoming drug resistance conferred by the T790M mutation. Second gen-
eration inhibitors are characterized by irreversible inhibition of the EGFR kinase 
domain, in contrast with the reversible inhibition produced by fi rst generation drugs. 
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S. Kobayashi et al. discovered that the anilinoquinazoline-class irreversible inhibitor 
CL-387785, developed in 1999 by Wyeth Research, suppressed the activity of resis-
tant EGFR T790M  [ 61 ], while E.L. Kwak et al. at Harvard Medical School observed that 
the same effect was produced by another anilinoquinazoline class irreversible inhibi-
tor, HKI-272, which was developed by Wyeth Research in 2004 [ 62 ]. Afatinib, an 
anilinoquinazoline-class compound developed by Boehringer Ingelheim in 2008, acts 
as an irreversible EGFR inhibitor because of its acrylamide group [ 63 ]. In a collab-
orative study by D. Li et al. at the Dana-Farber Cancer Institute, afatinib was found to 
covalently bind Cys773 of the EGFR and Cys805 of human epidermal growth factor 
receptor 2 (HER2), strongly inhibiting EGFR L858R  and EGFR T790M , which are resistant 
to fi rst generation drugs. Afatinib was also shown to have a signifi cant therapeutic 
effect when administered with rapamycin in an xenograft model with lung cancer 
cells possessing the L858R/T790M EGFR mutations, leading to the expectation that 
afatinib would be developed into an effective drug for patients with lung cancer. 

 Subsequently, an investigation was carried out using afatinib together with stan-
dard chemotherapy as a fi rst-line treatment in patients with advanced NSCLC pos-
sessing a deletion of exon 19 or L858R mutation in exon 21 of the EGFR. In 2013, 
progression-free survival was found to be extended by 4.2 months when standard 
chemotherapy and afatinib were administered together, in comparison with that of 
patients exposed to standard chemotherapy alone [ 64 ]. Following these results, in 
2013, the FDA approved afatinib as a fi rst-line treatment in advanced NSCLC, for 
which it is presently in clinical use. Afatinib was also found to increase progression- 
free survival by 2.1 months in comparison with placebo in second-line treatment of 
advanced NSCLC patients who did not respond to gefi tinib or erlotinib [ 65 ]. 
Moreover, because afatinib also displays HER2 inhibitory activity, a phase 2 clini-
cal trial was conducted in patients with HER2-positive metastatic breast cancer, in 
which 19 of 41 patients showed improvement from afatinib treatment, suggesting a 
possible use for the drug as a treatment for patients with breast cancer [ 66 ].  

9.3.3     Monoclonal Antibodies Against EGFR 

9.3.3.1     Cetuximab 

 In addition to the aforementioned small molecule inhibitors, targeted anticancer 
treatments that act by suppressing EGFR activity have also been developed using 
antibodies. In 1983, J. Mendelsohn’s group at UCSD developed a monoclonal 
mouse anti-EGFR antibody that inhibited EGFR activity by binding to the EGFR 
and interfering with the action of ligand EGF [ 67 ]. Subsequently, the monoclonal 
anti-EGFR antibody was shown to be capable of inhibiting tumor growth in a xeno-
graft model [ 68 ]. Together with G. Sato’s group (also at UCSD), Mendelsohn’s 
group performed the development of cetuximab, a chimeric human-mouse antibody 
comprising parts the monoclonal mouse anti-EGFR antibody and human immuno-
globulin G (IgG1), in 1995 (Fig.  9.9 ) [ 69 ].
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   In 1988, M. Sela and J. Schlessinger, immunologists at Israel’s Weizmann 
Institute of Science, independently developed a monoclonal antibody for 
EGFR. After binding the radioisotope iodine-125 to their monoclonal anti-EGFR 
antibody, Sela and Schlessinger found that it inhibited the growth of human oral 
carcinoma cells implanted into immunodefi cient mice. With the support of 
Bristol- Myers Squibb, clinical trials were conducted in patients with metastatic 
colorectal cancer to investigate the effects of cetuximab in combination with iri-
notecan chemotherapy. In 2004, an improved therapeutic effect of combination 
treatment with irinotecan and cetuximab was observed, with progression-free 
survival prolongation by 2.6 months in comparison with that produced by treat-
ment with chemotherapy alone [ 70 ]. Based on these results, cetuximab was 
approved by the FDA in 2004 as a treatment for metastatic colorectal cancer, 
becoming the fi rst molecular targeted monoclonal antibody targeting the 
EGFR. Because there was no benefi t in colorectal cancer patients with K-ras 
mutation, FDA modifi ed the indication for cetuximab for EGFR-expressing met-
astatic colorectal cancer patients with K-ras wildtype on 2012. Moreover, in 
2006, cetuximab in combination with radiotherapy was confi rmed to have a thera-
peutic effi cacy against head and neck cancer. In 2011, cetuximab was also proved 
to have a therapeutic effi cacy in combination with carboplatin/5-FU in patients 
with recurrent or metastatic head and neck cancer, after which it was approved by 
the FDA as a treatment for head and neck cancer. Cetuximab is currently used to 
treat patients with metastatic colorectal cancer with wild-type Ras, head and neck 
cancer, and metastatic NSCLC.  
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  Fig. 9.9    Mechanism of action for cetuximab. Growth factor receptors induce proliferation signals 
when they are bound by growth factors, but these receptors undergo mutations in some cancer cells 
that enable them to activate the signaling pathway for proliferation without growth factors, mean-
ing that cell proliferation cannot be controlled. Cetuximab is a monoclonal antibody for EGFR that 
prevents proliferation of cancer cells by inhibiting downstream pathways through binding to nor-
mal EGFR and mutated EGFR       
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9.3.3.2     Panitumumab 

 Because cetuximab is a chimeric antibody of the mouse IgG1 isotype, it is accom-
panied by immunological adverse effects and cytotoxicity caused by activation of 
the complement pathway. In order to overcome these adverse events, panitumumab, 
an anti-EGFR antibody with a human IgG2 isotype, was developed by X.D. Yang at 
Abgenix in 1999 [ 71 ]. 

 In 1997, in order to produce a humanized monoclonal anti-EGFR antibody, 
Abgenix established the XenoMouse, a transgenic mouse in which the genes encod-
ing the IgG light and heavy chains were deleted, whereas the genes encoding the 
human IgG light and heavy chains were inserted [ 72 ]. After A431 human cancer 
cells, which show high EGFR expression, were injected into the XenoMouse to 
produce an immune response, a hybridoma producing an anti-EGFR antibody 
(panitumumab) was established. In xenograft experiments using A431, panitu-
mumab showed a clear therapeutic effect, even when it was not combined with 
chemotherapeutic agents. In a clinical trial for panitumumab monotherapy in 
patients with metastatic colon cancer expressing EGFR, extended progression-free 
survival was observed (comparison group, 60 days; panitumumab administration 
group, 98 days) [ 73 ]. In 2006, panitumumab was approved as a treatment for EGFR- 
expressing colorectal cancer. In 2009, the indication was modifi ed to include the 
information on KRAS mutation status.    

9.4     HER2 Inhibitors 

 In 1982, R.A. Weinberg induced neurogliomas in rats, extracted DNA from the 
tumors, and fragmented it in order to identify causative oncogenes. Then, he injected 
the DNA fragments generated from tumor DNA into mouse cell lines, separated the 
cell colonies with enhanced proliferation, and transplanted them into young mice to 
induce cancer. Because the cancer cells from which the fragments originated were 
derived from rats, Weinberg anticipated the possibility that the mice would produce 
antibodies against the oncoprotein following DNA fragment injection, so he col-
lected serum from the mice and performed an immune response test with the pro-
teins extracted from the rat tumor cells, leading to the discovery of the oncoprotein 
HER2, also known as neu [ 74 ]. 

 In 1985, A. Ullrich and Weinberg isolated and sequenced the gene encoding 
HER2 [ 75 ]. Analysis of the sequence of HER2 revealed that the protein possessed 
tyrosine kinase activity, similar to EGFR, and therefore, it was classifi ed into the 
EGFR/Erb-b1/HER1 class and named Erb-b2/HER2. Subsequent studies revealed 
that HER2 does not bind directly with EGF; its endogenous ligand remains 
unknown. Moreover, HER2 is constitutively active and forms homodimers 
 without ligand binding. HER2 also acts as a co-receptor that readily forms het-
erodimers with EGFR, HER3, or HER4 after they have been activated by ligand 
binding. 
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 Using Ullrich’s HER2 cDNA as a probe, oncologist D.J. Slamon at UCLA 
investigated HER2 expression in various types of cancer, revealing that HER2 
is highly expressed in 25–30 % of breast cancer tissues because of gene ampli-
fication. Moreover, Slamon determined that high expression of HER2 is corre-
lated with tumor progression and poor prognosis in breast cancer [ 76 ,  77 ]. 
Following the results described above, development of treatments targeting 
HER2 began. 

9.4.1     Monoclonal Antibodies Against HER2 

9.4.1.1     Trastuzumab 

 After encountering Slamon’s results, Ullrich at Genentech collaborated with Slamon 
in an attempt to use monoclonal anti-HER2 antibodies in the treatment of breast 
cancer. In 1989, Ullrich fi rst acquired mouse monoclonal anti-HER2 antibodies and 
confi rmed that they suppressed the proliferation of HER2-overexpressing cells, as 
well as the growth of implanted tumor in mice [ 78 ]. After selecting the clone that 
showed the strongest growth-inhibiting effect among several monoclonal anti- 
HER2 antibodies, Genentech’s P. Carter et al. used gene recombination techniques 
to develop the humanized antibody, trastuzumab (Herceptin) in 1992 [ 79 ]. 

 Trastuzumab binds to the extracellular domain of the HER2 protein and has been 
shown to reduce its stability and suppress the heterodimer formation (Fig.  9.10 ). 
When HER2 activity is inhibited by trastuzumab, Akt activity is also suppressed, 
leading to higher levels of p27KIP1 and interfering with the cell cycle progression. 
Moreover, it has been reported that trastuzumab is also accompanied by an antibody- 
dependent cellullar cytotoxic (ADCC) effect. Slamon conducted clinical trials 
using trastuzumab in combination with standard chemotherapy in metastatic breast 
cancer patients with HER2 overexpression. The therapeutic effect of the  combination 
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  Fig. 9.10    Mechanism of 
action for trastuzumab. 
Trastuzumab is a 
monoclonal antibody that 
binds to the extracellular 
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of trastuzumab and standard chemotherapy was confi rmed in 1998, with median 
progression- free survival extended by ~2.9 months and the median overall survival 
extended by 5 months [ 80 ]. Later in 1998, the FDA approved the use of trastu-
zumab as a treatment for patients with metastatic breast cancer with HER2 
overexpression.

   In 2010, Y.J. Bang et al. of Seoul National University Hospital, Korea imple-
mented treatment of trastuzumab in combination with standard chemotherapy for 
patients with metastatic gastric or gastro-esophageal junction cancer with HER2 
overexpression. For the combined patient group, median overall survival was 
extended by 2.7 months, from 11.1 to 13.8 months, whereas the tumor response rate 
improved from 35 to 47 % [ 81 ]. Based on these results, the FDA approved the use 
of trastuzumab as a treatment for patients who have gastric or gastro-esophageal 
junction cancer with HER2 overexpression in 2011. Currently, trastuzumab is a 
widely used and important treatment for patients with HER2-positive breast and 
gastric cancer.  

9.4.1.2     Pertuzumab 

 Of the patients who showed therapeutic effects in clinical trials of trastuzumab, 
15 % relapsed [ 82 ]. Therefore, studies were soon conducted to determine the mech-
anism of trastuzumab resistance, followed by efforts aimed at developing drugs able 
to overcome such resistance. An initial clue as to the causes of trastuzumab resis-
tance, which provided possible methods of overcoming it, was reported by 
D.B. Agus et al. in 2002. Agus et al. reported that trastuzumab did not signifi cantly 
suppress formation of HER2-HER3 heterodimers; instead, another type of mono-
clonal antibody, known as 2C4, strongly inhibited formation of HER2-HER3 het-
erodimers [ 83 ]. Protein structure analysis revealed that, of the extracellular domains 
(II and VI) that are associated with HER2 heterodimer formation, domain II plays a 
more important role in dimerization, whereas domain VI, where trastuzumab binds, 
was found to promote dimerization indirectly, through structural changes induced 
by ligand binding [ 84 ]. Accordingly, when HER2 or the HER3 ligand is overex-
pressed in patients, trastuzumab cannot entirely block the activation signal resulting 
from dimerization, leading to drug resistance. 

 In order to develop an antibody treatment capable of overcoming trastuzumab 
resistance based on its putative molecular mechanism, Genentech returned to the 
mouse monoclonal antibodies it acquired in the early stages of trastuzumab devel-
opment, focusing fi rst on the monoclonal antibody 2C4, which strongly suppressed 
the formation of HER2-HER3 heterodimers [ 85 ]. Next, in 2004, M.C. Franklin 
et al. at Genentech performed structural analysis and discovered that pertuzumab, 
humanized 2C4, binds to extracellular domain II of HER2, which plays a decisive 
role in heterodimer formation [ 86 ]. Moreover, in 2009, W. Scheuer et al. at Roche 
Diagnostics performed a xenograft experiment using human cancer cells and found 
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that pertuzumab and trastuzumab had a synergistic inhibitory effect when adminis-
tered in combination, because each drug had a distinct binding site on HER2 [ 87 ]. 

 Later, a clinical trial was performed to compare the therapeutic effi cacy of pertu-
zumab in combination with trastuzumab/docetaxel in patients with HER2-positive 
metastatic breast cancer. In this trial, the combination treatment of pertuzumab/
trastuzumab/docetaxel delayed breast cancer progression by 6.3 months and 
extended median overall survival by 15.7 months in comparison with the those of 
patients treated with trastuzumab/docetaxel only [ 88 ]. Based on these results, the 
FDA approved a use of pertuzumab as a fi rst-line treatment in patients with HER2- 
positive metastatic breast cancer in 2012.   

9.4.2     HER2 Small Molecule Inhibitors 

9.4.2.1     Lapatinib 

 In addition to targeted antibody treatments, there has also been active development 
of small molecule inhibitors that suppress HER2 activity. In 1999, GlaxoSmithKline’s 
M.C. Carter et al. developed lapatinib, a 4′-benzyloxy derivative of quinazoline that 
inhibits EGFR and HER2 activity (Fig.  9.11 ) [ 89 ]. While the quinazoline in lapa-
tinib inhibits the EGFR, it is thought that the newly added 4′-benzloxy group con-
tributes to the inhibition of HER2, which explains why lapatinib has this inhibitory 
effect while gefi tinib and erlotinib do not [ 90 ].

   In 2001, D.W. Rusnak et al. at GlaxoSmithKline found that lapatinib had a strong 
inhibitory effect on EGFR and HER2 activity, with IC 50  values of 10.2 and 9.8 nM, 
respectively, and showed that it was effective at inhibiting the growth of several cancer 
cell lines with high expression of EGFR and HER2, as well as suppressing AKT acti-
vation [ 91 ]. A clear anticancer effect of lapatinib was also reported in xenograft tumor 
experiments. In 2006, D.J Slamon et al. at UCLA performed in vitro and xenograft 
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experiments using breast cancer cell lines with overexpression of HER2 or trastu-
zumab resistance and observed a clear and durable anticancer effect of lapatinib [ 92 ]. 

 Based on preclinical results obtained with lapatinib, a clinical trial was 
 conducted using lapatinib in combination with capecitabine for HER2-positive 
metastatic breast cancer patients who had previously been treated with anthracy-
cline, taxane, and trastuzumab. The results, released in 2006, showed that lapa-
tinib/capecitabine treatment suppressed the progression of breast cancer 
approximately 50 % as effectively as capecitabine alone [ 93 ]. Based on these 
results, the FDA approved the use of lapatinib as a treatment for metastatic breast 
cancer in 2007. In 2012, lapatinib in combination with the aromatase inhibitor 
letrozole was found to prolong the progression-free survival by 5.2 months in com-
parison with that of patients treated with letrozole alone (lapatinib/letrozole, 
8.2 months; letrozole alone, 3.0 months) in postmenopausal hormone receptor 
(HR) positive and HER2 positive metastatic breast cancer. Lapatinib was also 
approved as a treatment for patients with HER2/HR-positive breast cancer and is 
widely used for this indication.    

9.5     Angiogenesis Inhibitors 

 Since J. Folkman proposed that angiogenesis was a prerequisite for tumor growth 
and metastasis in 1971, angiogenesis has received attention as a major target for 
anticancer therapy [ 94 ]. However, until a biological understanding of angiogenesis 
was achieved at the molecular level, no actual anti-angiogenic cancer treatments 
were established. In 1989, the pivotal regulator of tumor angiogenesis, vascular 
endothelial growth factor (VEGF), was discovered by Genentech’s N. Ferrara et al. 
and several other groups [ 95 ,  96 ]. In 1992, L.T. Wiliams’s group at UCSF discov-
ered the VEGF receptor VEGFR-1 [ 97 ]. VEGFR-2 was also discovered indepen-
dently by B.I. Trerman at New York’s Lederle Laboratories in 1992 and by 
A. Ullrich’s group at the Max Planck Institute in 1993 [ 98 ,  99 ]. The identifi cation 
of VEGF and its receptors allowed the investigation of detailed molecular mecha-
nisms of angiogenesis, facilitating the development of several molecular targeted 
drugs. 

9.5.1     Bevacizumab 

 In 1993, Genentech’s N. Ferrara developed mouse monoclonal antibodies against 
VEGF-A and found that they effectively suppressed tumor angiogenesis and had 
a obvious anticancer activity in murine cancer models [ 100 ]. Ferrara developed 
a humanized antibody against VEGF-A for use in clinical trials, designated beva-
cizumab, in 1997 (Fig.  9.12 ) [ 101 ]. In 2004, a clinical trial was conducted on 
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metastatic colorectal cancer patients using bevacizumab with standard chemo-
therapy (IFL, irinotecan/5-fl uorouracil (5FU)/leucovorin) as a fi rst-line treat-
ment. The results showed a 5-month prolongation of overall survival and a 
4-month prolongation of progression-free survival, resulting in approval of beva-
cizumab by the FDA [ 102 ]. In 2006, bevacizumab was approved as a second-line 
treatment in combination with standard chemotherapy (FOLFOX4, 5-FU/leu-
covorin/oxaliplatin) for patients with metastatic colorectal cancer. Bevacizumab 
has since been approved as a fi rst-line treatment for metastatic NSCLC in com-
bination with standard chemotherapy (carboplatin/paclitaxel) (2006), as a sec-
ond-line monotherapy for advanced glioblastoma (2009), and as a fi rst-line 
treatment for metastatic renal cell carcinoma in combination with interferon-α 
(2009).
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Bevacizumab

VEGFR-1 VEGFR-2 

Cell proliferation ≠ Apoptosis Ø Metastasis ≠ Angiogenesis ≠

Signal transduction cascades
(PI3K-AKT-mTOR,
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  Fig. 9.12    Mechanism of action for bevacizumab and afl ibercept. Bevacizumab is an anti-VEGF-A 
monoclonal antibody that prevents VEGF-A binding to VEGFR and is used as a treatment for 
patients with metastatic colorectal cancer, metastatic non-small cell lung cancer, progressive glio-
blastoma, and metastatic renal cell carcinoma. VEGF-A binds to VEGFR-1 and VEGFR-2 
expressed on the surface of vascular epithelial cells. However, bevacizumab interferes with 
VEGF-A binding to VEGFR, which inhibits signaling pathways invoked by VEGFR-1 and 
VEGFR-2, thereby impairing angiogenesis, and survival of cancer cells. Afl ibercept, which is also 
used as a treatment for patients with metastatic colorectal cancer, acts as a decoy receptor for 
VEGF-A. Afl ibercept is composed of the extracellular domain of VEGFR and the Fc region of 
human IgG1; therefore, it intercepts VEGF-A and interferes with its action at VEGFRs on the 
surface of vascular endothelial cells       
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9.5.2        Afl ibercept 

 Afl ibercept is a VEGFR fusion protein that was developed at Regeneron 
Pharmaceuticals in 2002 and binds with VEGF to inhibit angiogenesis via the 
VEGF/VEGFR pathway (Fig.  9.12 ) [ 103 ]. The Afl ibercept fusion protein is 
 synthesized from an artifi cial gene using DNA recombination techniques to fuse the 
extracellular domains of VEGFR-1 and VEGFR-2 with the Fc region of human 
IgG1. Afl ibercept has been observed to have high binding affi nity to VEGF165 
(Kd = 1 pM), VEGF121 (Kd = 1–10 pM), and PIGF-2 (Kd = 45 pM). Moreover, 
afl ibercept showed a strong anticancer activity in xenograft tumor model using 
human breast cancer cell lines. 

 In 2012, a clinical trial was conducted, wherein metastatic colorectal cancer 
patients were treated with afl ibercept in combination with 5-FU/folinic acid/irinote-
can chemotherapy. The combination treatment was found to extend the overall sur-
vival by 1.4 months to 13.5 months, as well as to extend progression-free survival 
by 2.2 months to 6.9 months, resulting in its FDA approval as a treatment for meta-
static colorectal cancer [ 104 ].  

9.5.3     Small Molecule VEGFR Inhibitors: Multi-targeted 
Kinase Inhibitors 

 In addition to protein drugs such as the anti-VEGF monoclonal antibody bevaci-
zumab and the decoy receptor afl ibercept, small molecule VEGFR inhibitors have 
also been developed, including sorafenib and sunitinib. More small molecule 
VEGFR inhibitors pazopanib, regorafenib, axitinib, and vandetanib were later 
developed and are currently used in clinics (Fig.  9.13 ). These inhibitors are multi- 
targeted kinase inhibitors; therefore, although they suppress angiogenesis by inhib-
iting VEGFR-1/2, they also exert their anticancer effect through inhibition of other 
tyrosine kinases related to tumorigenesis, including PDGFRB, colony stimulating 
factor 1 receptor (CSF1R), SCFR, Fms-like tyrosine kinase 3 (FLT-3), and RET.
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9.5.3.1       Sunitinib 

 The development of small molecule drugs inhibiting VEGFR activity started in the mid-
1990s. Because angiogenesis and VEGF/VEGFR signaling were known to be closely 
related to the growth and metastasis of various cancers, A. Ullrich, who discovered 
VEGFR-2, established the company Sugen with J. Schlessinger in 1994, with the aim 
of developing drugs that treat cancer patients by suppressing tumor angiogenesis. In 
1997, while screening for fi broblast growth factor receptor (FGFR) inhibitors, 
Schlessinger identifi ed a novel class of tyrosine kinase inhibitor as lead compounds 
called indolineones [ 105 ]. Next, Schlessinger synthesized indolinone derivatives, lead-
ing to the discovery of SU5416 and SU6668, which inhibit VEGFR- 2, in 1998 [ 106 , 
 107 ]. However, SU5416 and SU6668 failed in clinical trials owing to inappropriate 
pharmacokinetic properties, resulting in additional studies to overcome these limita-
tions, which in 2003 led to the development of SU11248 (sunitinib). In comparison with 
SU5416 and SU6668, sunitinib has a 20-fold stronger inhibitory effect on VEGFR-2 
and improved solubility and bioavailability [ 108 ]. Like sorafenib, sunitinib was revealed 
to inhibit various protein tyrosine kinases related to tumor growth and angiogenesis, 
specifi cally angiogenesis-related growth factor receptors (VEGFR-1/2/3, PDGFR-β, 
CSF1R), and oncogenic growth factor receptors (SCFR, FLT-3, RET) [ 109 ]. This inhib-
itory activity of sunitinib was verifi ed in vascular endothelial cells and implantation 
tumor models. Based on these preclinical evidences, clinical trials were conducted for 
sunitinib in renal cell carcinoma and pancreatic neuroendocrine tumors, which are 
highly angiogenic, as well as in gastrointestinal stromal tumors (GIST) involving c-KIT 
mutations and acute lymphocytic leukemia involving FLT-3 mutations. 

 Renal cell carcinoma (RCC) is a representative cancer with VEGF overexpression 
and robust angiogenesis. VEGFR overexpression in RCC is usually the result of a 
loss-of-function mutation in the von Hippel-Lindau (VHL) gene, which normally 
induces degradation of hypoxia-inducible factor-1α (HIF-1α) protein, a VEGF tran-
scription regulator. Because of this loss-of-function, HIF-1α accumulates and tran-
scription of VEGF mRNA takes place continuously, leading to oversecretion of VEGF. 

 When sunitinib was used in a clinical trial for metastatic RCC patients, it was 
found to increase progression-free survival from 5 months to 11 months compared 
to standard treatment with IFN-α [ 110 ], resulting in approval of sunitinib as a fi rst- 
line treatment for patients with metastatic RCC by the FDA in 2006. In a clinical 
trial for patients with GIST that showed resistance to imatinib treatment, sunitinib 
showed an excellent effect and was approved by the FDA in 2006 [ 111 ]. In well- 
differentiated pancreatic neuroendocrine tumor patients, sunitinib was found to 
extend progression-free survival from 5.4 months to 10.2 months and was approved 
by the FDA in 2011 [ 112 ]. Sunitinib is currently being used for above indications.  

9.5.3.2     Sorafenib 

 Sorafenib is a VEGFR-2 inhibitor developed by the pharmaceutical companies 
Bayer and Onyx. In 1995, Bayer and Onyx established a rapid drug screening 
method to search for Raf inhibitors that blocked the Ras-Raf-MEK-ERK pathway, 
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through which they tested 200,000 natural substances and synthetic compounds. As 
a result, Bayer and Onyx identifi ed the hit compound 3-thienyl urea, with an IC 50  of 
17 mM for Raf. Several rounds of 3-thienyl urea derivative synthesis and screening 
led to the production of the lead compound N-3-thienyl N′-aryl in 2001, with an IC 50  
of 0.5 mM for Raf [ 113 ]. Bayer’s T.B. Lowinger and S. Wilhelm et al. increased the 
activity of N-3-thienyl N′-aryl and improved its biosuitability, ultimately leading to 
the development of sorafenib, with an IC 50  of 6 nM for Raf, in 2001 [ 114 ,  115 ]. 

 In 2004, S. Wilhelm et al. investigated the kinases targeted by sorafenib and 
found that, in addition to Raf-1, the drug strongly inhibited various other oncogenic 
tyrosine kinases. Specifi cally, sorafenib inhibited normal B-Raf, oncogenic 
B-Raf V600E , pro-angiogenenic growth factor receptors (VEGFR-1/2/3, PDGFR-β, 
FGFR1), and oncogenic growth factor receptors (SCFR, FLT-3, RET) (Fig.  9.14 ) 
[ 116 ]. In addition, S. Wilhelm et al. performed xenograft experiments using cancer 
cells with various mutations, including B-Raf V600E , and found an inhibitory activity 
of sorafenib in various types of cancer. Sorafenib was expected to have an antican-
cer effect because it affected angiogenesis by suppressing VEGFR-1/2 and PDGFRβ, 
in addition to B-Raf [ 117 ].

   Based on preclinical results obtained with sorafenib, clinical trials were con-
ducted in patients with metastatic RCC, which is highly angiogenic. In 2005, 
when sorafenib was administered as a treatment for patients with metastatic RCC, 
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  Fig. 9.14    Mechanism of action for sorafenib. Sorafenib inhibits the activity of VEGFR-1 at the 
cell surface and RAF within the cytoplasm in order to regulate the RAF-MEK-ERK signaling 
pathway. Sorafenib is used as a treatment for patients with renal cell carcinoma and hepatocellular 
carcinoma in which VEGF is overexpressed. Sorafenib also inhibits VEGFR-2/3, platelet-derived 
growth factor receptor-β (PDGFR-β), fi broblast growth factor receptor 1 (FGFR1), SCFR, FLT-3, 
and RET, which are associated with the development of cancer. Thereby, sorafenib inhibits growth, 
spreading, metastasis of cancer cells, as well as angiogenesis       
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it increased progression-free survival from 2.8 months (that of the placebo group) 
to 5.5 months [ 118 ]. Following these promising results, sorafenib was approved 
by the FDA for metastatic RCC patients in 2005. Clinical trials were also con-
ducted in patients with metastatic hepatocellular carcinoma (HCC), which are 
also highly angiogenic. The overall survival and progression-free survival were 
increased by approximately 3 months in HCC patients with liver cirrhosis [ 119 ], 
leading to the approval of sorafenib by the FDA as a treatment for HCC patients 
in 2007. 

 Sorafenib has also been tested in patients with locally advanced or metastatic 
thyroid cancer that was refractory to radioactive iodine treatment, where it was 
found to improve progression-free survival from 5.8 months to 10.8 months, result-
ing in approval of the drug by the FDA in 2013. Sorafenib is currently widely used 
to treat patients with metastatic RCC, HCC, and thyroid cancer.  

9.5.3.3     Regorafenib 

 Regorafenib is a multi-targeted kinase inhibitor developed by Bayer in 2005 that is 
also called fl uoro-sorafenib, because it is a fl uorine-substituted analogue of the 
diphenyl urea compound sorafenib [ 120 ]. In 2011, Bayer’s S. Wilhelm et al. reported 
that regorafenib inhibited VEGFR-2 at lower concentrations than sorafenib and 
inhibited more types of tyrosine kinases [ 121 ]. Specifi cally, regorafenib is known to 
inhibit the receptor tyrosine kinases VEGFR-1,2,3, SCFR, PDGFR-α/β, FGFR1,2, 
angiopoietin-1 receptor (TIE2), discoidin domain-containing receptor 2 (DDR2), 
putative potassium ion transporter isoform 2A (TRK2A), ephrin type-A receptor 2 
(EPH2A), protein tyrosine kinase 5 (PTK5), Abl, and RET, as well as RAF-1, 
BRAF, BRAF V600E  and stress-activated protein kinase 2 (SAPK2), (Fig.  9.15 ). The 
effects of regorafenib were investigated closely in various xenograft models, 
wherein the drug was found to suppress tumor blood perfusion into malignant gli-
oma, to suppress angiogenesis caused by colon carcinoma, and to delay tumor 
growth of implanted breast cancer or RCC models.

   Based on preclinical fi ndings obtained with regorafenib, phase 1 clinical trials 
were performed, in which regorafenib produced a profound effi cacy in metastatic 
colon cancer patients who are refractory to conventional treatment. Therefore, phase 
3 clinical trials were performed in patients with metastatic colorectal cancer who 
had not responded to fl uoropyrimidine/oxaliplatin/irinotecan combination chemo-
therapy, anti-VEGF therapy, or anti-EGFR therapy, wherein a 1.4-month extension 
of overall survival and 0.3-month extension of progression-free survival occurred as 
a result of regorafenib treatment [ 122 ]. In 2012, regorafenib was approved by the 
FDA as a treatment for patients with colorectal cancer. In 2013, clinical trials were 
conducted in patients with GIST that were unresponsive to imatinib and sunitinib, 
in which progression-free survival was improved by 3.9 months in comparison with 
that of the placebo group (4.8 vs 0.9 months) [ 123 ], resulting in approval of rego-
rafenib by the FDA as a drug to treat GIST in 2013.  
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9.5.3.4     Pazopanib 

 Pazopanib is a dianilino-pyrimidine class multi-targeted tyrosine kinase inhibitor 
developed by GlaxoSmithKline in 2007. P.A. Harris et al. identifi ed a dianilino- 
pyrimidine derivative with an IC 50  of 400 nM for inhibition of VEGFR-2 during a 
drug screening, which served as a lead molecule and led in 2008 to the development 
pazopanib, with an IC 50  of 30 nM for VEGFR-2 and excellent solubility [ 124 ]. 

 In 2007, R. Kumar et al. at GlaxoSmithKline found that pazopanib inhibits 
receptor tyrosine kinases associated with angiogenesis and cancer growth, such as 
VEGFR-1,2,3, PDGFR-α/β, and SCFR. In addition, they observed VEGF-dependent 
growth suppression in vascular endothelial cells exposed to pazopanib, as well as an 
anticancer effect of pazopanib in xenograft tumor models using several types of 
human-derived cancer cells [ 125 ]. 

 Subsequently, a clinical trial was conducted using pazopanib in metastatic RCC 
patients with various treatment histories. Pazopanib prolonged progression-free 
survival by 5 months, from 4.2 to 9.2 months, compared to control [ 126 ]. In 2009, 
pazopanib was approved as a treatment for metastatic RCC patients. In 2012, pazo-
panib was used in a clinical trial for patients with soft tissue sarcoma that pro-
gressed after fi rst-line treatment, wherein progression-free survival increased from 
1.6 months to 4.6 months [ 127 ]. Based on these results, the FDA approved 
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  Fig. 9.15    Mechanism of action for regorafenib. Regorafenib is a small molecular multi-targeted 
kinase inhibitor that suppresses various signaling mechanisms that contribute to the promotion of 
angiogenesis and proliferation of cancer cells. Regorafenib is used as a treatment for patients with 
metastatic colorectal cancer. Regorafenib targets to VEGFR-1,3, RAD, and TIE-2, as well as the 
mutant tumor-forming kinases SCFR, RET, and BRAF. Regorafenib interferes with kinase auto-
phosphorylation, preventing downstream signaling through several pathways (PI3K-Akt-mTOR, 
Ras-RAF-MEK-MAPK, etc.). Regorafenib inhibits VEGFR-2 at a lower concentration than 
sorafenib, and it is known to inhibit more types of tyrosine kinases       

 

9 Molecular Targeted Anticancer Drugs



203

 pazopanib as a treatment for patients with advanced soft tissue sarcoma in 2012. 
Pazopanib is currently widely used in patients with metastatic RCC or soft tissue 
sarcoma.  

9.5.3.5     Axitinib 

 Axitinib is an indazole derivative developed by Pfizer’s R.S Kania in 2003 as a 
multi-targeted receptor tyrosine kinase inhibitor [ 128 ]. In 2008, D.D. Hu-Lowe 
et al. at Pfizer found that axitinib inhibited receptor tyrosine kinases associated 
with angiogenesis and cancer growth, including VEGFR-1,2,3, PDGFR-α/β, 
and SCFR. In addition, axitinib inhibited VEGFR more potently than sorafenib, 
sunitinib, or pazopanib [ 129 ]. A definite anticancer effect of axitinib was con-
firmed in xenograft tumor models of lung, colon, and breast cancer, as well as 
in a clinical trial comparing axitinib with sorafenib in RCC patients with vari-
ous treatment histories. In 2011, the axitinib-treated group was reported to pro-
long progression-free survival by 2 months compared to sorafenib group [ 130 ]. 
Based on these results, axitinib was approved for patients with metastatic RCC 
in 2012.  

9.5.3.6     Vandetanib 

 Vandetanib, an anilinoquinazoline-class drug, was developed by AstraZeneca’s 
L.F. Hennequin et al. as a VEGFR-2 inhibitor during the process of developing the 
EGFR inhibitor gefi tinib. Vandetanib showed an IC 50  of 40 nM for VEGFR-2 [ 131 ]. 
Later, in 2002, S.R. Wedge et al. at AstraZeneca discovered that vandetanib inhib-
ited receptor tyrosine kinases such as VEGFR-3 and EGFR [ 132 ], VEGF-dependent 
growth in vascular endothelial cells, and angiogenesis in xenograft tumor model 
implanted with human lung cancer cells. Administration of vandetanib at high con-
centrations directly inhibited the growth of various cancer cell lines and had an 
anticancer effect in xenograft tumor models. 

 In 1990, M. Grieco and M. Santoro et al. from Italy’s Napoli University dis-
covered that metastatic medullary thyroid cancer (MTC), a rare form of cancer, 
developed as a result of mutations in RET, a tyrosine kinase that acts as the recep-
tor for the glial-derived neurotrophic factor (GDNF) family [ 133 ]. Following this 
discovery, they confi rmed that 40–50 % of MTC cases involved an activating 
RET  mutation. While investigating inhibition of mutated RET as a way of treat-
ing cancer, the researchers found that vandetanib inhibited RET kinase with an 
IC 50  of 100 nM and suppressed the growth of MTC cells possessing a RET muta-
tion (Fig.  9.16 ) [ 134 ]. In a clinical trial conducted in metastatic MTC patients 
using vandetanib as a monotherapy, vandetanib extended progression-free sur-
vival by 6.2 months (22.6 vs 16.4 moths) in comparison with that of the placebo 
group [ 135 ]. Vandetanib was approved by the FDA as a treatment for patients 
with MTC in 2011.
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9.5.3.7        Cabozantinib 

 Cabozantinib is a quinolone-class multi-targeted tyrosine kinase inhibitor that was 
developed by Exelixis in 2009 [ 136 ]. In 2011, F.M. Yakes et al. at Exelixis investi-
gated the inhibitory effects of cabozantinib and found that it had a very strong inhib-
itory effect against MET proto-oncogene receptor tyrosine kinase (c-MET) and 
VEGFR-2, with IC 50  values of 1.3 and 0.035 nM, respectively. Cabozantinib also 
showed strong inhibitory effects against SCFR, RET, AXL, TIE2, and FLT3, with 
IC 50  values in the range of 4.6–11.3 nM [ 137 ]. 

 Based on these results, Exelixis performed intensive studies on the applicability 
of cabozantinib in metastatic MTC cancers, which showed a high frequency of RET 
mutations. In a clinical trial in metastatic MTC patients, Exelixis found that cabo-
zantinib lengthened progression-free survival by 7.2 months [ 138 ]. In 2012, the 
FDA approved cabozantinib as a treatment for patients with MTC.    

9.6     Other Kinase Inhibitors 

9.6.1     Ruxolitinib: JAK-1,2 Inhibitor 

 Janus tyrosine kinase (JAK) is an intracellular tyrosine kinase that is activated when 
cytokines, which modulate cell growth and the immune response, bind with cyto-
kine receptors in the cell membrane. Activated JAK phosphorylates transcription 
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  Fig. 9.16    Mechanism of action for vandetanib. Vandetanib acts as an inhibitor of VEGFR-2, 
EGFR, and RET, which are involved in the development of thyroid medullary carcinoma. By 
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factors of the signal transducer and activator of transcription (STAT) family, causing 
them to move into the nucleus and promote expression of genes related to cell pro-
liferation and the immune response. 

 In 2005, University Hospital Basel’s R. Kralovics et al. investigated the DNA 
sequence of the domain in chromosome 9p where loss of heterozygosity (LOH) has 
been reported in myeloproliferative neoplasm (MPN) patients. They discovered that 
almost all 9p LOH patients showed a mutation to a phenylalanine codon in place of 
the valine codon at position 617 in JAK2, while the same mutation was found in 
only approximately 30 % of MPN patients without LOH [ 139 ]. JAK2 V617F  was 
observed in 35–50 % of patients with primary myelofi brosis, 32–57 % of patients 
with polycythemia, and more than 95 % of patients with essential thrombocythemia 
(all of which are forms of MPN); moreover, these mutants were revealed to have 
important functions in regulating tumor cell growth [ 140 ,  141 ]. Accordingly, there 
was active research into the development of inhibitors capable of suppressing the 
activity of JAK2 V617F . 

 Ruxolitinib is a cyclopentylpropionitrile-class JAK inhibitor that was developed 
in 2009 by Incyte Pharmaceuticals’ Q. Lin et al. by adding cyclopentylacrylalde-
hyde to pyrazole [ 142 ]. In 2010, in a collaborative study between Incyte and 
A. Quintás-Cardama et al. at the M.D. Anderson Cancer Center, ruxolitinib was 
found to strongly inhibit JAK1 and JAK2, with IC 50  values of 3.3 nM and 2.8 nM, 
respectively. In addition, ruxolitinib specifi cally inhibited the proliferation of 
JAK2 V617F -positive cancer cells (Fig.  9.17 ) [ 143 ].
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  Fig. 9.17    Mechanism of action for ruxolitinib. JAK is an intracellular tyrosine kinase that is acti-
vated when cytokines bind to their receptors and phosphorylates the transcription factor STAT to 
induce nuclear translocation. Once STAT enters the nucleus, it binds to DNA and activates tran-
scription of genes that regulate cell movement, differentiation, and proliferation. JAK2 V617F  muta-
tions, which are frequently observed in myeloproliferative neoplasms, activate the PI3K-Akt-mTOR 
and Ras-RAF-MEK-ERK signaling pathways to aid survival and spreading of cancer cells. During 
this process, ruxolitinib inhibits JAK2 specifi cally, suppressing the growth of myeloproliferative 
cancer cells       
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   Based on preclinical results obtained with ruxolitinib, phase 3 clinical trials were 
conducted on patients with various types of myelofi brosis, in which 29–42 % of 
patients showed decreased spleen size and 46 % of patients were alleviated in symp-
toms [ 144 ,  145 ]. Ruxolitinib was approved by the FDA in 2011.  

9.6.2     Crizotinib: ALK and ROS1 Inhibitor 

 Crizotinib is an aminopyridine compound developed by Pfi zer in 2006 that acts as a 
c-Met (also known as hepatocyte growth factor receptor, HGFR) inhibitor. Pfi zer 
fi rst discovered the high inhibitory PHA-665752 using indolin-2-one as a precursor 
structure, but it was found to be unsuitable for clinical use. Later, researchers J.J. Cui 
et al. synthesized 2-aminopyridine derivatives based on the crystal structure analy-
sis of PHA-665752/c-Met complex. After identifying a lead compound, J.J. Cui 
et al. developed crizotinib for oral administration through a process of optimization 
[ 146 ]. In 2007, Pfi zer’s H.Y. Zou et al. investigated the inhibitory effects of crizo-
tinib and found that it strongly inhibited c-Met (IC 50  of 5 nM) and anaplastic lym-
phoma kinase (ALK) (IC 50  of 24 nM) (Fig.  9.18 ) [ 147 ].

   Understanding of ALK mutations and their association with cancer began with a 
study in 1994 by S.W. Morris at St. Jude Children’s Research Hospital, in which the 
t(2;5) chromosome translocation observed in large cell lymphoma and the genetic 
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  Fig. 9.18    Mechanism of action for crizotinib. Crizotinib inhibits c-Met (also known as hepatocyte 
growth factor receptor, HGFR), upon which the consequent suppression of Ras-RAF-MEK-ERK 
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mutations caused by this translocation were investigated [ 148 ]. As a result of the 
t(2;5) chromosome translocation, two genes, NPM and ALK, were fused to form 
the oncogene NPM-ALK, which had kinase activity that was essential to cancer cell 
proliferation. In 2007, H. Mano et al. at the Japan Science and Technology Agency 
were investigating genetic mutations in lung cancer when they discovered that 
approximately 7 % of NSCLC patients possess an EML4-ALK oncogene formed by 
chromosomal translocation [ 149 ]. As this fusion oncogene was found to be related 
to the tumorigenesis of lung cancer, ALK emerged as an important molecular target 
for targeted therapy. Moreover, in 2008, ALK was reported to be mutated in 15 % of 
neuroblastomas, a rare form of cancer [ 150 ]. 

 Phase 2 clinical trials for crizotinib were conducted twice in metastatic NSCLC 
patients. Because a dramatic response was observed in crizotinib-treated patients 
with ALK mutations [ 151 ], crizotinib was granted accelerated approval by FDA in 
patients with ALK-mutant metastatic NSCLC in 2011. In 2013, in a phase 3 clinical 
trial comparing crizotinib to standard chemotherapy, an increased response rate and 
4.4-month prolongation of progression-free survival (7.4 vs 3.0 months) were 
observed in the crizotinib-treated patients [ 152 ]; therefore, the drug was offi cially 
approved as a treatment for metastatic NSCLC. Crizotinib is currently used in meta-
static lung cancer patients with ALK mutations.  

9.6.3     B-Raf Kinase Inhibitors 

9.6.3.1     Vemurafenib 

 Vemurafenib is an azaindole class B-Raf kinase inhibitor developed by Plexxikon in 
2010. In 1983, G.E. Mark and U.R. Rapp at the NCI fi rst discovered the oncogene 
v-Raf in murine sarcoma virus (MSV) 3611, which causes sarcoma in mice [ 153 ]. 
Later, Mark and Rapp discovered the proto-oncogenes RAF1 (CRAF), ARAF, and 
BRAF in the human genome. Raf was subsequently revealed to be the protein kinase 
that mediates signal transduction in the Ras-Raf-MEK-ERK pathway, which plays 
a central role in promoting cell proliferation in many cancers. 

 In 2002, R. Wooster et al. at the Wellcome Trust Sanger Institute revealed that a 
specifi c point mutation of B-RAF (BRAF V600E ) occurs in approximately 50 % of 
malignant melanoma patients [ 154 ]. Plexxikon’s J. Tsai et al. developed the mutated 
B-Raf V600E  inhibitor PLX4720 (IC 50  13 nM) in 2008 based on protein structure anal-
ysis [ 155 ]. PLX4720 showed inhibitory activity against wild type B-Raf with an 
IC 50  of 160 nM, as well as strong anticancer effects in melanoma cells and animal 
models expressing B-Raf V600E . Plexxikon’s G. Bollag et al. developed PLX4032 
(vemurafenib) in 2010 through lead optimization of PLX4720 [ 156 ]. Vemurafenib 
inhibits B-Raf V600E  with an IC 50  of 31 nM and inhibits c-Raf with an IC 50  of 48 nM, 
while it inhibits wild type B-Raf with an IC 50  of 100 nM (Fig.  9.19 ). In 2010, a 
phase 1 clinical trial was conducted using vemurafenib in metastatic melanoma 
patients possessing the B-Raf V600E  mutation, in which a drug response rate of 81 % 
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was observed [ 157 ]. In a phase 3 clinical trial in 2011 in B-Raf V600E -positive mela-
noma patients, vemurafenib prolonged overall survival by 1.7 months (6.2 vs 4.5) 
and progression-free survival by 3.7 months (5.3 vs 1.6) [ 158 ]. Therefore, vemu-
rafenib was approved by FDA as a treatment for melanoma patients.

9.6.3.2        Dabrafenib 

 In 2009, S. Laquerre et al. at GlaxoSmithKline developed dabrafenib, an 
aminopyrimidine- class drug that inhibits wild type B-Raf, B-Raf V600E , and c-Raf 
more strongly than vemurafenib, and confi rmed its anticancer effect in an animal 
cancer model using human melanoma cells expressing B-Raf V600E  (Fig.  9.19 ) [ 159 ]. 
Subsequently, a clinical trial was conducted using dabrafenib in B-Raf V600E -positive 
melanoma patients, wherein it extended the survival duration by 2.4 months in com-
parison with that of dacarbazine chemotherapy [ 160 ]. In 2013, dabrafenib was 
approved by the FDA as a treatment for B-Raf V600E -positive melanoma.   

9.6.4     Trametinib: MEK Inhibitor 

 KRas, NRas, and HRas show a high frequency of mutations in many cancers and are 
known to promote cell proliferation by activating the p42/p44 mitogen-activated 
protein kinase (MAPK) pathway. MEK1/2 is a protein kinase that mediates signal 
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  Fig. 9.19    Mechanism of action for vemurafenib, dabrafenib, and trametinib. B-RAF is known to 
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transduction leading to cell proliferation downstream of RAF in this pathway 
(Fig.  9.19 ). There have been several attempts to treat cancer by inhibiting MEK1/2 
to block MAPK signaling, but the development of MEK1/2 inhibitors as anticancer 
agents has frequently been halted because of severe toxicity in normal tissue, 
because MAPK signaling is very active in normal cells. 

 In 2007, T. Yamaguchi et al. at Japan Tobacco’s pharmaceutical development 
laboratories discovered the pyrido-pyrimidine derivative JTP-70902 as an inducer 
of gene expression for p15INK4b, a protein that inhibits CyclinD-CDK4/6 interac-
tion. An investigation of the mechanism of JTP-70902 showed that the drug inhib-
ited MEK1/2 activity [ 161 ]. Subsequently, JTP-70902 underwent a process of lead 
optimization, leading to the development of JTP-74057 (trametinib). In 2011, 
A.G. Gilmartin et al. at GlaxoSmithKline discovered that trametinib was a selective 
inhibitor of MEK1/2, acting as an allosteric inhibitor rather than a competitive ATP 
inhibitor [ 162 ]. Because of these properties, Gilmartin et al. investigated the effi -
cacy of trametinib in BRAF V600E -positive cancer cells and animal models using 
these cells, revealing signifi cant anticancer effects with few adverse effects 
(Fig.  9.19 ). Subsequently, a clinical trial was performed using trametinib in 
B-Raf V600E -expressing melanoma patients, in which the drug showed a 14 % 
increased response rate and 2.2-month longer progression-free survival in compari-
son with patients treated with conventional chemotherapy [ 163 ]. In 2014, trametinib 
was registered as an FDA-approved drug.  

9.6.5     Ibrutinib 

 In 1993, S. Tsukada at UCLA discovered that X-linked agammaglobulinemia, 
wherein B-lymphocytes and plasma cells are not produced, results from a loss-of- 
function mutation in Bruton’s tyrosine kinase (BTK) [ 164 ]. Subsequently, BTK was 
revealed to act as a mediating factor that is essential to signal transduction via the 
B-cell antigen receptor (BCR), which is required for development and maintenance 
of B-lymphocytes. BTK signaling thus promotes survival, proliferation, and anti-
body production in B-cells by activating phospholipase-Cγ and inducing nuclear 
translocation of NF-kB. Moreover, BTK was observed to be frequently activated in 
B-cell lymphocytic leukemia. Based on these fi ndings, BTK inhibitors were devel-
oped for the treatment of these cancers. 

 In 2007, based on structural analysis of BTK, S. Pan et al. at Celera Genomics 
developed ibrutinib, which irreversibly inhibits BTK by reacting with its cysteine-
 481 residue close to the ATP binding site (Fig.  9.20 ) [ 165 ]. In 2010, L.A. Honigberg 
et al. at Pharamcyclics, which had merged with Celera Genomics, found that ibruti-
nib strongly inhibited BTK (IC 50  0.5 nM) and showed an anticancer effect in animal 
models of B-cell non-Hodgkin lymphoma [ 166 ]. In 2013, L.A. Honigberg et al. con-
ducted phase 2 clinical trials using ibrutinib in patients with mantle cell lymphoma, 
a type of tumor formed from B-cells, and reported a drug response rate of 68 % 
[ 167 ]. The drug also showed a high response rate of 71 % against chronic lympho-
cytic leukemia [ 168 ], and was temporarily approved by the FDA in 2013 and 2014.
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9.7         mTOR Inhibitors 

 In 1975, S.N. Sehgal, a microbiologist at Ayerst Research Laboratories in Canada, 
discovered rapamycin, a macrolide antibiotic with antifungal activity, in the culture 
medium of  Streptomyces hygroscopicus  that had been collected from Easter Island 
(local name: Rapa Nui) [ 169 ]. In 1977, Ayerst researchers R.R. Martel et al. discovered 
that rapamycin alleviated symptoms in rat models of encephalomyelitis and rheuma-
toid arthritis, revealing its potential as an immunosuppressant [ 170 ]. In 1987, T. Kino 
et al. from Japan’s Fujisawa Pharmaceutical Co. discovered FK-506, a compound 
similar to rapamycin, in the culture medium of another  Streptomyces  species and found 
that this substance inhibited T-cell proliferation induced by antigen stimulation [ 171 ]. 

 In 1990, F.J. Dumont at Merck Sharp and Dohrne Research Laboratories inves-
tigated the effects of rapamycin and FK-506 on T-cells, focusing on their structural 
similarities. They found that FK-506 inhibits ionomycin-induced T-cell prolifera-
tion, whereas rapamycin inhibits T-cell proliferation induced by interleukin-2 (IL-2) 
or IL-4 [ 172 ]. As its ability to inhibit T-cell proliferation became known, rapamycin 
was developed as an immunosuppressant. In 1999, rapamycin was approved as an 
immunosuppressant to reduce rejection responses in tissue transplant. 

 In addition, in 1984, Ayerst’s Sehgal et al. investigated the anticancer effects of 
rapamycin in various implanted tumor models and found that a high concentration 
of rapamycin produced excellent anticancer effects with minimal adverse effects 
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[ 173 ]. Next, they showed that rapamycin suppressed the growth of cancer cells 
derived from various tissues and the proliferation of vascular endothelial cells. 
Moreover, they revealed that rapamycin suppressed angiogenesis in xenograft tumor 
models using tumor cell lines with high angiogenic activity. 

 Studies of the molecular mechanisms through which rapamycin inhibits cell pro-
liferation revealed that rapamycin binds with FK506-binding protein 12 (FKBP12) 
to inhibit mammalian target of rapamycin(mTOR) signaling, which is important for 
cell survival and growth. S.L. Schreiber’s group at Harvard University discovered 
that rapamycin binds strongly to FKBP12 in 1990 [ 174 ]. In 1994, Schreiber’s group 
discovered that the rapamycin-FKBP12 complex interacts with the mTOR complex 
[ 175 ]. Following this discovery, it was revealed that mTOR is activated by the phos-
phatidylinositol 3-kinase (PI3K)/AKT pathway, known to be an important pathway 
promoting cell growth and survival, upon which mTOR increases the mRNA trans-
lation effi ciency of ribosomes in order to provide the proteins required for growth 
by inducing phosphorylation of downstream molecules S6 kinase-1 (S6K1) and 
eukaryotic initiation factor 4E-binding protein-1 (4EBP1). Moreover, mTOR plays 
an important role in cancer energetics by promoting glucose metabolism. 

 The report that the rapamycin-FKBP12 complex inhibits mTOR activity led to 
the development of rapamycin as an anticancer agent. However, rapamycin pos-
sesses inappropriate pharmacokinetic properties for an anticancer agent; therefore, 
numerous rapamycin derivatives were developed (Fig.  9.21 ).

9.7.1       Temsirolimus 

 Temsirolimus is a C-42 hydroxyester of rapamycin that was developed in 2001 as 
an mTOR inhibitor by Wyeth Pharmaceuticals, which merged with Ayerst [ 176 ]. In 
preclinical trials, temsirolimus clearly suppressed angiogenesis and showed a sig-
nifi cant anticancer effect in xenograft tumor models using RCC cells, which accom-
pany robust angiogenesis [ 177 ]. Based on these results, a clinical trial was conducted 
using temsirolimus in advanced RCC. The temsirolimus treatment group showed a 
3.6-month prolongation of overall survival and a 2.4-month prolongation of 
progression- free survival in comparison with the group treated with interferon 
[ 178 ], leading to approval of this drug by the FDA as a treatment for advanced RCC 
in 2007. Temsirolimus still remains in treatment for patients with RCC (Fig.  9.22 ).

9.7.2        Everolimus 

 The second mTOR inhibitor approved as an anticancer agent was everolimus, a 
hydroxyethyl derivative of rapamycin developed by Novartis in 1997 [ 179 ]. Clinical 
trials were conducted in patients with cancers with high levels of angiogenesis, such 
as RCC, pancreatic neuroendocrine tumor (PNET), subependymal giant cell astro-
cytoma (SEGA), and advanced breast cancer. When everolimus was used in a 
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clinical trial for patients with metastatic RCC that did not respond to sunitinib and 
sorafenib, progression-free survival was prolonged by 3 months (4.9 vs 1.9) [ 180 ]. 
Everolimus was approved as an anticancer agent in 2009. Clinical trials of everoli-
mus were conducted in patients with SEGA in 2010 [ 181 ], progressive PNET in 
2011 [ 182 ], and advanced hormone receptor-positive HER2-negative breast cancer 
in 2012 [ 183 ]. Everolimus was successful in each clinical trial and is currently used 
as an anticancer agent in patients with several types of cancer.   

9.8     Other Targeted Anticancer Antibody Drugs 

9.8.1     Rituximab 

 Rituximab was the fi rst targeted anticancer antibody drug to be developed. 
Developed in 1994 by IDEC Pharmaceuticals, rituximab is a chimeric antibody 
combining the human IgG1k constant domain and mouse variable domain [ 184 ], 
which recognizes the B lymphocyte-specifi c cell surface antigen CD20 (Fig.  9.23 ). 
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  Fig. 9.21    The structures of mTOR inhibitors and the process of their development       
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  Fig. 9.22    Mechanism of action for temsirolimus. Temsirolimus is used as an inhibitor of mTOR 
kinase, decreasing translation of cyclin D mRNA, which is important for progression of the cell 
cycle, and thus suppressing cancer cell proliferation. In addition, temsirolimus inhibits translation 
of HIF-1α mRNA, reducing synthesis of VEGF and thereby inhibiting angiogenesis       
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  Fig. 9.23    Mechanism of action for rituximab. Rituximab is used in the treatment for non-Hodgkin 
lymphoma. It is a chimeric monoclonal antibody combining the human IgG1k constant domain 
with the mouse variable domain. Rituximab binds to the B-cell-specifi c membrane protein CD20, 
which activates the complement cascade and forms a membrane attack complex, thereby causing 
complement-dependent cytotoxicity (CDC) ( 1 ). In addition, when the complement pathway is 
activated, C3b/iC3b fragments accumulate on B- lymphoma cells. When accumulated C3b/iC3b 
fragments and the Fc domain of rituximab are recognized by complement receptors and Fcγ recep-
tors on macrophages, phagocytosis and antibody-dependent cell-mediated cytotoxicity (ADCC) is 
induced ( 2 ). Moreover, when rituximab binds CD20, ADCC is induced via natural killer (NK) cells 
( 3 ). These three pathways cause the death of malignant B-cells by rituximab treatment       
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CD20 is expressed on the surface of B cells from initial pre-B cell stage to mature 
B-cells., but it is not expressed by fully differentiated plasma cells. When rituximab 
binds to CD20 on B-cells, it induces complement-mediated lysis or kills the B-cell 
through a process of antibody-dependent cell-mediated cytotoxicity (ADCC), fol-
lowing recognition of the complex by natural killer (NK) cells.

   A clinical trial was conducted in which rituximab was used as monotherapy in 
patients with B-cell non-Hodgkin lymphoma showing resistance to chemotherapy, 
in which an objective response rate was observed in 46 % of patients [ 185 ]. 
Rituximab was approved as a molecular targeted treatment for recurrent or 
 refractory B-cell non-Hodgkin lymphoma in 1997. Subsequently, rituximab in 
combination with chemotherapy showed an excellent therapeutic effi cacy in vari-
ous other B-cell cancers, such as diffuse large B-cell lymphoma and acute/chronic 
B-cell lymphoma, and it is currently being widely used in treatment of these 
cancers.  

9.8.2     Ibritumomab Tiuxetan 

 Ibritumomab tiuxetan is a monoclonal antibody radioimmunotherapy treatment 
developed in 1996 by IDEC Pharmaceuticals [ 186 ]. Ibritumomab is the anti-CD20 
mouse monoclonal antibody (IgG1) used in the production of rituximab. 
Ibritumomab tiuxetan is manufactured by linking ibritumomab to tiuxetan, which 
coordinated with yttrium-90 or indium-111 [ 187 ]. 

 Ibritumomab tiuxetan was used in a clinical trial for patients with rituximab- 
resistant or recurrent B-cell non-Hodgkin lymphoma and showed a response rate of 
80 %, which was an increase of 24 % in comparison with that of rituximab treat-
ment[ 188 ]. Ibritumomab tiuxetan was approved as a treatment for B-cell non- 
Hodgkin lymphoma in 2002.  

9.8.3     Tositumomab Iodine-131 

 Tositumomab iodine-131 is an radioimmunotherapy drug developed by Corixa 
(now GlaxoSmithKline) in 1992, in which iodine-131 is joined to the anti-CD20 
mouse monoclonal antibody (IgG2a) directly by a covalent bond [ 189 ]. 

 A clinical trial was conducted for follicular lymphoma patients who had experi-
enced relapse after chemotherapy or had shown resistance to rituximab, in which 
tositumomab iodine-131 showed a response rate of 63 % [ 190 ]. Tositumomab 
iodine-131 was approved as a treatment for patients with follicular non-Hodgkin 
lymphoma in 2003.  
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9.8.4     Alemtuzumab 

 Alemtuzumab is a humanized anti-CD52 antibody developed by Genzyme. 
Alemtuzumab was derived from a rat antibody developed by H. Waldmann in 1983 
at the University of Cambridge [ 191 ], which was developed into an IgG1k human-
ized antibody in 1992 by G. Winter, who invented the technique of antibody human-
ization [ 192 ,  193 ]. Because CD52 was known to be a cell surface protein expressed 
in mature lymphocytes, early studies focused on CLL treatment using alemtu-
zumab. In a phase 2 clinical trial of alemtuzumab in CLL patients who were refrac-
tory to fl udarabine, an objective response rate of 33 % was observed [ 194 ], leading 
to the granting of accelerated approval by the FDA in 2001. Phase 3 clinical trials 
comparing alemtuzumab with chlorambucil treatment were conducted in CLL 
patients who were non-responsive to fl udarabine, in which alemtuzumab showed a 
38 % increase in response rate and an 8.6-month prolongation of progression-free 
survival (23.3 vs 14.7 months) [ 195 ], leading to its regular approval by the FDA as 
a treatment for CLL in 2007. However, alemtuzumab was later found to have severe 
toxicity against blood and immune cells because of the expression of CD52 in 
mononuclear cells and various other healthy blood cells, in addition to mature 
lymphocytes.  

9.8.5     Ofatumumab 

 Ofatumumab is a third generation molecular targeted antibody consisting of a fully 
humanized anti-CD20 monoclonal antibody, which was developed in 2004 through 
collaboration between Genmab and GlaxoSmithKline [ 196 ]. Ofatumumab was 
developed via full humanization of rituximab in order to reduce the adverse immune 
reactions that result from the properties of chimeric antibodies. Moreover, the Fc 
region was manufactured for effi cient ADCC, whereas the variable domain was 
improved to enhance the ability of the drug to kill cancer cells. A clinical trial of 
ofatumumab was conducted for patients with CLL that was resistant to fl udarabine/
alemtuzumab, in which a response rate was 42 % of patients [ 197 ], leading to the 
approval of ofatumumab by the FDA as a treatment for CLL in 2009. 

9.8.6      Brentuximab Vedotin 

 Brentuximab vedotin is an antibody-drug conjugate (ADC) developed in 2003 by 
Seattle Genetics (Fig.  9.24 ). ADCs were developed to increase the effi cacy of cyto-
toxic drugs by binding them to antibodies that do not show a suffi cient anticancer 
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effi cacy by themselves. Brentuximab is a human/mouse chimeric monoclonal anti-
body against CD30, a TNF receptor-class membrane protein. Because CD30 is 
highly expressed in Hodgkin’s lymphoma and anaplastic large cell lymphoma 
(ALCL), it was selected as a target for antibody treatment, leading to the develop-
ment of the mouse monoclonal anti-CD30 antibody brentuximab in 2002 [ 198 ]. In 
order to enhance the effi cacy of brentuximab, monomethyl auristatin E (MMAE), 
which interferes with tubulin function, was conjugated to the antibody in 2003, pro-
ducing brentuximab vedotin. The outstanding anticancer effect of brentuximab 
vedotin was confi rmed in xenograft models of Hodgkin’s lymphoma and ALCL in 
severe combined immunodefi ciency (SCID) mice [ 199 ]. Brentuximab vedotin 
underwent phase 2 clinical trials in Hodgkin’s lymphoma and ALCL patients, 
wherein it showed excellent response rates of 73 % and 86 %, respectively[ 200 ,  201 ]. 
In 2011, brentuximab vedotin was approved as a treatment for recurrent Hodgkin’s 
lymphoma and ALCL.
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  Fig. 9.24    Mechanism of action for brentuximab vedotin. Brentuximab vedotin is an antibody- 
drug conjugate (ADC) targeting CD30, which is overexpressed in B lymphoma cells. Brentuximab 
vedotin includes monomethyl auristatin E (MMAE), which is a mitosis inhibiting agent. When this 
brentuximab vedotin binds to CD30 on the surface of B lymphoma cells, it is endocytosed and 
transported in an intracellular lysosome, after which MMAE is dissociated by hydrolysis and 
released into the cytoplasm. MMAE binds to tubulin and interferes with microtubule formation, 
inducing cell cycle arrest and apoptosis       
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9.8.7        Obinutuzumab 

 Obinutuzumab is a humanized anti-CD20 monoclonal antibody developed by 
E. Mössner et al. at Switzerland’s Glycart Biotechnology in 2010 [ 202 ]. 
Obinutuzumab has the same CD20 binding site as rituximab, but it showed higher 
stability than that of rituximab. Moreover, improvement in the glycosylation site in 
the Fc region enhanced the ability of the drug to bind to the surface of NK cells and 
macrophages, increasing ADCC. In preclinical tests, obinutuzumab produced a 
strong anticancer effect in xenograft models of non-Hodgkin and follicular lym-
phoma and was more effective than rituximab [ 203 ]. In a clinical trial for CLL 
patients in which obinutuzumab was used in combination with chemotherapy, 
progression- free survival was extended by 10.6 months in comparison with that of 
the rituximab/chemotherapy group [ 204 ], leading to FDA approval in 2013.   

9.9     Epigenetic Anticancer Drugs 

 Because of biomolecular research, it has been recognized that cancer develops as 
the result of genetic changes in DNA, such as mutations or deletions in genes that 
regulate growth and proliferation. However, in 1979, R. Holliday at the United 
Kingdom’s Medical Research Council fi rst proposed the hypothesis that cancer 
could develop as the result of changes in DNA methylation [ 205 ]. In 1983, 
A. Feinberg and B. Vogelstein at Johns Hopkins University discovered differences 
in the extent of DNA methylation of cancer cells and normal cells [ 206 ], suggesting 
the possibility that cancer might develop due to epigenetic changes, without changes 
in the DNA sequence. Later, these epigenetic changes were revealed to occur as the 
result of four mechanisms: DNA methylation, genomic imprinting, histone modifi -
cation, and microRNA (miRNA) control. Subsequently, many efforts were aimed at 
producing drugs capable of regulating cancer-related epigenetic changes, which led 
to the development of DNA methylation inhibitors and histone deacetylase (HDAC) 
inhibitors currently used as anticancer agents. 

9.9.1     DNA Methylation Inhibitors: Azanucleosides 

9.9.1.1     Azacitidine (5-Azacytidine) 

 In 1963, Čihák et al. in Czechoslovakia synthesized various types of azapyrimidine 
and investigated their effi cacy in transplanted tumor models, with the aim of develop-
ing drugs that produced anticancer effects by inhibiting nucleic acid synthesis. The 
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efforts of Čihák et al. resulted in their discovery of 5-azacytidine, which had an out-
standing anticancer effect [ 207 ]. By exploring the mechanism of action of 5- azacytidine, 
he found that phosphorylated 5-azacytidine is incoporated into various types of RNA 
and DNA. When phosphorylated 5-azacytidine is inserted into rRNA, it produces 
cytotoxicity by inhibiting ribosomal protein translation. However, in 1980, biochemist 
P.A. Jones at the University of Southern California reported that 5-azacytidine regu-
lates cell differentiation by inhibiting DNA methylation [ 208 ]. In 1983, D.V. Santi 
et al. at UCSF identifi ed the mechanism by which 5-azacytidine inhibits DNA meth-
yltransferase [ 209 ]. Later, when DNA methylation was determined to play an impor-
tant role in developmental processes and to contribute to the development and 
progression of cancer, 5-azacytidine emerged again as an important candidate antican-
cer drug, leading to clinical trials for the drug in patients with a wide range of cancers. 
In the most successful clinical trial conducted with 5- azacytidine, a 15 % increase in 
drug response rate was observed in 5-azacytidine- treated patients with myelodysplas-
tic syndrome (MDS) in comparison with that of the placebo group [ 210 ], leading to 
approval of the drug by the FDA as a treatment for patients with MDS in 2004. 
5-Azacytidine remains the mainstay of treatment for patients with MDS.  

9.9.1.2     Decitabine (5-aza-2′-Deoxycytidine) 

 At about the same time that A. Čihák group developed 5-azacytidine, they also 
developed its 2′-deoxyribose form, decitabine [ 211 ]. Whereas 5-azacytidine inserts 
itself into RNA and DNA, decitabine is selectively   incorporate    d into DNA. Moreover, 
decitabine inhibits DNA methylation more potently than 5-azacytidine (Fig.  9.25 ). 
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  Fig. 9.25    Mechanism of action for decitabine and 5-azacytidine. At low concentrations, decitabine 
inhibits DNA methyltransferase, interfering with DNA methylation, while at high concentration, it 
exerts cytotoxicity by inserting itself into DNA during the process of replication. Under exposure 
to low-dose decitabine, hypomethylation of cytosine bases in the DNA allow expression of tumor- 
suppressing genes, preventing proliferation of cancer cells. The action of high-dose decitabine is 
similar to that of 5-azacytidine; however, unlike 5-azacytidine, which inserts itself into DNA and 
RNA, decitabine is only inserted into DNA. When the two drugs are incorporated in DNA synthe-
sis, they inhibit DNA replication and produce DNA damage, resulting in cell death       
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Clinical trials in patients with MDS were conducted at about the same time for 
5-azacytidine and decitabine, with the latter showing a 25 % higher response rate 
[ 212 ]. In 2006, decitabine was approved by the FDA as a treatment for MDS 
patients. Decitabine remains the mainstay of treatment for patients with MDS.

   In MDS patients, 5-azacytidine and decitabine interfered with the commonly 
observed DNA methylation of the P15/INK4B gene, which promoted expression of 
P15/INK4B protein, delaying the cell cycle and suppressing the transfomation of 
MDS to leukemia [ 213 ].   

9.9.2     Histone Deacetylase (HDAC) Inhibitors 

 Because genetic information is stored in a long, linear structure of DNA, it can easily 
undergo damage, such as breakage upon diverse physical stimuli. Through tight 
binding DNA with proteins like histones, eukaryotic organisms maintain their DNA 
in a highly folded chromatin structure for protection and further surround the chro-
matin with a nuclear membrane. Because histones form much of the compacted 
structure of chromatin, E. Stedman at the United Kingdom’s Edinburgh University 
proposed in 1950 that histones might play an inhibitory role in gene expression, sug-
gesting that gene expression could only take place after histones had separated [ 214 ]. 
In 1964, V.G. Allfrey and A.E. Mirsky at the Rockefeller Research Institute fi rst 
discovered methylation and acetylation of histones, reporting that histone hyper-
acetylation was associated with chromatin regions that showed high rates of expres-
sion [ 215 ]. They also proposed that gene expression could arise simply from 
modifi cations caused by acetylation, without removal of the histones from the chro-
matin. From that point on, research was conducted on histone acetyltransferases 
(HATs), the enzymes responsible for histone acetylation. In 1996, D. Allis’s group at 
Cold Spring Harbor identifi ed the fi rst HAT gene and demonstrated the important 
role of its encoded protein in gene expression [ 216 ]. Also during 1996, S. Schreiber’s 
group at Harvard University discovered the fi rst gene encoding a histone deacetylase 
(HDAC) enzyme, the product of which inhibits gene transcription via histone deacet-
ylation [ 217 ]. 

 However, research into HDAC inhibitors began before the discovery of HDACs. 
In 1957, virologist C. Friend discovered the Friend Leukemia Virus (FLV), which 
causes leukemia in mice. After investigating leukemia cells developed by FLV 
infection, Friend proposed the hypothesis that leukemia arises due to the interrup-
tion of normal differentiation of blood cells. In 1971, Friend made another impor-
tant discovery by chance, when she performed an experiment in which she 
established Friend erythroleukemia cells by isolating FLV-induced leukemic cells 
from mice and reinfected the cells with FLV. In order to increase infection effi -
ciency, she treated the cells with dimethyl sulfoxide (DMSO) before infection, but 
she observed that these cells, which had been in an undifferentiated state without 
hemoglobin expression, began to differentiate after DMSO treatment and had 
become fully differentiated erythrocytes that expressed high levels of hemoglobin, 
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ceased cell division, and lost the characteristics of leukemic cells after 4 days [ 218 ]. 
Based on these observations, Friend proposed differentiation therapy as a method of 
treating leukemia by inducing differentiation of immature leukemic cells. This 
study stimulated a large amount of research on inducing differentiation in cancer, 
eventually leading to the development of HDAC inhibitors. 

 Because DMSO was used to induce differentiation of leukemic cells at a high 
concentration (greater than 100 mM) by C. Friend, several groups searched for 
more potent substances. In 1975, P. Leder at the National Institutes of Health (NIH) 
discovered that butyrate induced differentiation of Friend erythroleukemia cells into 
erythrocytes at a low concentration of 1 mM [ 219 ]. In 1977, M.G. Riggs et al. at 
MIT discovered that butyrate increased histone acetylation [ 220 ]. In 1978, J.R. Davie 
et al. at the University of British Columbia investigated this phenomenon more 
closely and found that the increase in histone acetylation caused by butyrate resulted 
from suppression of histone deacetylation, rather than enhancement of histone acet-
ylation, leading them to propose the existence of HDACs and the possibility that 
butyrate could be an HDAC inhibitor [ 221 ]. 

 Nevertheless, butyrate lacked the specifi city to be used as a medicinal drug. The 
discovery of HDACs with high specifi city did not occur until the 1990s. In 1987, 
M. Yoshida et al. at Tokyo University discovered that the antibiotic trichostatin A 
(TSA) induced differentiation of Friend erythroleukemia cells into erythrocytes at a 
very low concentration of 15 nM [ 222 ]. Trichostatin A is a hydroxamic acid class 
antibiotic that was discovered in 1976 as an antifungal extracted from  Streptomyces 
platensis  by N. Tsuji et al. at Shionogi Pharmaceuticals in Japan [ 223 ]. In 1990, 
M. Yoshida et al. discovered that TSA acts as an HDAC inhibitor like butyrate, 
although with a signifi cant effect at a much lower concentration, and they proposed 
HDAC inhibition as the mechanism of action by which TSA inhibits growth and 
promotes differentiation in cancer cells [ 224 ]. This study was the fi rst evidence of 
attempts to develop an HDAC inhibitor as an anticancer agent. 

 Thereafter, there were a number of studies on the association between histone- 
modifi cation enzyme activity and cancer. In particular, HDAC inhibitors were 
highly studied as anticancer agents when several researchers showed that HDAC 
activity was related to the development of cancer through leukemia fusion onco-
genes, such as PML-RARα and AML-ETO, which bind HDAC. Moreover, in 2001, 
K.W. Kim et al. in Seoul National University, Korea reported that HDAC activity 
promoted HIF-1α-induced cancer angiogenesis by suppressing expression of VHL 
[ 225 ]. K.W. Kim et al. also discovered that TSA suppressed angiogenesis by inhibit-
ing HDAC activity and proposed angiogenesis suppression using HDAC inhibitors 
as a strategy for cancer treatment. 

 In 1993, T. Beppu’s group discovered that the cyclotetrapeptide antibiotic 
trapoxin A, fi rst isolated from  Helicoma ambiens  in 1990 by H. Itazaki et al. at 
Shionogi Pharmaceuticals, was a strong HDAC inhibitor acting at nM-level concen-
trations and predicted that cyclic peptide antibiotics could represent a new type of 
HDAC inhibitor [ 226 ]. Subsequently, several research groups discovered various 
cyclic peptide HDAC inhibitors. 
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9.9.2.1     Romidepsin 

 In 1998, M. Yoshida’s group identifi ed romidepsin (FR 901228), a new cyclic pep-
tide drug [ 227 ]. Romidepsin is a bicyclic depsipeptide that was discovered as an 
anticancer antibiotic in  Chromobacterium violaceum  by H. Ueda et al. Fujisawa 
Pharmaceuticals. Romidepsin showed strong HDAC inhibition with effi cacy similar 
to that of TSA. Trapoxin A and TSA were found to be unsuitable for use in patients 
owing to instability and toxicity, but romidepsin overcame these problems. 
Therefore, in 1997, clinical trials on romidepsin began with the support of the 
NCI. Phase 2 clinical trials were conducted in patients with various cancers, leading 
to the observation of a clear drug response rate of 34 % in cutaneous T-cell lympho-
mas (CTCLs) and peripheral T-cell lymphomas (PTCLs) [ 228 ]. Romidepsin was 
approved by the FDA as a treatment for patients with CTCL in 2009. 

 The anticancer mechanisms of romidepsin were found to be suppression of cell 
growth due to increased expression of p21 via HDAC inhibition, promotion of 
apoptosis through HSP90 acetylation, increased expression of apoptosis-promoting 
genes such as Fas and Fas ligand, and suppression of angiogenesis through increased 
expression of VHL.  

9.9.2.2     Vorinostat (SAHA) 

 Vorinostat was the fi rst FDA-approved HDAC inhibitor and was developed as the result 
of 30 years of research by P. Marks at the Sloan Kettering Cancer Center and R. Breslow 
at Columbia University (Fig.  9.26 ). In the mid-1970s, P. Marks was studying hemoglo-
bin gene expression when he encountered C. Friend’s study of the differentiation-induc-
ing effects of DMSO in leukemia cells, after which he began collaborative research with 
R. Breslow to investigate the molecular mechanisms underlying this phenomenon, with 
the goal of developing an effective inducer of differentiation.

   In 1975, Marks and Breslow showed that low-molecular-weight polar com-
pounds similar to DMSO also had similar differentiation-inducing effects [ 229 ]. In 
1976, Marks and Breslow developed hexamethylene bisacetamide (HMBA), which 
is effective at a concentration approximately 20-fold lower than that of DMSO 
(5 mM) [ 230 ]. HMBA was used in a clinical trial for myelodysplastic syndrome and 
acute myeloid leukemia in 1992, but its therapeutic effect was weak and the drug 
required improvement. In 1996, the methyl groups at either end of HMBA were 
swapped for hydroxyl groups; the resulting hydroxamic acid substance, suberoyl 
bis-hydroxamic acid (SBHA), contained six methylenes and was found to have a 
therapeutic effect 100 times stronger than that of HMBA [ 231 ]. Using SBHA as a 
template, several derivatives were synthesized. SBHA-derivative vorinostat (suber-
oyl anilide hydroxamic acid, SAHA) showed a therapeutic effect 6 times stronger 
than that of SBHA. 

 In 1998, V. Richon from P. Marks’ laboratory noticed  on the similarity in structure 
between SAHA and the known HDAC inhibitor TSA, revealing that the two 
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 substances were both HDAC inhibitors with similar levels of activity [ 232 ]. 
Following this fi nding, it became clear that SAHA, in comparison with other HDAC 
inhibitors, had the advantage of low toxicity while maintaining its inhibitory 
strength. Beginning in 2001, clinical trials were conducted for SAHA in patients 
with various types of cancer. In 2006, in phase 2 clinical trials of SAHA in patients 
with CTCL, a drug response rate of 29.5–33 % was observed [ 233 ]. Therefore, 
SAHA was approved by the FDA as a treatment for CTCL in 2006.    

9.10     Proteasome Inhibitors 

9.10.1     Bortezomib 

 Bortezomib is a proteasome inhibitor that was developed by Myogenics (merged 
with Millennium Pharmaceuticals) in 1995. The ubiquitin-proteasome system is 
responsible for degradation of 80 % of intracellular proteins. Proteasome-mediated 
protein degradation modulates important signaling pathways that regulate cell pro-
liferation and differentiation. After studying the physiological functions of protea-
somes in 1992, A. Goldberg at Harvard Medical School conducted research into 
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  Fig. 9.26    Mechanism of action 
for vorinostat. Vorinostat inhibits 
HDACs, which are 
overexpressed in cancer cells, 
thus inducing histone acetylation 
and allowing transcription 
factors access to DNA. p21 
(WAF1) protein induced as the 
result of histone acetylation 
inhibits cyclin-dependent kinase 
(CDK) activity, leading to cell 
cycle arrest and suppressing 
cancer cell proliferation       
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inhibition of proteasomes to alleviate cachexia. In 1994, Goldberg developed vari-
ous types of proteasome inhibitors that suppressed proteasome activity by binding 
to chemotrypsin-like protease, one of the proteolytic enzymes that make up the 
proteasome. Of the inhibitors produced by Goldberg, the peptide aldehyde deriva-
tive MG-132 became a candidate compound for development into a clinical drug 
[ 234 ]. Subsequently, in 1995, J. Adams from Myogenics developed the dipeptide 
boronate MG-132 derivative MG-341 (bortezomib) as an improvement on MG-132 
that was suitable as a clinical drug [ 235 ]. 

 In 1999, J. Adams et al. confi rmed that bortezomib increased sensitivity to chemo-
therapy or radiotherapy in various types of cultured cancer cells and a mouse model 
of lung cancer [ 236 ]. In 2001, in a collaborative study with K.C. Anderson’s group at 
the Dana Farber Cancer Institute, bortezomib demonstrated 1,000-fold stronger tox-
icity in myeloma cells in comparison with its toxicity in normal plasma cells, because 
NFκB, which is necessary for survival and growth and is constitutively active in 
myeloma cells, was inhibited by bortezomib (Fig.  9.27 ) [ 237 ]. In addition, bortezo-
mib was observed to inhibit proliferation of vascular endothelial cells, which have an 
important function in the tumor microenvroment for myeloma cells.

   During phase 2 clinical trials of bortezomib in refractory multiple myeloma 
patients, K.C. Anderson et al. observed a complete or partial response in 35 % of 
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  Fig. 9.27    Mechanism of action for bortezomib. Bortezomib was the fi rst proteasome inhibitor. 
Bortezomib is currently used to treat patients with multiple myeloma and mantle cell lymphoma. 
When bortezomib inhibits the proteasome, which usually acts to degrade intracellular proteins, 
impaired protein degradation causes an imbalance of proteins. Proteasome inhibitors are used as 
anticancer agents because they induce the death of cancer cells by exploiting this phenomenon. In 
multiple myeloma cells, IkB is degraded by the proteasome, after which NFκB moves into the 
nucleus, where it induces expression of genes related to the development of cancer. However, when 
bortezomib inhibits the proteasome, NFκB is prevented from entering the nucleus, leading to an 
anticancer effect       
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patients [ 238 ]. Bortezomib was approved as a treatment for refractive myeloma in 
2003. In 2006, in clinical trials for mantle cell lymphoma, bortezomib-treated 
patients showed 31 % response rate with median duration of 15.4 months, leading to 
approval of the drug by the FDA as a treatment for patients with mantle cell 
lymphoma.  

9.10.2     Carfi lzomib 

 Carfi lzomib was the second proteasome inhibitor to be approved as an anticancer 
agent. In 1999, C. Crews at Yale University discovered that epoxomicin produced 
by Actinomyces irreversibly inhibited the proteolytic activity of chemotrypsin 
within the proteasome [ 239 ]. Following this report, Proteolix Inc., founded by 
C. Crews, developed carfi lzomib for clinical use through a process of drug optimi-
zation and confi rmed its anticancer effect in a mouse model of multiple myeloma 
[ 240 ]. Next, under the guidance of Onyx Pharmaceuticals, clinical trials of carfi lzo-
mib were conducted in patients with relapsed or refractive multiple myeloma and a 
history of bortexomib or thalidomide/lenalidomide treatment, in which an objective 
response was observed in 22.9 % of patients [ 241 ]. In 2012, carfi lzomib was 
approved by the FDA as an anticancer agent for patients with multiple myeloma.   

9.11     Vismodegib: Hedgehog Pathway Blocker 

 In the 1950s, the birth of lambs with immature brains and cyclopia was often wit-
nessed at a particular sheep pasture in Idaho in the United States [ 242 ]. In 1957, the 
Department of Agriculture began an investigation into the cause. After a 11-year 
investigation, L. James et al. revealed that cyclopamine (11-deoxojervine) contained 
in African corn lilies had caused deformities by affecting fetal development [ 243 ]. 
However, it was not until almost 30 years later that the mechanisms by which cyclo-
pamine caused these deformities were revealed. 

 Sonic hedgehog (Shh) is an extracellularly secreted protein that is endocytosed 
after binding the receptor Patched (PTCH1). When Shh binds to PTCH1, the mem-
brane protein Smoothened (SMO) dissociates from PTCH1 and increases the stabil-
ity of GLI transcription factors in the cytoplasm, causing them to translocate into 
the nucleus and induce expression of downstream genes. 

 In 1996, P.A. Beachy’s group at Johns Hopkins University generated genetically 
defective mice in order to study the functions of Shh in the development of the cen-
tral nervous system in more detail. The mice lacking Shh showed cyclopia and 
under-developed brains [ 244 ]. 

 In 1996, M.P Scott’s group at Stanford University and H. Hahn et al. at 
Queensland University in Australia observed a high frequency of PTCH1 mutations 
in patients with nevoid basal cell carcinoma syndrome and discovered that the 
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hedgehog pathway was activated by these mutations [ 245 ]. Moreover, in 1998, in a 
collaborative study between E.H. Epstein Jr’s group at UCSF and F.J. de Sauvage’s 
group at Genentech, activating mutations of SMO were discovered in basal cell 
carcinomas (BCCs) [ 246 ]. Subsequently, as the result of a full investigation of 
mutations in the hedgehog pathway in BCCs, mutations were found in the tumors 
of a majority of patients with BCC, with 90 % of the mutations in PTCH1 and the 
remaining 10 % in SMO. 

 In 1998, P.A. Beachy’s group had been investigating candidate drugs that could 
modulate the hedgehog pathway when they became interested in cyclopamine- 
induced deformities, such as brain immaturity and cyclopia, in Shh-defi cient mice, 
leading them to investigate the relationship between cyclopamine and the hedgehog 
pathway. They discovered that cyclopamine binds to SMO to suppress hedgehog 
signaling [ 247 ]. In 2000, Beachy’s group observed that cyclopamine suppressed 
activation of the hedgehog pathway caused by the PTCH1 and SMO mutantions 
discovered in BCC tumors and suggested the possibility that cyclopamine could 
represent a new type of anticancer agent [ 248 ]. 

 However, cyclopamine is unsuited for use as a chemotherapeutic because it is 
chemically unstable, and it has low solubility. Therefore, several researchers 
have attempted to develop additional hedgehog inhibitors. In 2009, Genentech’s 
K.D. Robarge et al. developed vismodegib, which competes with cyclopamine to 
bind to mutant SMO protein, and observed an anticancer effect in a medulloblas-
toma xenograft animal model (Fig.  9.28 ) [ 249 ]. Later, clinical trials of cyclopa-
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  Fig. 9.28    Mechanism of action for vismodegib. In basal cell carcinoma, activating mutations arise 
in proteins required for the hedgehog signaling pathway. Vismodegib acts on Smoothened ( SMO ), 
a membrane protein, to inhibit nuclear translocation of downstream transcription factors GLI1 and 
GLI2, thereby preventing expression of proto-oncogenes related to the hedgehog pathway       
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mine were conducted in patients with metastatic BCC, in which vismodegib 
showed a response rate of 43 % with median response duration of 7.6 months 
[ 250 ]. Cyclopamine was subsequently approved by the FDA as a treatment for 
metastatic BCC.
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    Chapter 10   
 Complications of Anticancer Drugs and Their 
Management                     

          Anticancer therapy targets actively growing and dividing cells. Because of this 
 characteristic, anticancer drugs assaults not only cancer cells but also normally 
 proliferating cells such as blood cells, mucosal epithelial cells, and skin epithelial 
cells. Therefore, they inevitably have various side effects. Most of such side effects 
are mild and transient, but some can become severe and irreversible. To increase com-
pliance with anticancer therapy and to maintain the quality of life of cancer patients, 
the complications of anticancer therapy must be well understood and  properly 
managed. 

10.1     Chemotherapy-Induced Nausea and Vomiting (CINV) 

 Chemotherapy-induced nausea and vomiting is one of the most-feared side effects 
by cancer patients. It imposes such an extreme physiological and psychological 
burden to many patients that it even drives some patients to refuse treatment. In the 
recent 20 years, effective anti-emetics have been developed to prevent and control 
the symptoms of nausea and vomiting, and they have dramatically improved the 
quality of life of patients receiving chemotherapy. The purpose of anti-emetic treat-
ment is to block all three steps of nausea and vomiting. The fi rst step is the anticipa-
tory phase, in which nausea and vomiting is induced even before chemotherapy and 
the psychological reaction start. This is a type of conditioned refl ex after stimulation 
with anticancer drugs. The second step is the acute phase, which is induced within 
the fi rst 24 h of the anticancer drug administration. It usually starts within 1–2 h of 
the administration and peaks in 4–6 h. The third step is the delayed phase, which 
occurs after 24 h of anticancer drug administration, peaks in 2–3 days, and gradu-
ally improves over the next 2–3 days (Fig.  10.1 ).

   Chemotherapy-induced nausea and vomiting has drug-related factors and 
patient-related factors. The drug-related factors include the type of the anticancer 
drug and its dosage, administration schedule, and administration method. The 
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patient-related factors include a history of nausea and vomiting as well as of 
 alcoholism, a female gender, an age lower than 50 years, anxiety, and a history of 
motion sickness [ 1 ]. 

10.1.1     Emetogenic Risk of Anticancer Drugs 

 To effectively manage chemotherapy-induced nausea and vomiting, anticancer 
drugs must be grouped according to their emetogenic risk (Table  10.1 ). The emeto-
genic risk differs according to the administration dosage, route, and rate. In combi-
nation chemotherapy, in which several drugs are used concurrently, the anticancer 
drug with the highest vomiting risk must be confi rmed and the risk of the co- 
administration of other anticancer drugs must be considered [ 1 ].

10.1.2        Types of Anti-emetics 

 Many effective anti-emetics have been developed in the past 20 years. Currently, the 
therapy that combines serotonin receptor antagonists, neurokinin-1 receptor antago-
nists, and corticosteroids shows the most signifi cant prevention and treatment effects. 

  Fig. 10.1    Mechanism of Chemotherapy-induced nausea and vomiting (CINV)       
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10.1.2.1     Serotonin Receptor (5-HT3) Antagonists 

 Currently, various serotonin receptors antagonists are being widely used. 
Ondansetron (Zofran), granisetron (Kytril), dolasetron (Anzemet), and tropisetron 
(Navoban) are fi rst-generation drugs, and palonosetron (Aloxi) is a second- 
generation drug. First-generation drugs show similar effects, and show no differ-
ence whether administered once or several times a day, intravenously or orally. 
However, these drugs have nearly no effect on the prevention of delayed vomiting 
caused by cisplatin. The second-generation drug palonosetron has a more than a 
dozen times higher binding affi nity to 5-HT3 with a very long (40 h) half-life. When 
administered on its own, its prevention of acute and delayed vomiting caused by 
moderate emetogenic anticancer drugs is superior to that of ondansetron and dolas-
etron. When administered with dexamethasone, however, its prevention of acute 
and delayed vomiting caused by high emetogenic anticancer drugs is similar to 
when administered alone [ 1 ].  

   Table 10.1    Classifi cation of chemotherapeutic drugs according to emetogenic risk   

 Minimal (<10 %) 
 Low risk 
(10–30 %)  Moderate risk (30–90 %)  High risk (>90 %) 

 Asparaginase 
 Bleomycin 
 Bortezomib 
 Busulfan 
 Cetuximab 
 Chlorambucil 
 Decitabine 
 Dasatinib 
 Dexrazoxane 
 Erlotinib 
 Fludarabine 
 Gefi tinib 
 Hydroxyurea 
 Lapatinib 
 Lenalidomide 
 Melphalan 
 Methotrexate 
(≤50 mg/m 2 ) 
 Panitumumab 
 Rituximab 
 Sorafenib 
 Sunitinib 
 Temsirolimus 
 Everolimus 
 Thalidomide 
 Trastuzumab 
 Vinblastine 
 Vincristine 
 Vinorelbine 

 Paclitaxel 
 Nab-paclitaxel 
 Docetaxel 
 Pemetrexed 
 Capecitabine 
 Cytarabine 
(100–200 mg/m 2 ) 
 5-fl uorouracil 
 Gemcitabine 
 Ixabepilone 
 Methotrexate 
(50–250 mg/m 2 ) 
 Mitomicin 
 Mitoxantrone 
 Nilotinib 
 Topotecan 
 Vorinostat 

 Carmustine 
 (≤250 mg/m 2 ) 
 Cisplatin 
 (≤50 mg/m 2 ) 
 Methotrexate (250–
1000 mg/m 2 ) 
 Cyclophosphamide 
(≤1500 mg/m 2 ) 
 Cytarabine 
 (≥1 g/m 2 ) 
 Carboplatin 
 Oxaliplatin 
 Ifosfamide 
 Doxorubicin 
 Daunorubicin 
 Epirubicin 
 Idarubicin 
 Imatinib 
 Irinotecan 
 Temozolomide 
 Azacitidine 
 Busulfan (>4 g/day) 

 Carmustine 
 (≥250 mg/m 2 ) 
 Cisplatin 
 (≥50 mg/m 2 ) 
 Cyclophosphamide 
 (≥1500 mg/m 2 ) 
 Dacarbazine 
 Combination of 
cyclophosphamide with 
Doxorubin or Epirubicin 
 Mechlorethamine 
 Procarbazine 
 Streptozocin 

10.1 Chemotherapy-Induced Nausea and Vomiting (CINV)
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10.1.2.2     Neurokinin-1 (NK-1) Receptor Antagonists 

 The prevention of acute and delayed vomiting caused by high- or moderate emetogenic 
drugs was greatly improved by the introduction of aprepitant (Emend), a neurokinin- 1 
receptor antagonist. Several phase 3 clinical trials demonstrated that the combination 
therapy of aprepitant, ondansetron, and dexamethasone is superior to the previous com-
bination of ondansetron and dexamethasone in preventing acute and delayed vomiting. 
Based on these results, the FDA approved its use in 2003. Fosaprepitant, an intravenous 
aprepritant formulation, is known to be converted to aprepitant within 30 minutes of 
intravenous administration. It received FDA approval in 2008 [ 1 ].  

10.1.2.3     Corticosteroids 

 The anti-emetic mechanism of corticosteroids, such as dexamethasone, is not yet 
fully understood, but it has been traditionally very effective against chemotherapy- 
induced acute and delayed vomiting. Dexamethasone is used alone for low emeto-
genic drugs, and its combination with serotonin receptor antagonists and aprepitant 
is recommended for moderate or high emetogenic anticancer drugs. When combin-
ing aprepitant and dexamethasone, the dosage of dexamethasone should be reduced, 
because aprepitant acts as a CYP3A4 inhibitor [ 1 ].  

10.1.2.4     Other Anti-emetics 

 Metoclopramide, lorazepam, prochloperazine, trimethobenzamide, etc. are anti- 
emetics with a low treatment effi cacy. They can be used to treat low emetogenic 
groups or as salvage treatment for breakthrough vomiting. Metoclopramide has an 
anti-emetic effect as a dopamine receptor antagonist when used in the standard 
dose, and has an anti-emetic effect as a serotonin receptor antagonist when used in 
a high dose. However, metoclopramide should be used with caution because it can 
cause extrapyramidal symptoms such as akathisia and dystonia. Benzodiazepine 
drugs, such as lorazepam, have a weak anti-emetic effect but can help prevent and 
treat anticipatory vomiting due to its anxiolytic effect. It can also be used as a sal-
vage treatment when the standard treatment fails [ 1 ].   

10.1.3     Prevention and Treatment of Chemotherapy-Induced 
Nausea and Vomiting 

10.1.3.1     High Emetogenic Anticancer Drugs 

 It is recommended that the triple regimen of a serotonin receptor antagonist, dexametha-
sone, and aprepitant be used shortly before administering the anticancer drug, then apre-
pitant be adminitered for following 2 days and dexamethasone for following 3 days.  

10 Complications of Anticancer Drugs and Their Management
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10.1.3.2     Moderate Emetogenic Anticancer Drugs 

 The double regimen of a serontonin receptor antagonist and dexamethasone must be 
used shortly before administering the anticancer drug. Then after 2–3 days, a seron-
tonin receptor antagonist or dexamethasone can be added.  

10.1.3.3     Low Emetogenic Anticancer Drugs 

 It is recommended that dexamethasone be administered once before administering 
the anticancer drug, and that it can be used with prochloperazine.    

10.2     Myelotoxicity (Bone Marrow Toxicity) 

 Myelotoxicity is very frequent in patients receiving cytotoxic chemotherapy, and is 
socioeconomically and clinically important. Even though targeted agents are widely 
used today, the existing cytotoxic anticancer drugs are still the key treatment, but the 
myelotoxicity of most anticancer drugs limits their dosage. The forms of myelotox-
icity are neutropenia, anemia, and thrombocytopenia [ 2 ]. 

10.2.1     Neutropenia 

 Neutropenia is the most serious result of myelosuppression, and can progress to neu-
tropenic fever and sepsis. Several studies have confi rmed that the use of G-CSF (gran-
ulocyte colony-stimulating factor), such as fi lgrastim and pegfi lgrastim, or GM-CSF 
(granulocyte-macrophage colony-stimulating factor), such as sagramstim, in neutro-
penia decreases the period of neutropenia and the incidence of neutropenic fever. 

 Currently, the preventive use of G-CSF is recommended for anticancer drug 
therapy with a 20 % or higher risk of neutropenic fever. It is not recommended, 
however, for a lower than 10 % risk of neutropenic fever. For a 10–20 % risk of 
anticancer therapy, the preventive use of G-CSF must be decided on while consider-
ing the overall risk if the patient has risk factors such as an age of over 65 years, 
progressive cancer, and a history of neutropenic fever (Fig.  10.2 ) [ 3 ].

10.2.2        Anemia 

 Chemotherapy-induced anemia is common. Its incidence differs according to the 
cancer type. A 50–60 % incidence is reported in lung cancer, ovarian cancer, and 
lymphoma, and a less than 20 % incidence is reported in breast cancer or colon can-
cer. Chemotherapy-induced anemia adversely affects the patient’s quality of life by 

10.2 Myelotoxicity (Bone Marrow Toxicity)
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causing fatigue, dyspnea, dizziness, etc. One-third of cancer patients experience 
transfusion due to anemia during their treatment. Transfusion rapidly and effectively 
relieves symptoms in patients with acute anemia, but a large amount of it is needed 
for long-term chemotherapy because its effect is temporary. Recombinant human 
erythropoietin (rhEPO) was developed to replace transfusion. In several randomized 
clinical studies in which recombinant erythropoietin, such as epoetin alfa (Epogen) 
or darbepoietin alfa (Aranesp), was administered to patients receiving chemother-
apy, the use of epoetin alfa or darbepoietin alfa was shown to increase the average 
hemoglobin and decrease the transfusion demand in cancer patients. Based on these 
results, epoetin alfa was approved for use for chemotherapy-induced anemia in 
1993. Darbepoietin alfa was also approved for use in 2001. However, the incidence 
of thromboembolism may increase when using epoetin alfa or darbepoietin alfa, so 
its use is recommended only when the hemoglobin level is less than 10 mg/dl [ 2 ].  

10.2.3     Thrombocytopenia 

 Thrombocytopenia is a common side effect of anticancer therapy. Its incidence is 
increasing with the introduction of novel anticancer drugs, such as gemcitabine, and 
the development of new combination chemotherapies. Currently, platelet transfu-
sion is the only treatment for thrombocytopenia, but repetitive platelet transfusion 

  Fig. 10.2    Algorithm for prophylactic G-CSF treatment       
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may cause infection or transfusion reaction. Thrombopoietin, an important factor of 
platelet growth, was discovered in 1994, based on which recombinant thrombopoi-
etin was developed, but no such clinical drug is available yet [ 2 ].   

10.3     Chemotherapy-Induced Diarrhea 

10.3.1     Cause of Diarrhea 

 Chemotherapy-induced diarrhea decreases the patient’s quality of life and disturbs 
effective anticancer treatment. Fluoropyrimidine drugs (especially 5-fl uorouracil 
and capecitabine) and irinotecan are well known to induce diarrhea. Fluoropyrimidine 
induces acute damage and epithelial cell loss in the intestinal mucosa. Irinotecan 
can cause acute diarrhea within several hours of its administration, because its struc-
ture is similar to that of acetylcholine. This type of acute diarrhea can be mostly 
controlled with atropine which is a cholinergic antagonist. On the other hand, com-
plex factors such as intestinal mucosa damage and motor abnormality affect the 
onset of late diarrhea. Tyrosine kinase inhibitors such as erlotinib and gefi tinib often 
cause diarrhea but can be easily controlled [ 4 ].  

10.3.2     Treatment 

 Mild (Grades 1–2) diarrhea with no accompanying symptoms or signs can be easily 
controlled through oral water intake and loperamide. For higher than Grades 3–4 
diarrhea or for Grades 1–2 diarrhea with such symptoms as abdominal cramps, 
fever, neutropenia, and hemorrhage, active intravenous fl uid therapy and antibiotics 
are needed. If severe diarrhea continues, the administration of octreotide, a soma-
tostatin analogue, can be considered [ 4 ].   

10.4     Chemotherapy-Induced Constipation 

10.4.1     Cause of Constipation 

 The most common causes of constipation in patients receiving anticancer therapy 
are opioid analgesics and anti-emetics (serotonin receptor antagonists). All opioid 
analgesics cause constipation even after some time. Among anticancer drugs, vinca 
alkaloids commonly cause constipation, showing a neuropathic effect and decreas-
ing the gastrointestinal passing time [ 4 ].  

10.4 Chemotherapy-Induced Constipation
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10.4.2     Treatment 

 A high-fi ber diet, suffi cient water intake, and increased physical activity are the 
most basic treatments. When they are not effective enough, laxatives can be helpful. 
Methylnatrexone is a pure opioid receptor antagonist that does not block the anal-
gesic effect of opioid analgesics and is effective against the constipation caused by 
such analgesics. When there is no response to oral laxatives, enema or short-term 
use of a suppository can be effective [ 4 ].   

10.5     Chemotherapy-Induced Urinary Toxicity 

 The major excretion route of many anticancer drugs and metabolites is the urinary 
system. Thus, patients receiving anticancer therapy may have kidney or urinary 
bladder complications. Chemotherapy-induced urinary toxicity has various clinical 
features, from asymptomatic proteinuria and renal function disorder to life- 
threatening renal failure. Hemodialysis must be conducted in an emergency condi-
tion, when body fl uid and electrolyte control is fatal due to renal function disorder. 

10.5.1     Cisplatin-Induced Nephrotoxicity 

 Cisplatin is the most widely known anticancer drug that causes nephrotoxicity. It is 
a strong cytotoxin that directly damages the proximal tubule and decreases the glo-
merular fi ltration rate. It also contributes to nephrotoxicity by decreasing the renal 
blood fl ow because it contracts the renal microvasculature and increases infl amma-
tory cytokines such as TNF-α, IL-6, and IFN-γ. Cisplatin-induced nephrotoxicity 
becomes more severe according to the dosage and frequency of the cisplatin admin-
istration, and may become irreversible. 

 To prevent cisplatin-induced nephrotoxicity, the massive hydration with normal 
saline is recommended to maintain more than 100 ml of urine per hour. Mannitol or 
furosemide is sometimes used with cisplatin to induce forced diuresis, but this has no 
clear evidence. Carboplatin, a cisplatin analogue, can be used for patients with decreased 
renal function because it has low nephrotoxicity. It can be used instead of cisplatin in 
cancer patients, for which they are known to have similar treatment effects [ 5 ].  

10.5.2     Hemorrhagic Cystitis 

 Hemorrhagic cystitis is commonly observed when using cyclophosphamide or ifos-
famide. Acrolein, which is formed during the drug metabolism, damages urinary 
epithelial cells, causing hematuria, stimulant voiding syndrome, urinary bladder 

10 Complications of Anticancer Drugs and Their Management



247

fi brosis, vesicoureteral refl ux, etc. The incidence of hemorrhagic cystitis is 20–40 %, 
but up to 60–70 % has been reported after stem cell transplantation. Mesna is used 
as a preventive drug for hemorrhagic cystitis. It is a sulfhydryl compound that binds 
with acrolein in the urinary system and blocks epithelial damage due to acrolein. 
From several studies conducted in the early 1980s, it was reported that hemorrhagic 
cystitis can be prevented when mesna, including cyclophosphamide or ifosfamide, 
is added to chemotherapy. 

 Currently, when cyclophosphamide or ifosfamide is used in chemotherapy, it is 
recommended that mesna be administered right before (or simultaneously with) the 
anticancer drug with more than a 20 % dose, and that it be repeatedly administered 
every 4–8 h. Mesna can effectively detoxicate cyclophosphamide or ifosfamide, but 
does not infl uence the therapeutic effi cacies of these drugs [ 6 ,  7 ].  

10.5.3     Nephrotoxicity of Targeted Agents 

 Bevacizumab (Avastin), an antibody for VEGF (vascular endothelial growth factor), 
and sunitinib, sorafenib, pazopanib, and axitinib, which are small molecular tyro-
sine kinase inhibitors for the VEGF receptor, can cause proteinuria in 10–20 % of 
patients. The mechanism behind this is not fully understood, but it is assumed to be 
caused by vascular endothelial cell damage in the kidney. When the proteinuria 
induces clinical symptoms and is Grade 3 or 4, the drug administration must be 
suspended or reduced. These drugs have also been reported to cause thrombotic 
microangiopathy.   

10.6     Chemotherapy-Induced Pulmonary Toxicity 

10.6.1     Bleomycin-Induced Pulmonary Fibrosis 

 Pulmonary fi brosis appears in up to 10 % of patients using bleomycin. It is a serious 
complication that can be life-threatening. Bleomycin induces chromosomal damage 
through DNA cleavage. Bleomycin lyase is inactivated in the lung and skin, so the 
toxic effect of bleomycin is more severe in the lung, causing lung damage. 

 This pulmonary fi brosis symptom is more easily induced when a high dose of 
bleomycin is used, when the dose of combined bleomycin and cisplatin is high, 
when a high concentration of oxygen is inhaled, and when there is renal failure. 
Bleomycin-induced pulmonary fi brosis often progresses gradually 1–6 months after 
the initial drug administration, but some patients can experience acute chest pain 
syndrome. When bleomycin-induced pulmonary damage is strongly suspected, the 
drug administration should be suspended, and its re-administration is not recom-
mended when the pulmonary fi brosis is confi rmed. Corticosteroids are known to 
temporarily relieve the symptoms of pulmonary fi brosis, but their long-term effect 
has not been proven yet [ 8 ].   

10.6 Chemotherapy-Induced Pulmonary Toxicity
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10.7     Chemotherapy-Induced Neurotoxicity 

 Neurotoxicity is a common side effect of anticancer drugs. Chemotherapy-induced 
neurotoxicity is increasing as patients are surviving longer due to the good treat-
ment results of cancer patients [ 9 ,  10 ]. 

10.7.1     Platinum-Induced Neurotoxicity 

 Cisplatin is one of the drugs that commonly induce neurotoxicity. Cisplatin dam-
ages the peripheral nerves and induces numbness and pain in the fi ngers and toes, 
which progress to the arms and legs. When neurotoxicity occurs, the cisplatin dose 
must be reduced or delayed, because there is no effective treatment for this condi-
tion. Cisplatin also damages the cochlear epithelial cells, inducing a volume- 
dependent high incidence of sensorineural hearing loss. 

 Another platinum-based anticancer drug, oxaliplatin, induces acute neuropathy 
and cumulative neuropathy. Acute neuropathy is dysesthesia in the hands, feet, near 
the mouth, neck, etc., which worsens when exposed to the cold. Rarely can it cause 
seizure, voice change, ptosis, and visual fi eld disorder. In such cases, the symptoms 
can be relieved by extending the oxaliplatin infusion time from 2 to 6 h. The cumu-
lative neuropathy through oxaliplatin use is peripheral sensory neuropathy, accom-
panied by pain or function disorder. When symptoms of the condition occur, the 
oxaliplatin dose must be reduced or suspended [ 5 ,  9 ,  10 ].  

10.7.2     Methotrexate-Induced Neurotoxicity 

 Aseptic meningitis is common in methotrexate-induced neurotoxicity, which can 
occur after intrathecal administration of methotrexate. This is accompanied by a head-
ache or a neck stiffness, nausea and vomiting, and fever, usually occurs 2–4 h after the 
drug infusion, and can last up to 72 h. Most of the symptoms are self- limited and can 
be prevented through simultaneous intrathecal administration of steroids [ 9 ,  10 ].  

10.7.3     Taxane-Induced Neurotoxicity 

 Taxanes, such as paclitaxel and docetaxel, induce sensory neuropathy accompanied 
by a burning sensation in the hands or feet or refl ex loss, and may sometimes cause 
motor neuropathy in the proximal muscles. These symptoms depend on the cumula-
tive drug dose or treatment schedule, and mostly improve by reducing the dose or 
delaying the treatment schedule [ 9 – 11 ].   
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10.8     Cardiotoxicity 

10.8.1     Chemotherapy-Induced Cardiotoxicity 

 Long-term chemotherapy can cause cardiotoxicity. The resulting heart failure, myo-
cardical infection, arrhythmia, etc. are serious complications that could affect the 
cancer patient’s life expectancy. The incidence of cardiotoxicity is infl uenced by 
several factors, the more important of which are the type of anticancer drug, the dose 
used in each cycle, the cumulative dose, the administration route, and the combina-
tion with other drugs or radiotherapy. Also, cardiotoxicity can be affected if the 
patient has risk factors or a history of cardiovascular diseases or of radiotherapy [ 12 ].  

10.8.2     Anthracycline-Induced Cardiotoxicity 

 The incidence of myocardial damage with the use of anthracycline is determined by 
the type of drug and its cumulative dose. Doxorubicin is well-known to increase the 
incidence of cardiotoxicity by as much as 4–36 % when its cumulative dose is higher 
than 500–550 mg/m 2  (Fig.  10.3 ), although epirubicin or idarubicin can also induce 
cardiotoxicity, albeit at a lower rate. Anthracycline-induced cardiotoxicity is caused 
by myocardial damage from the increase in oxygen radicals and oxidation stress. 
Myocardial damage induces lipid peroxidation and death of the cell membrane, 
which irreversibly damage the myocardial tissue [ 12 ,  13 ].

   There are three types of anthracycline-induced cardiotoxicity. Acute toxicity 
(incidence: 1 %) occurs immediately after the drug administration. Early-onset 
chronic toxicity (incidence: 1.6–2.1 %) occurs within 1 year following the drug 
administration. Late-onset chronic toxicity occurs a year after the drug administra-
tion and progresses to dilated cardiomyopathy, but it can appear as late as 10–30 
years after the initial administration of anthracycline. The severity of myocardial 
toxicity varies, from an asymptomatic decrease in the left ventricular ejection frac-
tion to irreversible and fatal heart failure [ 13 ]. 

  Fig. 10.3    Doxorubicin 
induced cardiotoxicity       
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 To prevent and decrease the risk of anthracycline-induced cardiotoxicity, the 
total cumulative dose of anthracyclines must be kept below the recommended dose, 
and cardiac disorders must be detected in advance through regular heart function 
tests. In addition, there is a report that continuous infusion of antracycline rather 
than bolus injection can help prevent cardiotoxicity, but this is still controversial. 
Liposome forms of doxorubicin and daunorubicin have lower cardiotoxicity with 
the same effi cacy, so an increase in their cumulative dose is possible [ 13 ]. 

 Dexrazoxane (Cardioxane) is an EDTA derivative discovered by K. Hellimann in 
1972. It was found to reduce the formation of oxygen radicals and protect the 
 myocardium by chelating metal ions and block complex formation with anthracy-
cline. Thus, its use to prevent the cardiotoxicity in cancer patients using doxorubicin 
was approved by the FDA in 1995. However, additional studies showed that 
 dexrazoxane may be related to the incidence of secondary cancer in pediatric cancer 
patients; so in 2011, the FDA changed the drug indications to only adult breast can-
cer, and the drug dose to a cumulative dose of higher than 300 mg/m 2  of doxorubicin 
or higher than 540 mg/m 2  of epirubicin [ 12 ,  13 ].   

10.9     Chemotherapy-Induced Oral Mucositis 

 Oral mucositis is a common complication of chemotherapy, especially of high-dose 
chemotherapy, in one-third to one-half of patients. It is experienced by almost all 
patients receiving radiotherapy in the head and neck [ 14 ]. 

10.9.1     Pathogenesis and Clinical Features 

 Chemotherapy or radiotherapy induces direct damage of the oral mucosal cell. 
Reactive oxygen species are important in this process. Early damage promotes 
infl ammatory cytokine secretion, which damages the surrounding tissue, induces 
loss of the mucosal integrity, and forms a painful ulcerative lesion, thereby inducing 
secondary bacterial infection [ 14 ].  

10.9.2     Prevention and Treatment 

 To prevent oral infection, the oral condition must be thoroughly inspected and 
appropriate dental treatment must be conducted before chemotherapy. Cryotherapy, 
by holding ice in the mouth 5 minutes before to 30 minutes after 5-fl uorouracil 
bolus injection, is known to decrease the incidence and severity of stomatitis. 
Palifermin (Kepivance) is a recombinant keratinocyte growth factor that promotes 
the proliferation and differentiation of gastrointestinal epithelial cells. In the early 
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2000s, randomized clinical trials were conducted to confi rm the effect of palifer-
min. It was shown to decrease the incidence and duration of severe stomatitis in 
patients with hematologic malignancies receiving high-dose chemotherapy and 
whole-body radiation before autologous hematopoietic stem cell transplantation. 
Based on these results, the FDA approved in 2004 the use of palifermin for patients 
with hematologic malignancies [ 14 ].   

10.10     Anorexia 

 Anorexia and its resulting cachexia are common conditions experienced by more 
than 80 % of progressive cancer patients. The causes of anorexia are gastrointestinal 
obstruction and loss of appetite due to cancer, and systemic effects of chemother-
apy. Malnutrition can directly affect cancer treatment outcome and increase the tox-
icity of chemotherapy. The 2-year survival rate of cancer patients with more than 
4 % weight loss is 72 %, and the 3-year survival rate is less than 65 %. 

 In the 1970s, there was a clinical study in which the corticosteroid dexametha-
sone was used to improve the appetite of cancer patients. An improvement in the 
appetite was reported, but with signifi cant weight gain. Enteral and tube feeding can 
increase the calorie supply of patients, but it is not cost- and time-effective. Besides, 
a randomized clinical study in the 1980s revealed that enteral and tube feeding did 
not improve the long-term nutritional state of patients [ 15 ]. 

 Megestrol acetate is a progesterone derivative originally developed for hormone 
therapy of breast cancer patients. However, an unexpected side effect, weight gain, 
was reported from a clinical study in the 1980s. The mechanism of megestrol is not 
yet clearly known, but it is known to promote neuropeptide Y secretion from the 
hypothalamus, regulate calcium channels in the ventromedial hypothalamus, and sup-
press the secretion of cytokines that affect the appetite, such as IL-1a, IL-1b, IL-6, and 
TNF-α. In several randomized clinical studies conducted in the early 1990s, meges-
trol acetate was found to increase the appetite and cause weight gain in cancer patient 
with cachexia, which led to its FDA approval in 1994 and its current wide use [ 15 ].  

10.11     Tumor Lysis Syndrome 

 Tumor lysis syndrome is a s metabolic disorder induced by massive lysis of tumor 
cells and subsequent release of intracellular molecules during chemotherapy. Tumor 
lysis syndrome usually occurs when proliferation rate of tumor is very fast, the 
tumor mass is bulky, and the response to anticancer drug is very good. Hexane, 
protein, phosphate, potassium, and calcium are the materials released when a cell 
dies, and they can cause hyperuricemia, hyperkalemia, hyperphosphatemia, hyper-
calcemia, and uremia. Especially, uric acid or calcium phosphate damages the renal 
tubule and causes renal failure, and may lead to death. 

10.11 Tumor Lysis Syndrome
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 Hematologic malignancies, such as Burkitt’s lymphoma, solid tumors with a 
rapid proliferation rate, tumors larger than 10 cm, a high LDH level or white blood 
cell count, and underlying renal failure are some of the risk factors of this syndrome 
(Table  10.2 ) [ 16 ].

   Management of hyperuricemia is the most important treatment of tumor lysis 
syndrome. Allopurinol has been used traditionally to prevent this disease. Cellular 
purine is catabolized to hypoxanthine and xanthine after its metabolism, and 
 metabolized to uric acid by xanthine oxidase. Allopurinol suppresses this xanthine 
oxidase and blocks the synthesis of uric acid (Fig.  10.4 ). Therefore, allopurinol 

   Table 10.2    Risk factor for Tumor lysis syndrome   

 Risk factors 

 Tumor type  Burkitt’s lymphoma 
 Lymphoblastic lymphoma 
 Diffuse large-cell lymphoma 
 Acute lymphoblastic leukemia 
 Solid tumors with high proliferation and rapid response to treatment 

 Extent of disease  High tumor burden (>10 cm) 
 elevated LDH level (>twice the upper limit of normal) 
 Leukocytosis (>25,000/μl) 

 Renal function  Pre-existing renal dysfunction, 
 Dehydration 

 Uric acid  Elevated pre-treatment uric acid 
 >7.5 ml/dL (450 μmol/L) 

  Fig. 10.4    Purine catabolism pathway and targeting durgs       
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 suppresses the synthesis of new uric acid but cannot degrade the pre-existing uric 
acid. In addition, a high accumulated concentration of hypoxanthine and xanthine 
can cause nephrotoxicity when allopurinol is given [ 16 ,  17 ].

   Rasburicase (Elitek), a recombinant urico-oxidase, was formulated to catabolize 
uric acid in hyperuricemia. Many mammals, excluding humans, have urico-oxidase, 
which catabolize uric acid to allantoin. This enzyme is absent in humans because 
they have nonsense mutation in the coding region of this gene. Rasburicase is a 
recombinant protein obtained by expressing a cloned urico-oxidase from Aspergillus 
fl avus in yeast. In a randomized clinical study reported in 2007, a dramatic decrease 
in uric acid was shown within 4 h after rasburicase administration. Based on this 
result, the FDA approved the use of rasburicase in 2009 for patients receiving che-
motherapy with hyperuricemia or a high risk of hyperuricemia [ 17 ]. Currently, it is 
recommended that adequate hydration and allopurinol be given at the start of anti-
cancer therapy for patients with a moderate risk of tumor lysis syndrome, and that 
rasburicase administration be considered when hyperuricemia occurs. For high-risk 
patients, rasburicase should be given together with the treatment [ 16 ,  17 ].  

10.12     Extravasation of Anticancer Drugs 

10.12.1     Skin Irritation from Extravasation of Anticancer 
Drugs 

 Extravasation is the leakage or penetration of anticancer drugs from blood vessels 
into the surrounding subcutaneous tissue. Irritant drugs induce pain or infl ammation 
near the extravasation site, and vesicant drugs induce tissue necrosis and exuviation. 
Table  10.3  shows the drugs with side effects through extravasation [ 18 ].

10.12.2        Treatment of Extravasation 

 Several therapies have been attempted to block the necrosis in the extravasation site, 
but there has been no proper randomized clinical study including a control group. 
This is due to the small number of patients and the ethical issues of the placebo 
group during the conduct of a randomized trial. 

 Discovering the extravasation as soon as possible and holding the drug administra-
tion are most important in treating extravasation. The next step is to remove the 
remaining anticancer drug near the extravasation site as quickly as possible. Several 
institutions have presented various antidotes up to now, but most are ineffective, and 
reports show that they even increase the damage in the extravasation site. Application 
or local injection of corticosteroid in the extravasation site is not recommended, 
because it has shown many confl icting results. According to a study conducted in 
1988, hypodermic injection of sodium thiosulfate is effective for the extravasation of 
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mechlorethamine. The application of DMSO to the extravasation site is a treatment 
option when there is extravasation of anthracycline, mitomycin C, or platinum. 
Dexrazoxane has the effect of reducing oxygen radicals, which substantially reduces 
the skin necrosis site through anthracycline extravasation in animal models, and also 
effectively prevented skin damage due to anthracycline in two prospective studies. 
Based on these results, the FDA approved the use of dexrazoxane for the extravasation 
of anthracycline. Surgical debridement is recommended if the necrosis through 
extravasation progresses and the pain cannot be controlled. Surgical treatment includes 
surgical removal of the extravasated skin, dressing, and skin graft. It has been reported 
that about one-third of patients with extravasation need surgical treatment [ 18 ].   

10.13     Chemotherapy-Induced Skin Toxicity 

10.13.1     Hyperpigmentation 

 Hyperpigmentation is a common complication of anticancer drugs. It is caused by 
many drugs, including fl uoropyrimidine, doxorubicin, and platinum. It can be 
induced locally or systematically in the skin and mucosa. It often improves after 
suspending the drug administration [ 19 ].  

   Table 10.3    Drugs with side effects through extravasation   

 Vesicants  Irritants 

 Alkylating agent 
   Mechlorethamine 
   Bendamustine 

 Alkylating agents 
   Carmustine 
   Ifosfamide 
   Dacarbazine 
   Melphalan 

 Anthracyclines 
   Doxorubicin 
   Daunorubicin 
   Epirubicin 
   Idarubicin 

 Anthracyclines 
   Liposomal doxorubicin 
   Liposomal daunorubicin 

 Antibiotics 
   Dactinomycin 
   Mitomycin C 
   Mitoxantrone 

 Topoisomerase II inhibitor 
   Etoposide 
   Teniposide 

 Vinka alkaloids 
   Vincristine 
   Vinblastine 
   Vinorelbine 

 Antimetabolites 
   Fluorouracil 
 Topoisomerase I inhibitor 
   Irinotecan 
   Topotecan 

 Taxanes 
   Docetaxel 
   Paclitaxel 

 Platinums 
   Carboplatin 
   Cisplatin 
   Oxaliplatin 
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10.13.2     Nail Change 

 Anticancer drugs can cause a nail change. Most prominently, paclitaxel or docetaxel 
causes infl ammation of the nail base. This is also present in the use of fl uoropyrimi-
dine, doxorubicin, and cyclophosphamide [ 19 ].  

10.13.3     Hand-Foot Syndrome (Palmar-Plantar 
Erythrodysesthesia) 

 Hand-foot syndrome can be caused by capecitabine, 5-fl uorouracil, and doxorubi-
cin. First, the patient’s palms and soles become numb. This leads to erythema with 
tenderness, and in serious cases, there may be vesicles or desquamation. The appli-
cation of moisturizing cream and the avoidance of friction or pressure on the palms 
and soles are needed to prevent hand-foot syndrome. When symptoms occur, it is 
also helpful to reduce the drug dosage or to increase the drug administration inter-
vals. Most cases of hand-foot syndrome are treated within a month when the drug 
administration is suspended. 

 Hand-foot syndrome can also be caused by the targeting agents sunitinib or 
sorafenib, which show slightly different clinical features. Hand-foot syndrome 
caused by targeting agents may be accompanied by numbness, sensitivity to pain 
and heat, and paresthesia [ 20 ].  

10.13.4     Acneiform Eruption 

 Acneiform eruption is common in patients using gefi tinib (Iressa) and erlotinib 
(Tarceva), which are epidermal growth factor receptor tyrosine kinase inhibitors, and 
cetuximab (Erbitux), which is a monoclonal antibody for epidermal growth factors. 

 Papules and pustules that accompany a rash are the common symptoms, which 
form within one week of the drug administration and become most severe on the 
second week. They mostly develop on the face, scalp, and neck, and improve when 
the administration of the causative drug is hold. 

 The treatment of acneiform eruption is similar to that of acne or folliculitis: i.e., 
by taking doxycyclin or minocyclin and using isotretinoin [ 19 ].      
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    Chapter 11   
 Advancements in Bioscience and New 
Cancer Drugs                     

11.1              Development of Cancer Drugs According to Scientifi c 
Advancements 

 The parallel development of life science and cancer treatment after the introduction 
of the cell theory in 1838 can be briefl y summarized as shown in Fig.  11.1 . In the 
mid-1850s, cancer entered the fi eld of science after being designated as neoplasm, 
which is defi ned as a new mass of cells created from the division of tumor cells.

   Among the three representative modalities of cancer treatments, surgery has pro-
gressed as the primary treatment modality beginning from the radical mastectomy 
in 1889 for breast cancer to the supraradical mastectomy in the 1950s and the ultra- 
radical mastectomy in the 1960s. The second treatment modality is radiotherapy, 
which began in 1896 and has progressed to high-dose radiotherapy. The third mode, 
chemotherapy, has become a conventional treatment option since 1948, appearing 
as the universal treatment for all types of cancer under the hypothesis that cancer is 
an abnormal proliferation of cancer cells. Chemotherapy has also advanced to its 
maximum therapeutic effi cacy as high-dose combination chemotherapy in the 
1960s and ultra-high-dose combination chemotherapy in the 1980s. However, these 
concepts of maximum dose combination therapy ceased after clinical data showed 
that they were not superior compared to conventional dose chemotherapy in the 
treatment of metastatic solid tumors. 

 The limitations of cancer treatments are exemplifi ed by the characteristic spread 
of cancer in the 1960s-1980s and the statistical data of studies referring to cancer 
prevention. Basic research at the molecular level of cancer cells, which is the basis 
of tumor heterogeneity, became extensive in 1980–2000 and identifi ed the funda-
mental differences between cancer cells and normal cells. A molecular understand-
ing of these differences, as shown in Fig.  11.2 , resulted in the development of 
molecular-targeted treatments [ 1 ].

   Because these molecular targets are mainly based on differences in genomic 
information among cancer patients, personalized cancer therapy is expected to be 
implemented in the near future owing to the technology which will enable rapid and 
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accurate genomic analysis. In addition, molecular profi les of cancer patients will be 
precisely analyzed and will result in the revision of classical histology-based cancer 
classifi cation, enabling precision oncology. 

 In addition, a new concept regarding cancer has been proposed: cancer is a sys-
temic disease involving various normal cells within tumor microenvironments, 

  Fig. 11.1    Advancement of cancer therapy       

  Fig. 11.2    The differences 
between normal cells and 
the cancer cells       
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such as the vascular system, lymphatic system, and immune system (Fig.  11.3 ). 
Thus, the development of cancer treatments based on this new concept will be 
 pursued in the future.

11.2        New Anticancer Drugs 

11.2.1     Development of Novel Targeted Agents 

 As previously described, most of the anticancer drugs currently used lead to inhibi-
tion of cell division. However, molecular targeted agents recently emerged and are 
based on extensive knowledge from the past 30 years of basic research on cancer 
cells as to how cellular metabolic pathways and signal transduction pathways differ 
between normal and cancer cells. Previous cytotoxic anticancer drugs suppressed 
the division of both cancer and normal cells by blocking the general mechanism of 
cell division, inducing various side effects. However, recent molecular targeted 
agents – for example, targeting signaling factors – differentiate normal cells by tar-
geting signal transduction pathways related to cancer cell division and attempt to 
normalize its function. Such agents target the specifi c abnormal signaling factor in 
cancer cells rather than the general targeting associated with previous anticancer 
drugs and thus have been proposed to act more specifi cally on cancer cells. Among 
the target sites of the 160 anticancer drugs described in Chaps.   4    –  9    , up to 80 % are 
focused on cancer cells, and most of the targets are metabolic pathways and signal 
transduction pathways related to cancer cell division, as shown in Fig.  11.4 . The 
remaining 20 % of anticancer drugs target the other components, such as immune 
cells and endothelial cells. A detailed look at 80 % of anticancer drugs shows that 
alkylating agents act directly on DNA by suppressing cell proliferation, and anti- 
metabolites act on the biosynthesis of nucleic acids, such as DNA and RNA. In 
addition, hormonal agents act on intracellular hormone receptors, such as estrogen 
or progesterone receptors, whereas plant alkaloids and antibiotics mainly act on 
microtubules and DNA topoisomerase. Many of the recently developed targeted 
agents block the aberrantly activated cell surface receptor tyrosine kinase (RTK), 
such as EGFR and HER2. The targeted anticancer drugs for these proteins were 
developed based on technologies such as monoclonal antibodies, DNA sequencing, 

  Fig. 11.3    Cancer is a 
diverse, complex, and 
systemic disease       
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and PCR, which were intensively developed in the 1970s to the 1980s. The follow-
ing future studies will further develop targeted agents using these technologies 
(Fig.  11.5 ).

•      More studies are expected to investigate how the approximately 500 mutations 
discovered via cancer genome analyses are involved in carcinogenesis. Some 
functions of these mutations are partially known, but the development and 
research of targeted agents that focus on tumors and carcinogenesis will be 
enhanced with research on the unknown functions of cancer mutations.  

•   In addition, more than 500 types of kinases are known to transduce proliferative 
signals of cancer cells; thus, there will be attempts to develop activity regulators 
of these kinases into anticancer drugs by determining how they contribute to 
carcinogenesis and studying their functions and molecular structures.  

•   Bioinformatics studies will continue in the future, which will provide an under-
standing of carcinogenesis at the molecular level by combining the vast amount 
of information gained from next generation sequencing. Potential therapeutic 
targets will also be discovered to identify novel classes of anticancer drugs that 
suppress carcinogenesis by blocking the essential mechanisms derived from 
such bioinformatic integrative studies.  

•   Research will be pursued on the mechanisms underlying cancer resistance to 
anticancer drugs and how to overcome such resistance. Drug resistance emerges 

  Fig. 11.4    Cancer drugs developed up to the present and their targets       
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from the acquisition of new somatic mutations in target molecules or the 
 activation of bypass signaling pathways, and thus, basic and clinical research on 
the combined use of anticancer drugs to overcome the resistance is necessary.  

•   In addition, cancer genomic studies reveal that cancer varies from patient to 
patient. Many more types of tumors will be identifi ed using genomic analyses of 
cancer patients, and the adapted treatments and appropriate cancer drugs for the 
newly classifi ed tumor will be developed. The number and location of mutations 
differ per patient according to the sequencing analysis of the cancer genome, 
such that anticancer drugs that target oncogenic genes will be personalized and 
designed optimally based on specifi c structures of the mutant protein. However, 
to develop such personalized anticancer drugs, technology that screens genomic 
mutations in cancer patients and manufacturing technology for different types of 
anticancer drugs must be developed with clinical validity, clinical utility, and 
cost-effectiveness. Thus, innovation is highly required in such technologies and 
much effort and time is required to establish a system for implanting these tech-
nologies in patient treatment.  

•   Currently, these targeted agents mostly suppress or block abnormally activated 
factors in cancer cells compared to normal cells. Thus, novel anticancer drugs 

  Fig. 11.5    Future studies on cancer research       
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that restore the lost function of the tumor suppressor gene can be developed. 
However, recovery of the functional loss of the tumor suppressor protein is very 
diffi cult. Accordingly, the development of corresponding anticancer drugs may 
require a long time and many efforts. In addition, the cost of treatment per patient 
might rise considerably.  

•   The microenvironment of cancer includes various types of normal cells. Thus, 
research is required on cells that surround the cancer and constitute the microen-
vironment. The aforementioned diverse types of surrounding cells, such as fi bro-
blasts, macrophages, endothelial cells, pericytes, and immune cells, will be 
studied in detail to understand how they are involved in carcinogenesis.  

•   In addition to the cancer-surrounding cells, recent studies have identifi ed cancer 
stem cells (CSCs) in the cancer tissue. CSCs contribute to tumor progression and 
metastasis and confer drug resistance. Thus, investigations on how CSCs are 
formed and maintained and in-depth studies regarding CSC characteristics are 
required.  

•   From the perspective that cures for cancer are extremely diffi cult because of 
CSCs, treatments that improve the disease-free survival of cancer patients will be 
developed rather than focusing on complete eradication.  

•   To increase the survival rate of cancer patients, greater interest and effort in can-
cer prevention and the development of cancer prevention drugs are required, in 
addition to the innovation of cancer treatments. For example, drugs that can effi -
ciently inhibit chronic infl ammation involved in carcinogenesis may block the 
malignant transformation of precancerous lesions and may be used as cancer 
preventive agents. In addition, the activation of various chemicals in the 12 core 
pathways known in cancer genomic research can be used to test carcinogenicity. 
Moreover, the combination of molecular epidemiology with traditional epidemi-
ology will help to identify such pathways, followed by studies on carcinogens 
according to differences in ethnicity, groups, social classes and regions. 
Furthermore, cancer screening analyses and early cancer diagnostic technologies 
based on individual gene mutations will become an important issue.     

11.2.2     Future Research Prospects According to the Paradigm 
Shift 

11.2.2.1     Necessity of Tissue-Specifi c Cell Network Research 

 “What is true for  E. coli  is also true for the elephant.” This quote by J. Monod in 
1954, when molecular biology studies began in earnest, is still valid today at the 
molecular level, but the expanded knowledge today indicates that multicellular 
organisms rely on biological phenomena that are non-existent in unicellular organ-
isms. The multicellular life phenomena exist in tissues or organs that are aggregates 
of cells which constitute specialized systems, such as the circulatory system, ner-
vous system, and immune system. Furthermore, defects and functional disorders of 
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these systems are closely related to the diseases of multicellular organism. Therefore, 
the understanding of life phenomena has changed over the last 60 years, as shown 
in Fig.  11.6 . In this regard, cancer can be considered as a systemic disorder, because 
malignant cancer causes human death via metastasis through the vascular and lym-
phatic systems in its advanced stage, so that the fatal symptoms of cancer occur in 
association with the vascular and lymphatic systems.

   Until recently, however, life science has focused on protein and gene functions at 
the molecular level of a single cell, based on the reductive approach of biochemistry 
and molecular biology. This method examines various functions of proteins and 
genes at the molecular or single-cell level without considering the cell-surrounding 
environment and the interaction between cells. However, this fragmented informa-
tion cannot adequately explain the complex life phenomenon that occurs in the body 
with organic interactions between various cells. Multicellular organisms, such as 
humans, exhibit the emergence of new life phenomena at a superior level through 
hierarchical systematization (cell-tissue-organ-organism), unlike unicellular organ-
isms. Vertebrates, including humans, strictly rely on the cooperative interaction 
between various tissues and organs that perform specialized functions to maintain 
their vital activities. Each tissue performs its unique function through the organic 
interaction of its various component cells, including specialized cells working in a 
specifi c tissue. For example, recent studies have shown that high-level brain 

  Fig. 11.6    Paradigm shift from studying cells to studying systemic cell network       
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 functions, such as learning, memory and creativity, as well as various cerebral dis-
orders, such as Alzheimer’s disease and Parkinson’s disease, are mediated by the 
complex cellular interaction network consisting of nerve cells, glia cells, astrocytes, 
and endothelial cells rather than by a specifi c protein or gene. Similarly, tumor cells 
become malignant by interacting with various surrounding cells during tumorigen-
esis, and it has been shown that the tumor microenvironment, including the sur-
rounding cells, plays an important role in tumorigenesis. 

 Accordingly, the new challenge to life science is the establishment of a new per-
spective and methodology for studying the high-level life phenomena present in 
such tissues and organs. Thus, the cellular network at the meta-molecular level 
should become the focus of studies using an integrative approach, which emanates 
from previous reductive approaches, and using changes in the paradigm to study 
tissue characteristics and functions from the superior level of cells. The cellular 
level shows a high specifi city from the numerous activities accumulated at the 
molecular level, and thus an understanding of diseases drawn from previous research 
focused on only molecules is not suffi cient to understand systemic diseases. 
Consequently, new alternatives to overcome these limitations could be provided by 
studying at the cell network level (Fig.  11.7 ).

   From this point on, studies explaining the interaction network between tissue- 
specifi c cells in various tissues and the emergence of tissue specifi city because of 
this cell network are required, as shown in Fig.  11.8 .

   The tissue-specifi c cell network plays an important role in integrating and 
expressing tissue characteristics and functions via unique interactions among vari-
ous cells [ 2 ]. This function differs from division, differentiation, and migration of 
individual cells at the cellular level; rather, it involves synchronized coordination in 
the migration, division, and differentiation and the spatiality of various cellular func-
tions of a group of cells. That is, a cell group constitutes a tissue-specifi c cell net-
work and collectively and covalently shares the division and migration simultaneously 
at the entire tissue level. This aspect presents a new fi eld of interest and study at the 
tissue-specifi c cell network level (Fig.  11.8 ). The types of tissue- specifi c cell net-
works in the body are poorly understood at present but can be classifi ed as follows. 

 For cells to express their function as tissues in a normal state, they exist in a 
network that is connected to a single type or multiple types of cells, as shown in 
Fig.  11.9 . Diverse functions are generated according to the type and constitution of 

  Fig. 11.7    Necessity of 
integrative approaches       
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  Fig. 11.8    Emergence of tissue specifi city via cell-cell network       

  Fig. 11.9    Relevance of various cell networks and diseases       
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the connected cells. For example, in a single-type cell network, paraxial mesoder-
mal cells, which are a component of a somite, induce myotome formation along the 
body axis via the overlapping layer. If there is a problem with the network formation 
because of abnormal overlapping of paraxial mesodermal cells, then disorder of 
muscle development and body movement results. Another example, Kupffer’s 
Vesicle, which determines the bilateral tissue position of the heart and pancreas of 
zebrafi sh, creates a vesicle-type cell network after separation from the nearby ecto-
derm through cell migration. The asymmetrical secretion of the tissue localization 
factor from Kupffer’s Vesicle induces bilateral asymmetric tissues through ciliary 
cell movement. Moreover, astrocytes in brain tissues form an astrocyte network, 
similar to the network observed in nerve cells, and regulate the activity of neural 
circuits. Cerebral disorders such as epilepsy may occur from disorders in this astro-
cyte network.

   In addition to the single-type cell network, tissue functions are generated through 
a multi-type cell network (Fig.  11.9 ). A typical example of a tissue-specifi c cell net-
work consisting of multi-type cells is the network of blood vessels. Each human 
blood vessel consists of endothelial cells (ECs), but the same ECs create a completely 
different tissue-specifi c vascular system in terms of function and  characteristics, 
depending on which tissue-specifi c cells form the network (Fig.  11.10 ). Representative 
examples are the blood–brain barrier (BBB) in brain tissue and the sinusoid in liver 
tissues. The BBB can transfer nutrients, such as glucose and amino acids, from blood, 
but it strictly blocks toxic materials to protect the nervous system of the brain. Thus, 
cerebrovascular ECs have the strongest tight junctions in the human body and various 
transport systems [ 3 ]. During the BBB developmental process, astrocytes form a 

  Fig. 11.10    Different cell network in the BBB of the brain and the sinusoid of the liver       
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network with ECs and induce strong tight junctions between ECs. However, liver 
tissues form fenestrae between ECs to loosen the cellular adhesion for the active 
exchange of materials between blood vessels and hepatocytes to supply nutrients to 
the body after detoxifying the materials at the Space of Disse in the hepatic plate. 
This creates a perforating vascular structure called a sinusoid, which allows the free 
exchange of materials. Perforating ECs can also be observed in the intestinal mucosa, 
endocrine gland, and glomerulus in the kidney and pancreas. A network with liver-
specifi c surrounding cells is expected to be important in the development of perforat-
ing ECs, but detailed studies have not yet been performed. Furthermore, recent 
studies have reported a barrier network of meningeal cells that surrounds the brain in 
the wound healing process of the central nervous system. The meningeal cells sup-
press the infl ammatory response and recover the meningeal barrier. To protect the 
brain during the wound healing process, meningeal cells form a specifi c cell network 
structure that captures the infl ammatory cells derived from blood [ 4 ,  5 ]. In this case, 
the meningeal cells interact with various infl ammatory cells and form a specifi c and 
transient cell network. These results indicate that multi-type cells express tissue-spe-
cifi c functions via interacting networks (Fig.  11.9 ).

   Thus, new studies based on the cell network, unlike previous studies at the 
molecular level, can elucidate how cell networks specifi cally generate tissues and 
can determine the tissue-specifi c functions. These studies can be expanded to intro-
duce a methodology for interpreting the pathogenesis of systemic disorders such as 
cancer in a novel manner. Currently, few cell networks are known to exist in various 
human tissues, and thus, various cell networks must be fi rst investigated, and the 
emergence of new structures and functions at the tissue level via the cell network 
can then be studied in detail. Subsequently, damage and destruction of the cell net-
work and its recovery during the pathogenesis of disorders such as cancer should be 
studied so that a new perspective can be proposed on the pathogenesis and treatment 
of systemic disorders.  

11.2.2.2     Development of New Anticancer Drugs by Cell Network Studies 

 A paradigm shift is required in the study of cancer, particularly in the integrative cell 
network concept. As previously described, cell division inhibitors and targeted drugs 
comprise most of the current anticancer drugs, which were developed based on the 
intracellular characteristics of cancer cells. Since the cell theory was proposed in the 
nineteenth century, biochemical/molecular biology studies were actively conducted 
in the 1950s to 1960s, and further extensive studies on the characteristics of the 
cancer cell were performed in the 1970s to 2000s (Figs.  11.4  and  11.11 ).

   However, these anticancer drugs were not as successful as expected for most 
solid tumors, and this was discussed at the World Oncology Forum held in Lugano, 
Switzerland in 2012 (Fig.  11.12 ) [ 6 ]. Current anticancer drugs, including targeted 
drugs, are not very effective for advanced malignant tumors, except hematological 
tumors [ 6 ]. To overcome the limitations of these current cancer drugs, we must 
rethink the current cancer research studies.
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   Currently, cancer research studies are mostly centered on the cell biology and 
molecular biology of cancer cells. For example, R. A. Weinberg’s “A perspective on 
cancer cell metastasis,” published in 2011, focused on cancer cells by explaining 
that the cancer overcomes the six steps of metastasis via the capability gained by the 
cancer cell itself (Fig.  11.13 ) [ 7 ].

   In Step 1, the cancer cells keep proliferating and acquire invasion capabilities. 
Step 2 involves the intravasation of the cancer cells, their disassembly of the sur-
rounding extracellular matrix, and their entry into the blood vessel. In Step 3, the 

  Fig. 11.11    Molecular targeted cancer drugs were developed based on cancer cell study       

  Fig. 11.12    Are the current cancer drugs successful?       
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cancer cells become CTCs in the blood vessel and are capable of surviving without 
attachment. Step 4 involves extravasation of the cancer cells, their breaking away 
from blood fl ow circulation, and their gaining the ability to invade the microenvi-
ronment of a new tissue. In Step 5, the cancer cells gain the ability to avoid an innate 
immune response in new tissues and also become capable of surviving as a single 
cell (or a small cancer cell mass). In the last step, Step 6, the cancer cells adjust to 
the new microenvironment and begin to proliferate. This superior ability of cancer 
cells creates a tumor mass in the new tissue and causes metastasis. This review 
clearly demonstrates that cancer cells perform the most important role in metastasis, 
and cancer cells are thought to accomplish metastasis by overcoming several diffi -
culties with their acquired abilities. Thus, until now, many studies have focused on 
the various abilities acquired by cancer cells during the metastatic process. 

 However, as mentioned in Chap.   1    , cancer characteristics can be divided into the 
characteristics of the cancer cells themselves and the characteristics from the 
 interaction with the surrounding other cells and the microenvironment. The second 
type of tumor characteristics arises from the interaction between the cancer cells 
and their surrounding cells or the tumor environment, resulting in angiogenesis, 
invasion and metastasis, immune escape, and chronic infl ammation. These charac-
teristics are closely related to the systemic characteristics of multicellular organ-
isms. As shown in many recent studies, not only cancer cells but also their tumor 
microenvironment, including ECs, pericytes, fi broblasts, macrophages, lympho-
cytes, and extracellular matrices, participate in cancer metastasis (Fig.  11.14 ). In 

  Fig. 11.13    The process of metastasis focused on cancer cells       
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addition, this microenvironment includes various factors, such as the oxygen con-
centration, ROS, blood perfusion, plasma components, cytokines, and growth fac-
tors, in addition to the cells. Thus, cancer cells are placed in a constant infl ammatory 
environment caused by the nearby immune cells even during the metastatic process, 
and they gain not just the ability to escape the host immune system, but they also 
stimulate the vascular system to create new blood vessels and cause metastasis via 
the vascular and lymphatic systems.

   On the basis of this recently gained knowledge, the tissue-specifi c cell network 
concept can be implemented in tumor research. The tumor research direction should 
be changed from an intracellular study of the cancer cell to a study on the cell net-
work of cancer tissue and how they become malignant. To study this new cancer 
research concept, a corresponding methodology must be established. For example, 
the specifi c roles of the cells surrounding cancer cells in tumorigenesis and their 
relationship to various characteristics of cancer tissues must be investigated to truly 
understand the malignancy and variety of cancer. These studies are possible through 
a shift of focus from the cancer cells themselves to a cell network perspective that is 

  Fig. 11.14    Intercellular interaction within a tumor-specifi c cell network       
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unique for cancer tissue. After an understanding and establishment of the cell net-
work view of cancer, we can comprehend the true characteristics of metastasis and 
tumorigenesis. Consequently, new anticancer drugs or anticancer treatments can be 
developed on the basis of such an understanding of the fatal end-stage cancer that 
disrupts the system. From this perspective, the six steps of metastasis proposed by 
R. A. Weinberg in 2011 can be reconstituted into a dynamic tumor specifi c cell net-
work, as follows (Fig.  11.15 ).

   In Step 1, the cancer cells will constitute a network with the surrounding ECs, 
fi broblasts, necrotic cancer cells, infl ammation-inducing cells, such as fat cells, lym-
phocytes (T-lymphocytes, B-lymphocytes, NK cells, and NKT cells), smooth mus-
cle cells, and tissue-specifi c cells, along with hypoxia and a nutritionally defi cient 
microenvironment state. In Step 2, the cancer cells will constitute an interactive 
network with the ECM, ECs, and pericytes. In Step 3, the cancer cells will constitute 
an interactive network with intravascular immune cells (macrophages, B cells, T 
cells, etc.), platelets, and rapid blood fl ow. Subsequently, in Step 4, the cancer cells 
will constitute an interactive network with ECs, pericytes, the basement membrane, 
etc.; and in Step 5, with the fi broblasts, ECs, infl ammation-inducing cells, etc. of the 
new tissue. In the last step, Step 6, the interactive network forms with the cancer 
cells themselves, the lymphocytes (T-lymphocytes and B-lymphocytes), myeloid 
cells [tumor-associated macrophages (TAMs), myeloid- derived suppressor cells 
(MDSCs), tumor-associated neutrophils (TANs), and dendritic cells], NK cells, 
NKT cells, smooth muscle cells, fi broblasts, epithelial cells, endothelial cells, peri-

  Fig. 11.15    The process of metastasis focused on the cell network       
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cytes, and new tissue-specifi c cells. During this process, the cancer cells exchange 
information with various surrounding cells to change and evolve constantly, eventu-
ally transforming into metastatic tumor cells or tumor stem cells. 

 Recent cancer genomic studies allow the large-scale screening of genetic 
mutations for various human cancers not in animal tissues or in cancer cell lines. 
The resulting genomic mutations are shown in Fig.  11.16  during the transforma-
tion of normal tissues to benign tumors and of benign tumors to malignant tumors 
[ 8 ]. However, the genetic mutations that are consistently common during the 
transformation of non-metastatic tumors to metastatic tumors have not yet been 
discovered. This result strongly suggests the importance of the interaction net-
work between cancer cells and their surrounding cells in the advanced stage. 
Thus, in tumorigenesis, the step from normal epithelial tissue to adenoma, and 
then to carcinoma, can potentially be regarded as a local disease predominantly 
characterized by cell proliferation, whereas the fi nal step from carcinoma to the 
metastatic tumor is presumed to involve a change to a systemic disease. Thus, the 
intercellular interaction network of cancer tissues is expected to play a critical 
role during this systemic change of cancer. Therefore, investigation of the tumor-
specifi c cell network can propose a new breakthrough in explaining the meta-
static stage.

  Fig. 11.16    Switch of disease characteristics from local disease to systemic disease during cancer 
progression       
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   However, the cell network study of cancer tissue becomes enigmatic beyond 
imagination when the molecular changes in the interacting cells are the point of 
focus, which makes it diffi cult to identify a solution. Molecular level study will gen-
erate a huge amount of data and information, which will be too complex to solve the 
problems. Such complexity can be overcome by tissue level study instead of investi-
gating it at the molecular level of the cells. Such tissue level study criteria shows that 
the cell network targets may include an increase in the infl ammatory response, an 
increase in invasion/metastasis, acquisition of the immune evasion capability, a 
change in the differentiation capability, etc as shown in Fig.  11.17 . Through these 
attempts, tumorigenesis can be newly understood and defi ned at the cell network 
level, which would enable the development of new-concept cancer drugs and treat-
ments that can regulate or block malignant metastatic tumorigenesis.

  Fig. 11.17    Criteria of cellular and molecular level studies and cell network study       
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