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Abstract Microtubules are intracellular components of cytoskeleton throughout
the cytoplasm of all eukaryotic cells. Microtubules are dynamic polymers with con-
tinuous assembly and disassembly of tubulin dimers. This highly dynamic action of
microtubule contributes to numerous cellular processes such as maintaining the
structure of the cell, cell division and cell movement. For this reason, microtubule
has become a notable target for chemotherapeutic achievements. Microtubule
Targeting Agents (MTAs) that nowadays are used in chemotherapy, induce microtu-
bule polymerization or depolymerization. They are categorized into two groups
known as stabilizers such as texanes and destabilizers such as vincas. Either, stabi-
lizing or destabilizing of microtubule polymer leads to spindle assembly poisoning,
mitotic blockage and cell death. Yet, we are required to consider main forthcoming
controversial difficulty which is resistance to MTAs. Clinical studies have docu-
mented different levels of resistance to MTAs with different durability among
patients even within the same class of drugs. For instance, overexpression of
P-glycoprotein (P-gp) is linked to resistance to taxanes, but not to ixabepilone, even
though they have similar mechanism of action. Mutations in f-tubulin have been
associated with resistance to taxanes but not to epithilones despite their mechanism
of action being same. Also, there is association between poor response to taxanes
and overexpression of PIII-tubulin. Either receiving benefit or harm from MTAs,
depends on each individual patient considering their variable chemo-sensitivities to
drugs. Therefore, it is crucial to understand the basic biology of microtubules and
the molecular mechanisms by which MTAs exert their activity. This is especially
important considering their current application in cancer therapy. In this chapter we
discussed about MTAs in detail and illustrate their molecular mechanisms involved
in various cancers.
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Cancer and Normal Cells Different Characteristics

Cancer is an ancient disease that afflicts about 40% of the global population despite
improvement in the diagnosis and treatment to the disease. Rather more challenging
when cancer become metastatic [1]. Surgery, chemotherapy and radiation therapy
are the current strategies for cancer treatment. The conventional treatments failed
achieving therapeutic selectivity to cancer cells, rather than non-specific targeting
the normal cells, and this leaded to appearance of serious side effects. Therefore,
the current target-based drug design and discovery requires new drugs with selectiv-
ity to cancer cells in molecular bases. Thus, differentiation of cancer cells from
normal cells which includes their characteristics and behaviors, is a requirement.
Based on the current knowledge of cancer cell characteristics, studies are directed
to molecular—based paradigms. These paradigms are safe to say that increased drug
efficacy with less side-effects [2]. In the last 25 years, countless researches have
been done for understanding molecular-based strategies, which their discoveries
have been improving diagnostic, prognostic and treatment of cancers [1]. In this
chapter, we plan to discuss microtubule targeting and the list of microtubule target-
ing agents that have been reported so far (Table 1).

The hallmark characteristic attributed to cancer cells is their fast growth rate and
their ability to proliferate indefinitely when compared to normal cells. To that,
regulation of many key proteins involved in survival pathways and cell-cycle regu-
lation are modified in cancer cells. In addition, apoptosis is suppressed in many of
cancer cells through various pathways, and this adds to greater ability of cancer
cells to survive [3]. Robust proliferative responses in normal cells, are actually
sustained in cancer cells. The deregulation of Cyclin-Dependent Kinases (CDKs)
that enable cell cycle progression [4] and the abnormal expression of Myc, a stra-
tegic controller of cell proliferation, are few prominent examples [5]. It is well
known that occurrence of mutation is higher in cancer cells compared to normal
cells. From carcinogen exposure to clinical detection, cancer cells require to grow,
divide, invade and metastases. During this period, multiple mutations in genetic
stability-genes are required that initiates cascade of other mutations in other genes.
Many of those second group of genes are controller of key pathways [6]. In 2013,
140 genes were reported that if are altered by mutations, can “drive” to tumorigen-
esis. A typical cancer cell has two to eight of these driver genes mutations. Other
mutations in these cells are “passenger” mutations that do not cause any specific
proliferation advantages. Overall mutations cause cell-autonomous alterations
which leads to different consequences such as dividing fast and going through dif-
ferent cell-cycle phases faster than normal cells. “Dividing rapidly” lowers balance
between supply and consumption of nutrients and oxygen. Therefore, cancer cells
acquire second set of mutations to provide an appropriate condition that endures
nutrient and oxygen deficiency, like mutation in EGFR (Epidermal growth factor
receptor), HER2 (Human epidermal growth factor receptor 2), RAS, RAF (rapidly
accelerated fibrosarcoma), PTEN (Phosphatase and tensin homolog). Many of
these new set of mutations cause abnormal vascularization with well-ordered net-
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Table 1 Microtubule Targeting Agents (MTAs), and their mechanisms of action
Compound Cancer type Mechanisms of action Reference
Paclitaxel (taxol) Ovarian, breast, lung | Natural stabilizer, stabilizes [202]
and pancreatic microtubule polymer, avoids
cancers microtubule disassembly
Causes G2-M arrest
Causes apoptosis
Docetaxel Breast, head and Natural stabilizer, stabilizes [36]
(taxotere) neck, gastric, microtubule assembly, avoids
hormone-refractory | microtubule disassembly in the
prostate cancer and | absence of GTP
non-small-cell lung | Causes G2-M arrest
cancers
Epothilone Breast, ovarian, Natural stabilizer, stabilizes [203, 204]
prostate, lung, microtubule assembly, induce tubulin
glioblastoma cancers | polymerization without the presence
and paclitaxel- of GTP
resistant tumors Causes G2-M arrest
Causes apoptosis
Peloruside A Breast, ovarian, lung, | Natural stabilizer [205]
head and neck Causes G2-M phase arrest
cancers Causes apoptosis
Has synergistic effect with paclitaxel
Laulimalide Cancer types that are | Natural stabilizer [47]
resistant to paclitaxel | Has synergistic effect with paclitaxel
and epothilones and epothilones
Taccalonolide Cancer types that are | Natural stabilizer [51,52]
resistant to paclitaxel | Bind to B-tubulin covalently
and doxorubicin Causes microtubule bundles in
interphase
Causes mitotic arrest
Causes apoptosis
Has efficacy in cell with mutated
paclitaxel-binding site
Has efficacy in cells resistant to
doxorubicin
Escapes from P-gp and mutant
B-tubulin-induced resistance
Cyclostreptin Cancer types that are | Natural stabilizer [56]
resistant to paclitaxel | Induce and stabilizes microtubule
polymerization by binding covalently
40-fold less toxic than paclitaxel
Escapes from P-gp and mutant
f-tubulin-induced resistance
Discodermolide Ovarian cancer, Natural stabilizer [60, 206]

Cancer types that are
resistant to paclitaxel

Has efficacy in cell with mutated
paclitaxel-binding site

Escapes from P-gp and mutant
f-tubulin-induced resistance

Has synergistic effect with paclitaxel

(continued)
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Table 1 (continued)
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Compound

Cancer type

Mechanisms of action

Reference

Dictyostatin

Cancer types that are
resistant to paclitaxel

Natural stabilizer

Stabilizes microtubule polymer by
preventing depolymerisation

Causes G2-M phase arrest

Has efficacy in cell with mutated
paclitaxel-binding site

Escapes from P-gp -induced resistance
Effective against MDR cancer cells

[62,207]

Eleutheside

Natural stabilizer
Inhibits microtubule dynamics
Causes G2-M phase arrest

[79]

Discodermolide
analogues

Synthetized stabilizer

Causes G2-M phase arrest

Has efficacy in paclitaxel-resistant
cells and their own parental drug
(discodermolide)

[59]

Discodermolide-
dictyostatin hybrid

Breast, ovarian
cancers

Synthetized stabilizer

[63]

Ixabepilone

Breast cancer

Synthetized stabilizer

Inhibits microtubule dynamic
instability

Effective against MDR cancer cells
Has synergistic effect with
capecitabine

[45, 68]

Vinca alkaloid

Breast, head and
neck cancer and
Leukemia,
lymphomas

Natural destabilizer

Depolymerizes microtubule polymers
Disrupt mitotic spindle at high dosage
Blocks mitosis low clinically relevant
dosage without depolymerizing
mitotic spindle

Causes apoptosis

[72,204]

Estramustine

Prostate cancer

Natural destabilizer
Inhibits microtubule dynamics
Causes G2-M phase arrest

[79]

Dolastatin

Natural destabilizer

Causes mitotic arrest

Inhibit microtubule polymerization
and dynamics

Causes formation of non-microtubule
structure assemblies of tubulin
Causes multi-polarity

Supressed naturally decay of tubulin

[80, 84]

Colchicine

Nonneoplastic
diseases

Natural destabilizer

Delays microtubule growth at low
dosage and suppresses microtubule
dynamic

Depolymerizes microtubule at high
dosage

[87,204]

(continued)
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Table 1 (continued)
Compound Cancer type Mechanisms of action Reference
Nocodazole Compound Natural destabilizer [88]
terminated from Interferes with microtubules
clinical trial polymerization
Compound is used as
a lead agent for
design and discovery
of analogues and also
is used as a reference
compound in cancer
studies
Cryptophysin Breast and lung Natural destabilizer [89, 208]
cancer cell-lines Suppress tubulin polymerization
Effective against MDR cancer cells
Halichondrin B Breast cancer Natural destabilizer [90]
Inhibits microtubule polymerization
Inhibits tubulin-dependent GTP
hydrolysis
Combretastatin Lung and thyroid Natural destabilizer [45,204]
cancer Potential VDR
Hemiasterlin Colon cancer, lung Natural destabilizer [12,94]
cancer and melanoma | Inhibits depolymerisation of existing
microtubules
Inhibits new microtubule assembly
Effective against MDR cancer cells
Podophyllotoxin Lung, lymphomas Natural destabilizer [97,209]
and genital tumors Inhibit microtubule polymerization
Inhibit mitotic spindle assembly
Curacin A Renal, colon and Natural destabilizer [88, 210]
breast cancer
2-Methoxyestradiol | Prostate cancer, Natural destabilizer [45, 88]
myeloma and Inhibit microtubule polymerization
glioblastoma Suppresses tumor vascularization
ENMD-1198 Synthetized destabilizer [88]
Stable analogues of 2-ME with
improved properties
Eribulin (E7389) Breast, prostate, head | Synthetized destabilizer [14]
and neck, non-small | Suppresses microtubule
cell lung cancer, polymerization and dynamic
pancreatic instability, arrests mitosis
Causes apoptosis
Suppresses centromere dynamics at
dosage that arrest mitosis
SMART Prostate and Synthetized destabilizer [99, 211]

melanoma cancer

Suppress microtubule polymerization
Causes G2-M phase arrest

Causes apoptosis

Effective against MDR cancer cells

(continued)
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Table 1 (continued)
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Compound Cancer type Mechanisms of action Reference
MBIC Cervical cancer Synthetized destabilizer [100]
cell-line Causes G2-M phase arrest
Causes mitotic arrest
Causes apoptosis
Has synergistic effect with colchicine,
nocodazole, paclitaxel and doxorubicin
N-Acetylcolchinol Synthetized destabilizer, [101]
O-Methyl Ether Bind to tubulin 16 times faster than
colchicine
Thiocolchicine Breast cancer Synthetized destabilizer, [101]
Bind to tubulin faster than colchicine
7D6126 Metastatic colorectal | Synthetized destabilizer [132]
cancer Reduces vascularization volume
(VDA)
Induces extreme necrosis in the tumor
Has synergistic effect with paclitaxel
E7974 Ovarian and Synthetized destabilizer [102]
paclitaxel-resistant Analogue of hemiasterlin with
cancer types improved properties
Has efficacy in cell with mutated
paclitaxel-binding site
Escapes from P-gp -induced resistance
Effective against MDR cancer cells
HTI-286 Prostate cancer. Synthetized destabilizer [103, 212]
Cancer types that are | Analogue of hemiasterlin with
resistant to paclitaxel, | improved properties
epothilones Causes mitotic arrest
Causes apoptosis
Has efficacy in cell which are resistant
to paclitaxel or epothilones and those
that contain point mutations in p-tubulin
CA-4P Ovarian, non-small Synthetized destabilizer [88]
cell lung and Analogue of combretastatin
anaplastic thyroid
cancer
0Oxi4503 Anti-vascular effects | Synthetized destabilizer [88, 213]
in solid tumors Analogue of combretastatin
Targets tumor vasculature (VDA)
AVE8062 Breast and ovarian Synthetized destabilizer [88, 214]
cancer Analogue of CA-4
More stable than CA-4
Disrupts the formation of blood vessel
in tumors
Has synergistic effect with docetaxel
Plenstatin Antivascular effects | Synthetized destabilizer [88]

in solid tumors

Analogue of CA-4
More stable than CA-4

(continued)
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Compound

Cancer type

Mechanisms of action

Reference

CC-5079

Antivascular effects
in solid tumors

Synthetized destabilizer

Analogue of CA-4

More stable than CA-4

Dual inhibitor: Inhibits microtubule
polymerization and inhibits activity of
phosphodiesterase (PDE4)
Anti-angiogenic

[88]

ABT-751 (E7010)

Colorectal, non-small
cell lung cancer

Synthetized destabilizer
Analogue of CA-4
Causes G2-M phase arrest
Causes apoptosis

(88,215,
216]

T138067

Breast, Non-small
cell lung, colorectal
cancer, Glioma,
Hepatocellular
carcinoma

Synthetized destabilizer

Analogue of CA-4

Binds to B-tubulin covalently
Prevents a- and p-tubulin dimers
polymerization

Effective against MDR cancer cells

[88]

Indibulin

Metastatic breast
cancer

Synthetized destabilizer

Analogue of CA-4

Its great property is lack of
neurotoxicity in its curative dosages
Has efficacy against paclitaxel-
resistant cancer cells

Has efficacy against MDR expressing
cancer cells

Has efficacy in the cells with
resistance to cisplatin, thymidylate
synthase inhibitor 5-FU and
topoisomerase-I-inhibitor

[88,217]

Cryptophysin 52
(LY355703)

Colon, lung, prostate
and ovarian cancer

Synthetized destabilizer

Analogue of CA-4

depolymerizes microtubules in spindle
apparatus

Suppresses microtubule dynamics

[89]

Cryptophycin-
fluorescein-RGD-
peptide conjugate

Cancer cells with
overexpressed
integrins such as
human cervix
carcinoma cell-line
KB-3-1 and its MDR
subclone KB-V1

Synthetized destabilizer
Analogue of cryptophycin 52 with
lower toxicity and better water
solubility

Has affinity for o, fsintegrins

[89, 218]

work of veins, arteries and lymphatics which bring more nutrients and oxygen for
rapidly dividing cells. Beside the exterior-related help of mutations, interior-related
help are also required to survive. This includes those mutations that progress the
cell cycle such as CDKs, Myc, microtubule-associated protein (MAP) genes muta-
tions [6]. There are several MAPs including motor proteins such as kinesin and
dynein and several microtubule-regulatory proteins such as stathmin, survivin,
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MCAK (Centromere-associated kinesin), EB1(End-binding protein 1) and FHIT
(Fragile histidine triad protein).The importance of MAPs is their association with
microtubules in formation of mitotic spindle apparatus which is the key require-
ment for rapidly dividing cells. The necessity of microtubule during mitosis is by
means of separating the duplicate chromosomes of mother cell into two daughter
cells and finally cell division. This virtue of microtubules took a lot of attention in
cancer therapy as a target. Microtubules have known to be a target of many natu-
rally occurring toxic yet self-protective molecules, extracted from microorganisms,
sea flora and plants [7].

Microtubule Dynamic as a Target for Cancer Therapy

Microtubules are made of cellular components o- and p-tubulin heterodimers by
polymerizing head to tail orientation of protofilaments. Protofilaments are around
12—13 in numbers that binds together and form microtubule, a dynamic structure
that are principal member of mitosis, meiosis, cell movement, maintenance of cell
structure and intracellular organelles movements. Hence they have become a target
in cancer therapy [8]. The way of protofilament arrangement conveys the microtu-
bule polarity. The a-tubulins are placed in the minus end while B-tubulins are placed
in plus end. In the microtubule plus end, several proteins accumulate that are known
as the microtubule plus end tracking proteins [9]. This group of proteins and their
function will be elaborated further in this chapter. In mitosis, the microtubule-
organizing center (MTOC or centrosome) binds to minus end of microtubules and
cause microtubules accumulation. From there microtubule grows toward outside of
MTOC [10]. y-Tubulin in combination with other proteins forms y-tubulin ring
complex (y-TuRC). y-TuRC is the a- and B-tubulin scaffold before polymerization
begins in MTOC. y-Tubulin also protects the minus end from polymerization and/
or depolymerization. GTP binds to f-tubulin and its hydrolyzation is necessary for
further assembly. GTP-tubulin is stable while GDP-tubulin after losing a phosphate,
is susceptible to depolymerization.

An important characteristic of microtubule is the dynamic instability which is
considered as nature of microtubule to switch rapidly between growth and shrink-
age. Microtubule dynamicity is highly regulated via different post-translational
modifications and by some MAPs that bind to tubulin dimers or at poles of micro-
tubules. This dynamicity provides cell living-needs such as cell movement, migra-
tion and division. Prior to mitosis, the whole structure of microtubule rearranges
from the interphase microtubule architecture to specialized rapidly dynamic mitotic
spindle assembly. These specialized microtubule spindles direct sister chromatids
toward either poles of the cell. This responsibility ultimately ensures each new
daughter cell receive correct and complete genetic content [11].

In the beginning of mitosis, at prophase, microtubule grows out from the centro-
some, and in case the microtubule plus end meets the chromosome, it becomes
stabilized, and otherwise disassembly is initiated. These disassembled free tubulins
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would be available for other microtubule growths. However these events are not
happening just by interaction between microtubule and chromosomes. There are
different ways to achieve functional diversity of microtubule: (i) through the expres-
sion of various tubulin isotypes which each having different functions, (ii) through
post-translational modifications on tubulin and (iii) through binding of numerous
regulatory proteins such as MAPs. These proteins interact with soluble tubulin and/
or microtubule’s surface and ends. Human tubulin isotypes include 7 forms of
B-tubulin and 6 forms of a-tubulin. Their expression varies in different cell types.
The post-translational modification of tubulin includes polyglutamylation, polygly-
cylation, acetylation, phosphorylation, tyrosination/detyrosination and removal of
some residues such as the penultimate glutamic-acid from a-tubulin. Among MAPs,
the motor proteins such as kinesin and dynein. Microtubule regulatory proteins
include stathmin, survivin, MCAK, TOG, EB1, MAP4, dynactin 1, PAC1. Some of
these proteins are associated with resistance of the cell to certain drugs [7]. Many
proteins are involved in the microtubule dynamics. Stathmin is an endogenous
depolimerizer/destabilizer that attaches to free tubulin dimers and avoids their bind-
ings, therefore inhibits formation of protofilaments and microtubules. In contrary,
some other proteins attach to polymerized microtubule and protect their stability or
decreasing the duration and speed of depolymerization. The activity of these native
stabilizers and destabilizers are regulated (phosphorylated/dephosphorylated) by
cell cycle-dependent kinases.

Mutations in o- and B-tubulins affects the microtubule polymer mass and more
or less effect on drug binding sites. As expected, this matter is contributing in resis-
tance to MTAs which will be discussed broadly in this chapter. On the other hand,
abnormal expression of some of B-tubulin isotypes, such as BIII-tubulin, or aberrant
expressions of MAPs are also reported to be associated to resistance to MTAs. Cells
survive optimally within a certain range of tubulin polymerization, about 22—-58%
of intracellular tubulin. Cells with lower levels of polymerized tubulin are resistant
to tubulin-stabilizers such as epothilones and taxanes, but at the same time they are
more sensitive to microtubule-destabilizers such as vinca alkaloids. Opposed to
that, cells with increased levels of microtubules, are more resistant to microtubule-
destabilizers but more sensitive to microtubule-stabilizers [12, 13].

Microtubules are playing a critical role in the mitosis. In the process of mitosis,
duplicated chromosomes of mother cells are divided into two identical chromo-
somes before division of the cell into daughter cells. Since, cancer cells divide rap-
idly compared to the normal cells, therefore this made microtubule a noticeable
target in anticancer researches. Various MTAs through different binding sites bind
to tubulin and target microtubule structure which more or less affects microtubule
dynamics. Microtubule has two types of dynamic behaviors. First type is called as
“dynamic instability” which is a process wherein each microtubule ends switch
between two phases of growing and shrinkage (shortening). The two ends of micro-
tubule are not equivalent. Growing and/or shortening of plus end are much faster
than minus end. Dynamic instability is characterized by four key factors: by the rate
of microtubule growth; by the rate of microtubule shrinkage; the frequency of tran-
sition from the growth to shrinkage which this transition is called “catastrophe”; and
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the frequency of transition from shrinkage to microtubule growth which is called
“rescue”. Catastrophe and rescue also are called “pause states”. The second type of
dynamic behavior is “treadmilling”. Treadmilling is microtubule growth in one end
and balanced shortening in the opposite end. It occurs when tubulin subunits are
added to the plus (+) end rapidly, while in minus (—) end tubulins are disassembled
with relatively low rate. The duration and frequency of switch between these two
dynamic behaviors depends on what tubulin isotypes are involved, the degree of
post-translational modifications and the type of regulatory proteins actions. For
microtubule polymerization, tubulin-GTPs are added to microtubule ends and it is
hydrolyzed to tubulin-GDP and Pi. Pi is eliminated from the microtubule. Those
microtubules that contain tubulin-GTP or tubulin-GDP- Pi at the end of microtubule,
are stable or capped. These types of microtubules do not go through depolymeriza-
tion. But when the cap hydrolyses, release of Pi enhances some conformational
changes in tubulin dimer and this event destabilizes the exposed microtubule poly-
mer which causes microtubule shrinkage and final term of catastrophe [7]. Such
specialized high qualified networks of mitotic spindles are remarkably sensitive to
the effect of microtubule disrupting drugs. However, the action of MTAs does not
confined to microtubule disruption, but also MTAs alter mitotic kinases. Further
their synergism with same or different class of drugs was discovered. However, the
development of resistance and side effects such as neurotoxicity, are always in the
package that comes with these drugs [7] (Fig. 1).

Microtubules dynamic behaviours Uni-directional dimers

(A) (8)

8G-Tubulin Mightyconcantrated P
’ ighly concentrate
B-Tubulin Cap hydralyzation

(#) Plus end

tubulin dimers

Stable mi Unstable mi

J L )
T Y

Paused Shortening
(Catastrophe)
L J L J
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Fig. 1 (a) Microtubule consist of a-tubulin and p-tubulin. Those microtubules contain a-tubulin-
GTP or tubulin-GDP- Pi, are capped at the end and they are stabilized. (b) When cap hydrolyses
(release of Pi) microtubule destabilizes and shrinkages. Microtubule dynamic behaviors: (c¢)
Dynamic instability where in microtubule polymer ends switch between two phases of growing
and shrinkage, and (d) Treadmilling wherein microtubule grow in one end and balanced shortening
in the opposite end
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Microtubule-Targeting Agents as Anti-Cancer Drugs

A wide variety of small molecules, including taxoles, alkaloids, macrolides and
peptides, bind to tubulin and disturb microtubule assembly, disassembly and dynam-
ics [14]. They are known as MTAs. MTAs great contribution is to interrupt mitotic
spindle formation and subsequently block the cell division. Although this class of
anticancers are very successful but various sort of resistance against them have been
reported [15]. The drugs that nowadays are introduced as MTAs interact with either
tubulin dimers and/or microtubule polymer. MTAs are divided into two major
groups: destabilizers that bind to tubulin dimers and avoid microtubule polymeriza-
tion or bind to polymerized microtubules and promote depolymerization. In con-
trast, stabilizers are group of MTAs that bind to tubulin and/or microtubule polymer
and stabilize the polymerized formation. Destabilizers include vinca alkaloids such
as vinblastine, vincristine, vindesine, vinorelbine, vinflunine other destabilizers are
estramustine, dolastatins, halichondrin, combret-astatins, 2-ME etc. Among stabi-
lizers we can mention taxanes such as paclitaxel, docetaxel, epothilones such as
ixabepilone (anepothilone B analogue). Also it is worth to mention other types of
stabilizers with different structure but with same function such as discodernolide,
sarcodictyins, eleutherobins, laulimalide, rhazinilam and some of the steroids such
as polyisoprenyl benzophenones. Without a doubt MTAs are one of most active
anticancer drugs.

In 1950s vincristine has been introduced as a MTA and since then the emergence
of this class of drugs were recognized and introduced. Along with that, vincristine
binding site on microtubule was identified and other binding sites of other MTAs
were being discovered [16]. This class of MTAs comprises the agents that are
microtubule destabilizers. This class includes vincristine, vinorelbine and vinblas-
tine. Later by the discovery of paclitaxel and docetaxel (Texanes) and investigating
their mode of action, the concept of stabilizers were added as second group of MTAs
[17]. Unfortunately, most of cancers treated with vinorelbine and texanes, eventu-
ally exhibit resistance. Mechanisms known as being involved in resistance to MTAs,
are those altering MTAs binding sites on tubulin at genetic levels (tubulin muta-
tions) or altering the structure of tubulin dimers alone or in microtubule formation
[18, 19]. Tubulin mutation may occur in a- or B-tubulin. Also alteration can be as a
result of qualitative or quantitative modifications in MAPs. Altered tubulin isotype
expressions and altered synthesis of tubulin are also in the list. All kinds of tubulin
mutation have been connected to altered stability of microtubules [12].

Another reason that resistance is an obstacle in therapy is, there is a connection
between resistance to MTAs and apoptotic pathway alteration, given to the overex-
pressed anti-apoptotic proteins and subsequently appearance of faulty apoptotic
pathways in most cancer cells particularly metastatic cancer cells which often
exhibit resistance to anticancer drugs [20]. For instance, two ovarian cancer cell-
lines overexpress an anti-apoptotic protein “survivin” which is considered as one
of main apoptosis inhibitors. This cell-lines also exhibit resistance to taxanes. It
has been reported that taxanes induce survivin phosphorylation in Thr34 which
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subsequently causes high affinity of phospho-survivin for caspases and therefore
inhibits caspase-dependent apoptosis [21, 22].

To know MTAs we listed out some of the natural/synthetic stabilizers and desta-
bilizers below in detail.

Natural Stabilizers

Taxanes

Taxanes include paclitaxel and its semi-synthetized analogue docetaxel were the
most significant additions to the chemotherapeutic industry in late twentieth cen-
tury especially in the treatment of breast cancer [23]. Monroe Wall in 1967
extracted a compound from the bark of yew tree (Taxusbrevifolia) and named it
“Taxol” which is known as Paclitaxel. Wall and his colleagues began the journey
of introducing microtubule stabilizers to cancer therapy. In 1979, Peter Schiff and
Susan Horwitz discovered that paclitaxel induces microtubule polymerization.
By that time the development of this drug was limited due to limited storage of
natural compound. Until drug discovery and developments outgrowed to intro-
duce semi-synthetized analogues of paclitaxel. Paclitaxel discovery and develop-
ment as the first known stabilizer have taken almost 30 years [24]. It was reported
that HeLa cells treated with paclitaxel is blocked in metaphase but unlike vinca
alkaloid- and colchicine-induced metaphase blockage, microtubules mass are not
disrupted and destabilized into tubulin dimers, but microtubule polymers are
organized. Nowadays, we know this reorganization of microtubule as “microtu-
bule stabilization”. They suggested paclitaxel induces microtubule assembly and
stabilizes the formation of those microtubules that already been assembled before
applying the drug. The confirmation of this idea was through preparation of cold-
and Ca**-induced depolymerization condition without applying MAPs and
GTP. Then paclitaxel was applied and the result was increase of microtubule
assembly by increase of tubulin polymerization and continues elongation of
already polymerized microtubules [25]. Taxanes bind weakly to soluble tubulin
but binds tightly to tubulins that are embedded along the length of microtubule.
Taxane-binding site is on p-subunit located in inner side of microtubule lumen.
The exact binding site of this drug was found by electron crystallography of tubu-
lin bound to paclitaxel [26]. It is suggested that the way paclitaxel accesses its
binding site inside the microtubule lumen is by diffusion mechanism or by fluc-
tuations of the microtubule lattice. The exact mechanism of action is after bind-
ing to its binding site, paclitaxel changes the conformation of tubulin by an
unknown mechanism which increases tubulin’s affinity for neighbor tubulins
therefore stabilizes the microtubule and causes increase of polymerization [27].
Exact binding site of paclitaxel is on p-tubulin [28]. Development of various
photoactive group conjugated-paclitaxel analogues, revealed more details of
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paclitaxel binding site on p-tubulin until eventually by electron crystallography
they determined the exact binding site [29]. Each tubulin has one paclitaxel bind-
ing site. Paclitaxel at high dosage (>10 nM) stabilizes microtubule dynamics with
few paclitaxel molecules without increasing microtubule polymerization. In this
scenario, just one paclitaxel molecule is required to bound to microtubule per
hundreds of tubulin molecules and this paclitaxel molecule can reduce extend and
rate of microtubule shrinkage around 50% [30]. Paclitaxel was approved for clin-
ical use by 1995, and nowadays it is used to treat ovarian, breast, non-small-cell
lung cancers and kaposi’s sarcoma. The side effects of paclitaxel are neurotoxic-
ity and myelosuppression [31].

Another interesting fact about paclitaxel’s efficacy is paclitaxel-induced reduc-
tion of protofilaments that form the microtubule from 13 to 12 [32]. However expo-
sure of microtubule to high dosage of paclitaxel, increases microtubule polymer
mass but researches showed at the dosage of below 10 nM, there is no significant
effect on microtubule polymerization and stabilization [30, 33]. There are other
class of stabilizers such as epothilones, sarcodictyins, discodermolide and eleu-
therobin that compete with paclitaxel to bind to taxane-binding site or nearby [34].
Another advantage of stabilizers in regard of avoid cancer cell proliferation is caus-
ing multipolar spindle assembly formation [35].

Docetaxel (Taxotere)

Docetaxel was discovered after paclitaxel. Docetaxel is actually semi-synthesis
from 10-deacetyl baccatin III which is an inactive taxoid precursor isolated from
needles of European yew Taxusbaccata. Docetaxel promotes tubulin assembly in
microtubule polymer and suppresses their depolymerization [36]. This discovery
prompted scientists to discover more stabilizers. Years of research resulted in
approaching several other natural stabilizers which were not related to taxanes [37].

Epothilones

The Epothilones are natural macrolides, considered as non-taxane microtubule sta-
bilizers including epothilone A and epothilone B. This family of stabilizers are sec-
ondary metabolites isolated from myxobacterium Sorangiumcellulpsum in the
1990s [38]. The myxobacterial source of epothilones causes easy culture and isola-
tion of this compound. Epothilones are classified into two groups, epoxides and
olefins based on the absence or presence of epoxide group in their C-12 to C-13
position on macrolide. Examples include epoxides such as epothilones A, B, E and
F and olefins such as epothilones C and D [39]. Epothiones may target taxanes bind-
ing site or a region near that because studies showed, epothilone competes with
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paclitaxel in binding to tubulin. Epotilone causes tubulin polymerization, induces
microtubule elongation and stabilizes microtubule polymer [40]. Two main advan-
tages of epothilones are: unlike paclitaxel it can overcome resistance caused by
P-gp, therefore compared to taxanes, epothilones are improved MTA. Another
advantage of epothilone is chemically offers a unique chemotype that makes it
available for fermentation-based semi-synthetic approach to synthesiszing its ana-
logues [41]. Currently several members of epothilone family are under clinical tri-
als, such as patupilone a natural epothilone B (EPO906), a second generation
epothilone B (BMS-310705), a third generation epothilone B (ZK-EPO), an epothi-
lone D (KOS-862) and a second generation epothilone D (KOS-1584) [42].

Peloruside A

Peloruside A is a macrolide MTA that was isolated from a New Zealand marine
sponge called Mycale hentscheli by West and Northcote. Peloruside A shows micro-
tubule stabilizing activity and mitotic blockage at dosage of 10 nM and it has shown
a synergistic effect with paclitaxel, even though its binding site is not taxane-binding
site. Peloruside is a rare natural product and contains an intriguing structural fea-
ture, therefore became attractive for synthetic studies [43].

Laulimalides

Laulimalides are extracted from marine sponge Cacospongiamycofijiensis [44] and
this compound also displays microtubule stabilizing activity, binding to microtubule
in a non-texane site [45]. The compound actually binds to a-tubulin [46]. This com-
pound is reported to exhibit a synergistic stabilizing activity in combination with
paclitaxel or epothilones [47]. These properties make laulimalides considered for
next generation of stabilizers in combination therapy. But the mechanistic action of
this compound and how they have synergism with taxane-site binding drugs is not
completely understood.

Prota et al. [48] have showed laulimalides and peloruside A stabilize p-tubulin
M-loop without forming any secondary structure plus causing formation of a bridg-
ing between two tubulin dimers across protofilaments in structure of microtubule.
Also in same study they reported that there is an allosteric crosstalk activity between
laulimalide/peloruside and taxane-binding site in either assembled or unassembled
tubulins [48]. Ligand that binds to laulimalide/peloruside-binding site, stabilizes the
conformation of the taxane site, including the M-loop [49]. On the contrary, ligands
which binding to taxane-binding site, stabilize the elements that form laulimalide/
peloruside-binding site in microtubule [49]. This study is the first study that showed
the structural framework for this crosstalk and therefore they proposed the synergis-
tic effect of laulimalide/pelorusideand taxane-binding site ligands on tubulin [48].



Microtubule Targeting Agents in Cancer Therapy: Elucidating the Underlying... 29
Taccalonolide

Taccalonolides are isolated from roots and rhizomes of Taccachantrieri species.
They are another class of microtubule stabilizers that do not bind to taxane-binding
site. The uniqueness of taccalonolides is that they do not bind directly to tubulin or
microtubule and also do not induce polymerization of purified tubulin. They are
able to bind to B-tubulin covalently and this is how they contribute considerable
efficacy at low concentrations [50]. Taccalonolide causes bundling of microtubules
in interphase. There is a group of this compound include at least 25 members.
Among them taccalonolide A and E are the most rare naturally occurring secondary
metabolite. The greatly acetylated pentacyclic skeleton in taccalonolides structure
makes them distinct from other stabilizers. Taccalonolides A and E specifically
cause bundling of microtubules in interphase and mitotic arrest of cancer cells
which includes multiple aberrant spindles that is able to initiate apoptosis in same
manner as paclitaxel. However, taccalonolides keep their efficacy in cells that are
mutated in paclitaxel-binding site [S1] as well as those cells that overexpress P-gp
[52], or cells that show resistance due to expression of PIIl-isotype of tubulin.
Taccalonolides A and E showed excellent efficacy in paclitaxel and doxorubicin
resistant mammary tumor model in vivo [53].

Cyclostreptin

Cyclostreptin is a bacterial product that was reported to have a weak paclitaxel-like
activity on tubulin and exhibited anticancer activity in vivo [54]. Cyclostreptin is
noteworthy for its characteristic feature of not being a taxane-binding compound
but displaces taxane-binding ligands from their binding sites. Cyclostreptin poorly
induces microtubule polymerization [55]. Buey et al. [56] reported that cyclostreptin
binds to microtubule covalently. Mass spectrometry (MS) results showed
cyclostreptin covalently binds to microtubule with either Thr*?® or Asn?2. With the
preference for Thr?? in case of binding to the free tubulin dimer. This was the first
MTA agent that has been shown to bind to microtubule in such particular way. This
covalent type of binding explains unusual properties of cyclostreptin including
requirement for higher temperature for polymerization induction. Cyclostreptin
binds to microtubules irreversibly and is thought to be much more stable in complex
compared to unbound microtubules and even more stable than paclitaxel-induced
microtubule. Cyclostreptin’s activity retains in paclitaxel-resistant cancer cells. The
cells that overexpression of P-gp or the expression of mutant B-tubulin is thought to
be responsible for resistance to paclitaxel. It was suggested the covalent binding of
cyclostreptin to microtubules could be one of the reasons for overcoming resistance
as observed with paclitaxel. It is interesting that cyclostreptin is 40-fold less toxic
than paclitaxel [56]. However, we must consider the fact that drugs that react cova-
lently with any specific target, could be extremely toxic for humans [57].
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Discodermolide

Discodermolide, is a polyketide natural product extracted from Caribbean marine
sponge Discodermia dissolute, that was initially reported to be an immunosuppres-
sive and an antifungal agent [58]. Later discodermolide was reported to be a poten-
tial microtubule stabilizer. Recent studies reported this stabilizer or its analogues
may have advantages compared to other class of microtubule stabilizers [59].
Discodermolide has demonstrated its potent effects against those cancer cells that
express P-gp and the cells that exhibit resistance to taxanes via incorporating
mutated tubulins. Discodermolide also has been shown to have a synergistic effect
with paclitaxel [60].

Dictyostatin

Macrolactone (-)-dictyostatin first was isolated from a Maldives marine sponge
Spongia sp.[61]. Dictyostatin stabilizes microtubule polymer by preventing depoly-
merization of tubulin dimers in the same way as discodermolide does. Dictyostatin
proved to be effective against multidrug-resistant (MDR) cancer cells. In spite of
this interesting result, further study of dictyostatin was not undertaken due to rarity
of this natural agent and its unknown structure. Eventually, researchers elucidated
its structure to be related to discodermolide [62]. In 2002, Shin and his colleagues
reported the synthesis of first discodermolide-dictyostatin hybrid [63].

Eleutheside

Sarcodictyin and eleutherobin are two members of diterpene glycosides that belong
to eleutheside family. They are natural microtubule stabilizers with the activity pro-
files different from paclitaxel [64]. Sarcodictyin was first extracted from
Mediterranean stolonifer Sarcodictyonroseum. Later, it was isolated from the South
African soft coral Eleutherobiaaurea along with isolation of two glycosidated con-
geners, eleuthosides A and B. Sarcodictyin was reported to stabilize microtubule
and compete with paclitaxel in binding to taxane-binding sites [65]. Sarcodictyin
and eleutherobin are active against paclitaxel-resistant human cancer cells therefore
are classified as second generation of natural microtubule stabilizers. Eleuthesides
are marine products therefore their isolation is difficult and obtained compound is
in a very limited quantities. Therefore, once again, the synthesis of these natural
products analogues are required for further studies [66].
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Synthetized Stabilizers

Discodermolide Analogues

Minguez et al. [59] produced analogues of discodermolide in simplest synthetic
steps wherein they described it as simplified discodermolide analogues. By that
time synthesize of analogues have not been reported in simpler production steps (30
or more steps starting from commercial material to the final product). All of the
analogues kept the C8-C14 core of discodermolide because three stereocenters and
two alkenes of this core form a characteristic shape for the molecule. These ana-
logues have been tested beside discodermolide and paclitaxel for their cytotoxic
effects. The result showed even drastic structural simplification has microtubule
targeting activity. Six novel derivatives of discodermolide were produced. Here we
mention the cytotoxic activity of few of these analogues.

Analogue 1 was tested on microtubule assembly assay in isolated bovine brain
tubulin and the results showed that this agent caused very low tubulin nucleation
in vitro. Moreover, this agent caused displacement of (3H) paclitaxel bound to
microtubules. High content multi-parameter fluorescent cell profile displayed dis-
ruption of microtubule assembly by this discodermolide analogue and blocked the
cell in G2-M cell cycle phase. Analogue 6 showed targeted multiple cellular sur-
vival patterns in cells that are resistance to paclitaxel and its own parental agent,
discodermolide [59].

Discodermolide-Dictyostatin Hybrid

Shin et al. [63] reported the first series of discodermolide-dictyostatin hybrid agents
by inverting the absolute configuration of dictyostatin, therefore this way it resem-
bles discodermolide. Some of these new hybrids showed 50% anti-proliferation
activity against human breast cancer cell-line MDA-MB-231 and human ovarian
cancer cell-line 2008 at 1 pM. Further study showed this hybrid displaced (3H)
paclitaxel bound in microtubules [63].

Ixabepilone

The Ixabepilone (aza-epothilone B, BMS-247550, trade name: Ixempra®) is a microtu-
bule stabilizer and it is semi-synthetized analogue of epothilone B by exchange of an
azide group with oxygen at position 16 on the macrolide ring. Ixabepilone is one of latest
epothilones being approved by FDA for clinical treatment in 2007. Ixabepilone binds to
taxane-binding site but its interaction with tubulin is different than that by paclitaxel.
Once it binds to B-tubulin subunit, it suppresses the dynamic instability of microtubules.
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Ixabepilone exhibited activity against cells that show multiple drug-resistance such as
that induced by P-gp [67]. A phase III randomized study compared ixabepilone plus
capecitabine v against capecitabine alone in advanced or metastatic breast cancer
patients who showed resistant to taxanes and anthracyclins. Ixabepilone in combination
with capecitabine resulted in a 25% reduction in the disease progression compared with
capecitabine alone [68]. It is also recommended for treatment in the cancers of bladder,
colon, pancreatic, breast, kidney etc. It is noteworthy to mention that Ixabepilone side
effects are low and manageable [67].

Natural Destabilizers

Vinca Alkaloids

The Vinca alkaloids are successful MTAs from their introduction to clinical trials.
Vinblastine and vincristine are two well-known members of vinca alkaloid family.
They are extracted from leaves of the periwinkle plant Catharanthusroseus (L)
G. Don. Periwinkle plant leaves were used for their traditional medicinal properties
from the seventieth century. But in late 1950s, their anti-mitotic property was discov-
ered by Eli Lily Research Laboratories and at the University of Western Ontario [69,
70]. Initially, vinca alkaloids were used for treatment of haematological malignancies.
They were called “wonder drugs” for their successful outcome, and their efficacy in
several combination therapies was also remarkable. The success of vinca alkaloids
persuaded development of numerous semi-synthetic analogues such as vinflunine,
vindesine and vinorelbine. Myelosuppression and peripheral neuropathy are the major
side effects of vinca alkaloids [71]. Especially, myelosuppression occurs due to the
mitotic blockage of rapidly dividing bone-marrow cells. Vinca alkaloids depolymer-
ize microtubule polymers and disrupt mitotic spindle at high dosage (10-100 nM in
HeLa cell-line) [72]. But at low clinically relevant dosage (0.8 nM in HeLa cell-line),
vinblastine blocks mitosis without depolymerizing microtubules involved in spindle
assembly and cells finally die by apoptosis [72]. This mitotic blockage happens due to
inhibition of microtubule dynamics rather than depolymerization. Vinblastine is a
dimeric alkaloid extracted from the genus Vinca [73]. In 2005, the exact mechanisms
by which vinblastine exerts its action structurally have been characterized. Its major
effect is the ability to induce formation of spiral-like tubulin accumulation by interact-
ing with both a-tubulin and p-tubulin. This type of contacts would form and stabilize
a curved proto-filament. Vinblastine also induces accumulation of ternary complex of
two tubulin dimers which are helical assemblies of complexes in which vinblastine act
like a bridge between them. This bridge is formed by the interaction of vinblastine
with a-tubulin of the first dimer and fB-tubulin of the second dimer. Electron micro-
graphs revealed long proto-filament curls upon vinblastine treatment. These curls are
shorter and more flexible than those formed under colchicine treatment under the
same condition. Vinblastine at its low dosage suppresses microtubules plus (+) end’s
dynamic instability. Therefore, cells that are under clinically relevant dosage of
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vinblastine; encounter mitotic blockage. But by increasing its dosage, vinblastine
depolymerizes the microtubule by increasing the proto-filaments spiral-like structures
and curls. Gigant et al. [74] was the first study that introduced curvature into tubulin
and tubulin assemblies. Compared to colchicne, another natural destabilizer, vinblas-
tine binds in different binding sites. Vinblastine acts at the inter-dimer interface of
tubulin while colchicine acts at the intra-dimer interface of tubulin. Compare to other
MTAs such as paclitaxel and colchicine, vinca-binding site is equally shared between
two tubulin dimers [74]. Variety of other drugs such as vincristine, vinorelbine, viin-
fluine, cryptophysin 52, halichondrins, doolastatins and hemiasterline also bind at
vinca-binding site [7]. Vinblastine binds to soluble tubulin rapidly and it is reversible
[75]. Binding of vinblastine to tubulin enhances a conformational change in connec-
tion with tubulin self-association [76], meaning vinblastine increases the affinity of
tubulin for itself. In already polymerized microtubules, vinblastine binds to last tubu-
lin at the far ends of microtubule with high affinity but it binds with very low affinity
to those tubulins which are localized deep in the microtubule lattice [77]. One or two
vinblastine molecules are enough for each microtubule to lose both dynamic instabil-
ity and treadmilling without going through any microtubule depolymerization. To be
more specific, vinblastine causes reduction of extent and rate of microtubule growth
and shrinkage but causes increase of microtubule pause state with neither grow nor
shrinkage. Reduction of dynamic instability and treadmilling causes mitotic blockage
by reducing normal mitotic spindle assembly and reducing the tension at the kineto-
chore of chromosomes. Cells in this step are stuck in metaphase-like state, chromo-
somes are stuck at the spindle poles, unable to move to spindle equator. Also in this
step the signal to anaphase-promoting complex/cyclosome (APC/C) is blocked there-
fore cell is unable to transit from metaphase to anaphase. These cells eventually will
die through apoptosis [7]. One significant property of vincristine and vinblastine is
they bind to tubulin in lower than 5 min, while colchicine binding takes over 4 h [78].

Estramustine

Estramustine is a nitrogen mustard derivative of estradiol-17f-phosphate that is cur-
rently used alone or in combination with other anticancer drugs for prostate cancer
treatment. Estramustine inhibits the microtubule dynamics and arrests the cells in
G,-M phase. The Considerable side effects of estramustine exist and include the
development of anaemia [79].

Dolastatin

Dolastatin is a natural peptide and it was originally found in Indian Ocean sea hare,
Dolabellaauricu-laria. A variety of dolastatin analogues have been reported to disrupt
microtubules and therefore induce mitotic arrest [8§0]. Some of dolastatin analogues
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such as dolastatin 15 (DL15) have been reported to cause significant regression of
tumors in clinical trials [81]. Mitra et al. [82] found that another analogue, dolastatin
10 binds to B-tubulin in a domain near the exchangeable GTP site [82]. But Cruz-
Monserrate et al. [83] found that DL15 binds to tubulin at vinca-binding site [83].
Dolastatin 10 and DL15 both inhibit microtubule assembly dynamics, microtubule
polymerization and cause the formation of non-microtubule structure assemblies of
tubulin. Disruption of microtubule assembly dynamics caused inter-polar distance
reduction in Hela cervical cancer cells. Also, dolastatin causes loss of tension across
the chromosomes kinetochores. Whenever tension is lost, tension-sensing checkpoint
proteins such as BubR1 accumulate at the kinetochores during mitosis. Higher dosage
of DL15 causes multi-polarity in the cells. Besides DL15 suppressed naturally decay
of tubulin which is time- and temperature-dependent in vitro. This fact suggested
DL15 causes conformational alterations in tubulin structure [84].

Colchicine

Colchicine was first isolated from the meadow saffron, Colchicum autumnale. In
fact tubulin was referred to as “colchicine binding protein”. First it was reported to
bind unpolymerized tubulin dimer and ultimately avoid polymerization [85].
Colchicine is known as a microtubule destabilizer. Its efficacy is in the dosage of
0.015 mg/kg. And it is toxic in the dosage greater than 0.1 mg/kg and it is lethal in
dosage of 0.8 mg/kg [86]. Ravelli et al. (2004) reported that colchicine-binding site
on tubulin is at a location of where it prevents curved tubulin from reforming a
straight formation therefore it inhibits tubulin assembly. Colchicine binds to
B-tubulin at the interface. At low dosage of colchicine, microtubule growth is
delayed and microtubule dynamic is suppressed, but at high dosage, microtubule
depolymerizes. To elaborate mechanistic action of colchicine, we must know that
microtubules in order to gain stability, require lateral and longitudinal interactions
between tubulin dimers. The M loops of straight tubulins are main area for lateral
interaction. When colchicine is added to microtubule, M loop will be displaced
therefore the lateral interaction of newly formed protofilaments are not conducted.
This is because the straight tubulin formation is not selected. Until missing lateral
interaction portion is small, the microtubule mass will stay same. This scenario case
occurs when colchicine is applied at low dosage. When a higher dosage is applied,
the proportion of missing lateral interaction will increase which leads to destabiliza-
tion of microtubule ends and causes disassembly [87].

Nocodazole

Nocodazole is a natural destabilizer with reversible and rapid activity. It interferes
with microtubules polymerization and the therapeutic efficacy of nocodazole is lim-
ited due to occurrence of different side effects such as neutropenia, leukopenia,
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bone marrow suppression and anaemia. This agent currently is used as a lead agent
for design and discovery of novel analogues and also used as a reference compound
in cancer studies [88].

Cryptophysin

The Cryptophycins are the macrocyclic depsipeptides and they were isolated ini-
tially from cultivated cyanobacteria Nostoc sp. in 1990. Investigation on different
member of this group of compounds leaded to discovery of cryptophycin-1 as the
major toxin among this species. Almost in same period of time another group of
scientists isolated nastatin A from marine sponge Dysideaarenaria which later was
known as cryptophysin-24. Cryptophycin-1 and the highly bioactive synthetic cryp-
tophycin-52 display remarkable anti-mitotic activity even against those cells with
MDR. Cryptophysin binds to p-tubulin and suppress tubulin polymerization and
also depolymerization of microtubule has been observed in vitro. The cryptophycin
binding site on tubulin is close to vinca-binding site. This location is known as
“peptide-site”. But until today no structural information have been proposed to vali-
date tubulin-cryptophysin complex [89].

Halichondrin B

The Halichondrin B was first isolated from the marine sponge Halichondriaokadai.
Itis also found in Axinellasp. Phakelliacarterisp. and Lissondendryxsp. Halichondrin
B has been reported to inhibit tubulin polymerization and microtubule assembly
in vitro and in vivo. It binds to the GTP and vinca-binding site in tubulin and inhibits
tubulin-dependent GTP hydrolysis [90].

Combretastatins

Combretastatin is a stilbenoid phenols from root bark of a South African tree
Combretumcaffrum which were found to be effective for primitive cancer treatment
[91]. Combretastatin resembles colchicine and binds to the colchicine-binding site.
Since 1990, this compound has been under extreme development as a vascular-dis-
rupting agent (VDA). When combretastatin is applied to endothelial cells, cellular
microtubules begin to depolymerize rapidly [92]. When combretastatin was treated
to rodents their blood flow drops up to 95% less than 1 h [93]. A most potent natural
combretastatin is combretastin A-4 (CA-4,3) which is unstable in vivo because of
the transformation from the active cis-configuration to the more stable but inactive
trans-configuration [88].
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Hemiasterlins

Hemiasterlin was isolated from sponge Hemiasterella minor in Sodwana Bay, South
Africa. It displays anticancer activity against human colon carcinoma, lung carci-
noma and melanoma in vivo [94]. This compound inhibits depolymerization of
existing microtubules and inhibits new microtubule assembly. Hemiasterlins are
poor substrates for P-gp, therefore they are interesting candidates for cancer therapy
and they are under clinical trials [12]. Hemiasterlin efficacy is banned by overex-
pressed P-gp mouse tumor xenograft models. But synthesis of several analogues of
hemiasterlin, their in vitro and in vivo anticancer activities and their indifference
reaction to P-gp-mediated drug efflux, could overcome the flaw [95].

Podophyllotoxin

Podophyllotoxinalso known as podofilox and it is a toxic lignin isolated from rhi-
zomes and root of Podophyllumpeltatum. This agent compete with colchicine in
colchicine-binding site and it binds to tubulin faster than colchicine [88].
Podophyllotoxin semi-synthetic derivatives teniposide, etoposide andetopophos
(etoposide phosphate) are used for therapy of numerous malignant conditions [96].
Podophyllotoxin mechanism of action is through the inhibition of tubulin polymer-
ization and inhibition of microtubule assembly in the mitotic spindle apparatus.
However, its two derivatives, etoposide and teniposide were reported not to follow
same mechanism of action as parent compound but their efficacy is through interac-
tion with DNA and suppressing DNA topoisomerase II [97].

Curacin A

Curacin A is a lipid component isolated from a strain of the cyano bacterium
Lyngbyamajuscule. Curacin A binds tightly and rapidly to colchicine-binding site
on tubulin. It is not developed in clinical trials owing to its poor water-solubility and
lack of stability, however development of its synthetic analogues with improved
water-solubility and bioavailability may provide new hopes [88].

2-Methoxyestradiol (2-ME)

2-Methoxyestradiol is an endogenous estrogen metabolite, formed by hepatic cyto-
chrome P450 2-hydroxylation of B-estradiol and 2-O-methylation. 2-ME targets tubu-
lin polymerization by binding to colchicine-binding site and suppresses tumor
vascularization in vivo. Its main side effects are nausea, fatigue, edema, diarrhea,
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neuropathy and dyspnea. Therefore, the development of metabolically stable analogues
of 2-ME has started with the aim of improved properties. In this regard, ENMD-1198
was generated through the chemical modifications at 3 and 17 position of 2-ME [88].

Synthetized Destabilizers

Eribulin (E7389)

Eribulin is a synthetized analogue of halichondrin B already it is in phase III clinical
trial for breast cancer treatment. At low dose, it binds to tubulin dimer and sup-
presses the polymerization of microtubule and microtubule dynamic instability in
interphase, arrests mitosis and causes apoptosis. In one study they measured the
effects of eribulin on centromere dynamics and the microtubules that attached to
centromere and kinetochore by time-lapse confocal microscopy in U-2 OS human
osteosarcoma cell-line. Eribulin suppressed centromere dynamics at dosage that
arrest mitosis (60 nmol/L). The result showed that dynamicity decreased 35% with-
out centromere separation. This indicated that eribulin decreased microtubule-
dependent spindle tension at the kinetochores, preventing the signal for mitotic
checkpoint passage [14]. A study in 2009, in order to understand the exact molecu-
lar interaction between halichondrin B and tubulin, investigated the binding of two
halichondrin B analogues, eribulin and ER-076349 to tubulin by quantitative ana-
Iytical ultracentrifugation. Under critical dosage of tubulin for microtubule assem-
bly and in the presence of GDP, tubulin undergoes weak self-association into short
curved oligomers. In the presence of eribulin, this oligomer formation is suppressed
4-6-fold, while ER-076349 slightly induces oligomer formation by 2-fold. This is
exactly opposite of the vinblastine effect. Vinblastine strongly induces large spiral
polymers around 1000-fold under same condition. Vinblastine-induced spiral for-
mation is suppressed by both eribulin and ER-076349. Colchicine does not have any
significant effect on small oligomer formation or does not undergo inhibitory effect
of eribulin. These results suggest that halichondrin B analogues bind to the interdi-
mer interface of tubulin or to the B-tubulin alone, disrupt polymer stability, and
compete with vinblastine-induced spiral formation. Eribulin is a comprehensive
inhibitor of tubulin polymer formation while ER-076349 also perturbs tubulin-
tubulin contacts, but in more polymer formation. These results suggested that hali-
chondrin B analogues show unique tubulin-based activities [98].

SMART

Among synthetized destabilizers, a class of 4-substituted methoxybenzoylaryl-
thiazoles (SMART) including 3 compounds known as SMART-H (H), SMART-F
(F) and SMART-OH (OH) were recently reported. These compounds are with
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varying substituents at the 4-position of aryl ring, showed their potency to colchicine-
binding site on tubulin, which causes suppression of tubulin polymerization, arrest
cancer cells in G,-M phase and induce apoptosis. A remarkable characteristic of
SMART compounds is that they can inhibit the growth of MDR overexpressing
cells in vitro. This potency indicates that they can overcome MDR. SMART com-
pounds suppressed the growth of 4 human prostate cancer cell-lines, and 2 mela-
noma cell-lines at a nanomolar range. In human prostate (PC-3) and melanoma
(A375) cancer xenograft models, SMART-H and SMART-F treatments resulted in
G,-M arrest and induced apoptosis. Incubating SMART compounds with bovine
brain tubulin (>97% pure) showed effect of SMART compounds on tubulin polym-
erization. SMART-H and SMART-F suppressed tubulin polymerization by 90%,
SMART-OH inhibited the polymerization by only 55%. In vivo treatment of
SMART-H for 21 days at the higher dosage (15 mg/kg) failed to produce any appar-
ent neurotoxicity. In the same study under same experimental conditions, the ICs,
for SMART-H (4.23 mmol/L) was close to colchicine’s ICs, (4.91 mmol/L). Also by
using novel MS competitive binding assay which corresponding to the 3 binding
sites on tubulin, colchicine, vinca alkaloid and paclitaxel, they found out that
SMART-H specifically competed for colchicine-binding site on tubulin, but it did
not compete for either vinca alkaloid-or paclitaxel-binding sites. Among them,
SMART-OH had the least potent anti-proliferative effects [99].

Methyl 2-(5-Fluoro-2-Hydroxyphenyl)-1H-Benzo (d) Imidazole-
5-Carboxylate (MBIC)

A recent study in 2016, a benzimidazole-derivative, Methyl 2-(5-fluoro-2-
hydroxyphenyl)-1H-benzo (d) imidazole-5-carboxylate known as MBIC was
introduced as a potential MTA more specifically a tubulin destabilizer. Tubulin
polymerization assay demonstrated MBIC disrupted tubulin nucleation and
polymerization at similar dosage as nocodazole, colchicine and paclitaxel. The
maximal velocity (Vmax) for MBIC was 2.45mOD/min which was more close to
colchicine (Vmax: 2.25 mOD/min) rather than nocodazole (Vmax: 3 mOD/min),
in contrast with paclitaxel (Vmax: 33 mOD/min) and untreated cells (Vmax: 12
mOD/min). This result indicated the resemblance of MBIC to colchicine. Also in
this study, live-cell imaging result showed untreated HeLa cells formed bipolar
spindle assembly but MBIC-treated cells did not form proper mitotic spindle and
stayed in mitotic arrest for long time until cells undergo apoptosis. A remarkable
characteristic of MBIC is the cytotoxic effect of this novel drug against HeLa
cancer cell-lines is about 0.02 pM while its toxicity against normal cell WRL-68
is around 10.09 pM. Another considerable characteristics of MBIC is its syner-
gistic effect with conventional drugs such as colchicine, nocodazole, doxorubi-
cin and even paclitaxel (due to overall mutual interruption of microtubule
dynamics) [100].
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N-Acetylcolchinol O-Methyl Ether and Thiocolchicine

N-Acetylcolchinol O-Methyl Ether (NCME) and Thiocolchicine are two colchicine
analogues with modification only in C ring that are reported to be a better destabi-
lizer than colchicine. Radio-labelled thio colchicine (with a thiomethyl instead of a
methoxy group at position C-10) and NCME (with amethoxy-substituted benzenoid
instead of the methoxy-substituted tropone C ring) were produced to be compared
with colchicine. The result showed that, NCME and thiocolchicine bind to tubulin
much faster than colchicine even though there is differences between these two
analogues and colchicine. The binding of thiocolchicine to tubulin is temperature-
dependent but thiocolchicine has similar rate of binding to tubulin with colchicine
so as a function of temperature, almost there are no differences in activation energy
of thiocolchicine and colchicine binding reaction. In a contrary, NCME binds to
tubulin at low temperatures and reaction is done at low tubulin and drug dosage. The
binding rate of NCME to tubulin is 16 times faster than colchicine binding and it is
constant from 10C to 37C. The high binding rate is constant therefore the reaction
eventually increases relatively while temperature rises. On the other hand the activa-
tion energy is only 40% of colchicine activation energy [101].

ZD6126

7ZD6126 is a synthetic form of a water-soluble phosphate prodrug N-acetylcolchinol.
In vitro studies have shown appearance of pronounced and reversible changes in the
morphology of endothelial cells that being treated with ZD6126 compared to those
being treated with N-acetylcolchinol, at sub-cytotoxic dosage. None of ZD6126 nor
N-acetylcolchinol have induced changes in growth of human umbilical vein endo-
thelial cells at dosages below 100 pM. But, changes in endothelial cell morphology
were detectable at 0.1 pM of ZD6126. In vivo studies using a murine tumor model
(CaNT) with dosage below the maximum tolerated dosage have showed a signifi-
cant reduction in vascularization volume and induction of extreme necrosis in the
tumor. Another in vivo study in the human xenograft FaDu, paclitaxel stabilizing
activity was enhanced by adding a single dose of ZD6126 in the combination. This
overall pronounced growth delay given by paclitaxel and ZD6126 combination was
much higher than the effect of each individual drug alone. These finding offers
7ZD6126 as a promising anti-vascular agent for the treatment of solid tumors.

E7974

E7974 is a synthetic analogue of hemiasterlin and the benefit of E7974 over hemiasterlin
is exhibition of same efficacy against numerous human cancer cell-lines at nanomolar
dosage. A significant in vivo anticancer activity of E7974 in numerous human tumor
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xenograft models was observed. E7974 displayed a very low cytotoxicity against non-
dividing human fibroblasts and quiescent. E7974 retains significant potency in cells with
overexpressed P-gp. E7974 also exhibited a strong potency in paclitaxel-resistant ovarian
cancer cell-line that their resistance is based on mutations in f-tubulin gene. Among
xenograft models, those that are resistant to taxanes show high sensitivity to E7974 [102].

HTI-286

HTI-286 is another synthetic analogue of hemiasterlin and like other members of
this family, as a destabilizer, hinders tubulin polymerization and induces microtu-
bule’s dissolution by binding to tubulin dimer [103]. This compound also causes
mitotic arrest and cell death in cancer cells [104]. Nunes et al. [105] radiolabeled a
photo-affinity analogue of HTI-286 and they reported HTI-286 binds to a-tubulin
subunit [105]. HTI-286 suppresses growth of human tumor xenografts models
which are resistant to paclitaxel and vincristine through MDR1 expression [106].
HTI-266 is also effective against those cell-lines that are resistant to paclitaxel,
epothilone and those that contain point mutations in $-tubulin at the taxane binding
site, therefore this drug is able to bypass different resistance mechanisms [107].

CA-4P, Oxi4503, AVE8062, Plenstatin and CC-5079

As it is mentioned above combretastatin has anti-tubulin activity by binding to
colchicine-binding site but faced some limitations in vivo. A prodrug of CA-4 is
CA-4P (zybrestat) currently is in phase II trials for various types of cancers such as
relapsed ovarian cancer, non-small cell lung cancer and anaplastic thyroid cancer.
Oxi4503 is another analogue of combretastatin (combretastatin A-1 diphosphate,
CA-1P) which targets tumor vasculature. AVES062 is a CA-4 analogue which dis-
rupts the formation of blood vessels in the tumors. It has the better water solubility
when compared to CA-4. This analogue recently started its phase III trials. Plenstatin
is another analogue of CA-4 and it is more stable than CA-4 while has exact same
anti-tubulin activity as CA-4. CC-5079 is another analogue of CA-4 also known as
isocombretastamins A. This analogue acts as a dual inhibitor which inhibits polym-
erization of tubulin and inhibits activity of phosphodiesterase (PDE4), therefore
contains not only anticancer but also anti-angiogenic properties [88].

ABT-751 (E7010)

ABT-751 is a synthetized destabilizer and a novel sulfonamide which is currently in
phase II clinical trials. ABT-751 binds to colchicine-binding site on p-tubulin. It is
reported to have side effects included fatigue, abdominal pain and constipation [88].
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T138067

T138067 is another synthetized destabilizer which binds to f-tubulin covalently
which causes specific modification that prevents o- and p-tubulin dimers polymer-
ization. T138067 showed efficacy against those cancer cells that express MDR phe-
notype. A phase II clinical trial reported that T138067 application was tolerable
with moderate hematologic and gastrointestinal toxicity. Other expected side effects
such as neurotoxicity was minimal [88].

Indibulin (D-24851, Z10-301)

Indibulin is a promising candidate because this agent exhibited a great property
which is lack of neurotoxicity in its curative dosages while this side effect is largely
associated with other MTAs such as paclitaxel and vincristine. Indibulin has effi-
cacy against taxane-resistant cancer cells in vitro and xenograft model. In addition,
it has efficacy against MDR expressing cancer cells. Also, indibulin retains its effi-
cacy in the cells that show resistance to cisplatin, thymidylate synthase inhibitor
5-Flourouracil and topoisomerase-I-inhibitor. This agent orally is available. Another
great property of indibulin is partially competes with colchicine-binding site bind-
ers without overlapping in colchicine-binding site [88].

Cryptophysin 52 (LY355703)

Cryptophycin-52 (LY355703) is a synthetic form of cryptophysin family. It acts as a
destabilizer, and it depolymerizes microtubules that are involved in spindle appara-
tus and suppressing their dynamics. Under effect of this drug, inhibition of cell pro-
liferation was observed even in absence of noticeable spindle microtubule
depolymerization [108]. Cryptophysin 52 has passed clinical phase I trials but clini-
cal phase II trials were left uncontinued due to increase of dose limiting toxicity
in vivo. Cryptophysin 52 manifested a remarkable experience that of those agents
are highly effective in vitro do not necessarily exhibit same efficacy in vivo. From
here researches are undertaken for synthetize of second-generation structure of this
drug, most likely with more water solubility and greater selectivity for cancer cells
[89]. Some of modified analogues of cryptophycins that contain polar residues dis-
play significant lower cytotoxicity against cancer cells with MDR because crypto-
phycins are good substrates for the P-gp efflux pump. Recently, a cryptophycin 52
analogue named cryptophycin-fluorescein-RGD-peptide conjugate was synthesized.
Cyclic RGD-peptides are known for their affinity for a,fsintegrins which are highly
expressed on some of cancer cells. This compound was found in the lysosomes of
WM-115 human epithelial cancer cells. This property of cryptophycin-RGD-peptide
conjugates make them potential to have a selectivity for cancer cells [89] (Fig. 2).
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Fig. 2 Microtubule stabilizers and destabilizers binding sites in microtubule

End-Binding Proteins; MTAs Assistants

Despite the fact, MTAs are widely used, still researches continue to find more effec-
tive and less toxic agents to substitute and/or combine with conventional MTAs.
Some MTAs at low concentrations interact with microtubule ends [7]. As we
explained earlier in this chapter, the plus (+) end of growing microtubule has a sta-
bilizing GTP-bound tubulin cap which if is lost, microtubule depolymerizes (catas-
trophe). In fact catastrophe depends on microtubule age and happens after several
steps [109]. There are several endogenous microtubule destabilizing proteins that
increase the speed of microtubule ageing or decrease the number of steps leading to
catastrophe [110]. At plus end of microtubule a group of proteins known as micro-
tubule plus end-tracking proteins (+TIPs) are accumulated which regulate dynamics
and function of microtubule [111]. +TIP includes end-binding proteins (EB) in the
core of +TIP. EB proteins recognize a stabilizing cap at microtubule growing end
[112]. EBs affect microtubule dynamics therefore it has been suggested that EBs
might affect MTAs efficacies. Maurer et al. [113] reported that EBs effecting the
interfilaments contacts and/or alter the rate of GTP hydrolysis in the microtubule
stabilizing cap [113]. In 2013, a group of researchers investigated the EB proteins
effect on various types of MTAs and its function on microtubule dynamics. They
found out in the absence of EBs, destabilizer agents suppress elongation of micro-
tubules by delaying the polymerization. In contrast, in the presence of EBs, the
elongation was inhibited due to highly increased rate of catastrophe at a dosage of
destabilizer which is insufficient to effect the microtubule growth. On the other
hand, in the EBs supporting stabilizer side, to inhibit the catastrophe stabilizer
agents do not require any EBs’ existence but they mildly increase the catastrophe
rate when EBs are added. Regardless MTAs mechanism of action and their binding
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site, they increase the frequency of catastrophe if EBs are bound to microtubules. In
the presence of EBs, stabilizers and destabilizers could be applied in lower dosage,
yet exhibit the promoted catastrophe [9]. Analyzing microtubule growth times
proved that destabilizer agents increased the frequency of catastrophe in a dose-
dependent manner by increasing the occurrence rate, not by number of intermediate-
catastrophe-promoting steps. This result suggests that these destabilizer agents do
not alter the microtubule aging mechanism but in interaction with EBs, destabilizer
agents accelerate microtubule aging progression. Moreover stabilizing agents
increase rate of both catastrophe and rescue in EBs presence [9]. In the presence of
EBs, both stabilizers and destabilizers induce the formation or increase of microtu-
bule lattice defects for example by altering the protofilaments structure [114]. The
EB proteins are extensive and ubiquitous in the cells, the MTAs and EBs synergism
in induction of catastrophe has important consequences for the final MTAs effect in
the treated cells. For example in the interphase, increased catastrophe causes
decrease of effective microtubule penetration into lamellae or into actin-rich cortex
of cell-cell junctions, which defect cell migration and adhesion (final defect on can-
cer cell metastasis) [115]. At mitosis, highly increased catastrophe effects the
mitotic spindle organization, microtubule attachment to kinetochore and manipula-
tion of spindle assembly checkpoint [116].

MTAs Extra Tasks in Interphase

Since mitotic kinases have fundamental roles in mitosis, they became noticeable as
targets in anticancer studies. There was idea of developing MTAs that co-target
mitotic kinases as well, to achieve greater result. However, until today, many non-
tubulin targeting mitotic inhibitors exhibited unsuccessful results in clinical trials
[117]. Since microtubules are always present in the cells, both in interphase and
mitosis, but mitotic kinases are only present in M-phase of the cell cycle, therefore
they can be suppressed by desired drug about 10% of the whole cell cycling [118].
On the other hand cancer cell-lines have flaw of overexpression of some certain
proteins which may involve some of mitotic kinases. If a protein is overexpressed,
the chance of being more effected by a certain potential drug is much more. Aurora
kinases and polo-like kinases are part of mitosis regulatory system, at the same time
they are overexpressed in numerous human cancer cell-lines. This fact validating
them as anticancer drug target [119, 120]. The Aurora kinase and Polo-like kinase
inhibitors have been developed and introduced; nonetheless they have shown infre-
quent clinical results with limited efficacies [118].

The main problem may be the fact that mitotic kinases are involved in different
cellular pathways therefore, even if they totally are inhibited by a certain drug, their
inhibition may remain only for a period of time. While an alternative pathway may
carry out the rest of cell cycle regulation and tumor is likely to return. To explain it
better at molecular base, drug that causes defect in one signal-transduction pathway,
may up-regulate other signaling pathways that could lead to raise of resistance
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against same drug [121]. Therefore, worth to mention besides MTAs there is no
other cellular structure that can compensate mitotic blockage and cell division inter-
ruption therefore, there is no back-up signaling pathway to retreat MTA induced-
defects of cell division. Thus, safe to say that effects of MTAs are potential to cover
both microtubules disruption and mitotic regulatory system alteration. The MTAs
success does not stop here. Since there are microtubules in interphase, these groups
of drugs are also alters interphase events. Paclitaxel has been reported to correlate
with apoptotic events more than mitotic blockage [122]. Several studies reported
MTAs alter mitotic signaling pathway by manipulating mitotic proteins in expres-
sion levels and/or in post-translational modification levels [123]. MTAs were
believed for long time, to prolong spindle assembly checkpoint activation which
resulted in incomplete mitosis [124].

MTAs even impair non-mitotic proteins. There are studies that reported pacli-
taxel effects on bcl-2 protein level and subsequently causes apoptosis [125].
Microtubule network provided an extreme delicate surface area for protein-protein
contact and with polarity of microtubule it allows various proteins and organelles
movement throughout the cell by the help of motor proteins such as dynein and
kinesin. Moreover, microtubule is required for cell migration, cytokines secretions
and vascularization.

MTAs neurotoxicity characteristics proved the efficacy of MTAs in interphase.
Because neurons are not dividing rapidly unlike cancer cells, therefore they enter
mitosis so rarely, but yet the effect of MTAs were detected [124]. The evidence of
MTAs on cellular secretion came from studies that have been conducted on impair-
ment of T-cells with disrupted microtubules. This disruption in T-cells effected on
antigen presenting cells during immune response [126]. In addition, in interphase
microtubules track transportation of numerous proteins and transcription factors
such as p53, androgen receptor and hypoxia inducible factor-1 (HIF-1) [127-129].
Pathways that are controlled by microtubules in interphase are complex and poorly
understood. Many studies reported the transportation of oncogenic proteins by
interphase microtubules. This emphasizes the role of interphase microtubule in can-
cer cell survival, therefore efficacy of MTAs on interphase microtubules are undeni-
able. The tumor suppressor p53 is transported into nucleus by microtubules when
DNA is damaged. Even low dosage of MTAs changes nuclear accumulation of p53
and consequently activates target genes that cause apoptosis [127]. Another exam-
ple is the effect of taxane on interphase microtubule dynamics which prevents
dynein-mediated nuclear accumulation of androgen receptor, therefore suppresses
transcriptional activation of genes that are involved in prostate cancer [128].

MTAs target cancer cells vascularization and this is a remarkable approach given
to cancer cells accessibility to blood, the source of oxygen and nutrients, while they
typically go through lack of these vital materials due to their fast division. Hence,
the development of blood vessels is crucial for cancer growth and metastasis. MTAs
are reported to suppress endothelial cell angiogenic function including cell prolif-
eration, migration and vascular tubes formation [130]. Disruption of cytoskeletal
tubulin in vascular cells causes vascular permeability and stops blood supply for
tumors [131]. The importance of MTAs effect against tumor vascularization is
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clearer when we understand blood vessels in tumors are much more than in normal
tissues due to endothelial cells high proliferation and their elevated vascular perme-
ability. To be more sensitive to MTAs is associated to increase of vascular permea-
bility [131]. For instance, opaxio™ (paclitaxel bound to biodegradable polyglutamate
polymer) has anticancer advantages for highly permeable (leaky) vessels. When
paclitaxel is bound to this polymer, it is inactive, thus it does not affect normal tis-
sues. Meanwhile tumor blood vessels are highly penetrable for macromolecules,
allowing opaxio™ to pass through tumor tissues. When opaxio™ penetrated into
tumor, it is cleaved by lysosomal enzymes, therefore it lets paclitaxel to stabilize the
microtubules. Opaxio™ is currently in phase II of clinical trial of glioblastoma and
in phase III of clinical trial for ovarian cancer [132].

It is well-known that cancer cells are potential to be metastatic and this requires
newly formed blood vessels which are made by angiogenic proliferation and migra-
tion of endothelial cells. During cell migration, there is cell to cell connection and cell
to extracellular matrix connection. These processes have been reported to be sup-
pressed by MTAs [133]. For example effect of taxanes on HUVEC cells migration
has been reported much more than effect of this drug on HUVEC mitosis [134]. Focal
adhesion of cell is necessary for migration. Focal adhesion to be formed requires Rho
GTPase activity which microtubule disruption can affect them negatively [130].

HIF-1a activates tumor angiogenesis therefore it causes cancer cell survival.
HIF-1a is overexpressed in most of the solid tumors. MTAs inhibits HIF-1a activity
by disrupting HIF-1oe mRNA trafficking on altered microtubules [129]. Also in pro-
tein level, those HIF-1a proteins that already have been expressed and exist in the
cells, are supposed to be transferred into nucleus via microtubule by the aid of
dynein. Therefore, MTAs inhibit HIF-1a transcriptional activity as well [135].
Hence, MTAs are involved in anti-angiogenic activity. There are other evidences that
prove “MTAs effect on interphase microtubules™ are important as well as their effect
on mitosis. For example renal cell carcinomas shows resistance to MTA in inter-
phase and it might be due to this cell-lines microtubule-independent trafficking [45].

Compretatins are vascular disrupting agents (VDAs) that disrupt cytoskeletal
tubulin. Several of this class of agents are in clinical trials now to serve as an anti-
cancer drugs [131].

MTAs Against Actin and Intermediate Filaments

For successful spindle positioning and suppression of cytokinesis, tubulin and actin
interaction is important. In addition, there are numerous non-mitotic functions that
require microtubule and microfilaments interactions such as cell migration [136], or
microtubule and actin interactions, such as wound healing [137]. MTAs have been
reported to disrupt intermediate filaments and actin in addition to their effect on
microtubules [138]. However, actin and microtubule interaction are needed for neu-
ronal growth cones which are highly mobile [139], therefore, disruption of microtu-
bule impairs axon path-finding [140].
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MTAs Against Mitotic Kinases

It has been reported that there are variety of cell responses against anti-mitotic drugs
even among cells from same cell-line [141]. To know this fact, preserve us to expect
that each individual tumor may response differently to different MTAs. This under-
standing is helpful in the design and development of the future new MTAs. As mito-
sis has been identified further, mitotic mediators have being known and classified.
Targeting these proteins in virtue of their significant responsibility in controlling,
guarding and processing mitosis is a rational extension to successful attempts of
targeting microtubules. For instance, Polo-like kinase 1 is part of centrosome matu-
ration and construction of mitotic spindle apparatus. This protein is also required for
pass the mitosis and for separation of sister chromatids [142]. Aurora family mem-
bers are required for occurrence of multiple events in mitosis. Aurora A is required
for spindle assembly, Aurora B is required to phosphorylate histone H3, chromo-
some segregation and cytokinesis [119]. Kinesin spindles are motor proteins which
are required for the formation of spindle apparatus in the beginning of mitosis [143].
Focusing on these mediators and their roles broadened the efforts of targeting can-
cer cell division in other ways besides microtubule disruption.

Some of agents that target these proteins happened to have synergistic effects
with MTAs. For instance, AZD1152 is an Aurora B inhibitor and synergically
enhances the anti-proliferative activity of vincristine in human acute leukemia cells
in vitro and in vivo [144].

As we mentioned earlier, BubR1 is a tension-sensing protein. If kinetochores and
microtubules are not attached together correctly, the lack of sufficient tension causes
BubR1 accumulation in kinetochore and causes mitotic arrest until all kinetochore-
microtubule attachments are correct. A study was done in absence and presence of
DL15 in two groups of cells and they were incubated for one cell cycle. Later cells
were stained by anti-BubR1 antibody. The result showed DL15 promoted BubR1
accumulation, caused loss of tension all across the kinetochores and subsequently
caused mitotic arrest [84].

MBIC a synthetic destabilizer class of MTAs is also reported to alter some of
mitotic kinases such as Aurora-B, BubR1, Cyclin B1 and CDK1 in human cervical
cancer cell-line (HeLa) which along with disruption of tubulin polymerization,
caused mitotic arrest and finally apoptosis [100].

Resemblance Between Stabilizers and Destabilizers

MTAs are divided into two classes and characteristics of these agents as stabilizers
and destabilizers refer to their efficacy when drugs dosages are high and tubulin
concentration is high. Nevertheless the main resemblance between these two classes
of drugs is that they suppress microtubule dynamic (grow and shrinkage) instability.
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This resemblance is central in all MTAs [145]. That is why in some drug combina-
tion among combined stabilizer and destabilizer we can see great synergism. Each
individual MTA may regulate different mechanism or mode of action but together
in combination they increase the efficacy of treatment. For example the roots and
rhizomes of Tacca species have a stabilizer compound named Taccalonolide and a
destabilizer compound named Taccabulin A. These two compounds with their two
opposite actions on microtubule polymerization, together they interfere with micro-
tubule dynamics and overall effect is interrupting the proliferation of cancer cells.
During mitosis separation of two sister chromatids are necessary and their separa-
tion requires mitotic spindles grow and shrink fast (3.6-fold more rapid than inter-
phase). Therefore combination of stabilizer and destabilizer interferes with
microtubule overall dynamics. This ability is considerable in cancer cells because of
their rapid cell division compared to normal cells [146]. Moreover, in a recent study
synergism between paclitaxel (stabilizer) and a newly introduced MTA, MBIC
which acts as a destabilizer, was reported in treatment of cervical cancer cells
in vitro [100].

Abnormal Genetic Expression and Genetic Mutations: Basic
Crisis in Resistance to MTAs

a-Tubulin Mutation

There are two paclitaxel-resistant A549 cell-lines namely: A549-T12 and A549-T24.
For normal growth these two cell-lines require low dose of paclitaxel [60]. In lack
of paclitaxel, A549-T24 showed a most dramatic increase of microtubule dynamic
and A549-T12 showed increase of dynamics in lesser degree both compared with
their parental A549 cell-line. Therefore, these cell-lines are paclitaxel resistant/
dependent [147]. The studies revealed that mutations on a-tubulin gene can modu-
late the sensitivity to agents that interact with B-tubulin. The mutation that was
identified at Ser’” in A549-T12 cells corresponds to a-tubulin Ser 380 in the yeast
which is located between resistant and sensitive loci in yeast genes [148]. Hence,
mutation of a-tubulin in the yeast alters the binding site. In the a-tubulin gene
region, mutation at o 379 in the paclitaxel-resistant cells is located between helix 10
(that contains stathmin gene [149]) and helix 11 (that is inside a domain containing
MAPs genes). Therefore a mutation at o 379 cause changes in stathmin and MAPs
genes leading to alter the microtubule stability and dynamics [150]. Curmi et al.
[151] evaluated the expression levels of stathmin and MAP4 and they found stath-
min is up-regulated in aggressive breast cancer patients [151]. It was same increase
as in paclitaxel-resistant cell-lines. Thus, one suggestion is a-tubulin mutation may
cause altered binding position of stathmin to -tubulin combined with elevated pro-
tein expression level of stathmin [150].
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P-Tubulin Mutations

Since B-tubulin is a target of many MTAs, several studies have investigated the
DNA sequences of this protein. Reports indicated f-tubulin mutations and mutation-
related clinical observations resulted from non-functional p-tubulin pseudo genes.
All these known pseudo-genes, share substantial sequence homology with p-tubulin
functional gene. 3-Tubulin includes six isotypes. It is very well-conserved between
species with similar amino-acid sequences. 3-Tubulin isotypes differences are in
regions of sequences that can be used for classifications between different species.
In human cancer cells, class I f-tubulin is most commonly expressed p-tubulin iso-
type [152]. Each six isotypes has their own gene plus p-tubulin family includes
pseudo-genes. Pseudo-gene sequences are not functional and probably are gener-
ated from mutations on duplicated functional p-tubulin genes [153]. Many studies
have been conducted to investigate association between resistance to MTAs and
changes in p-tubulin isotypes expressions and mutations [18].

Giannakakou et al. [154] performed in vitro tubulin polymerization assay and
they have shown paclitaxel caused microtubule polymerization of wild-type tubulin
but it did not show same efficacy in mutant tubulin purified from paclitaxel-resistant
cells [154]. A study was done in 1A9 cell-line which is a paclitaxel-resistant ovarian
cancer cell-line, and this cell-line carries functionally inactive mutant p53. Cells
that carry p53 mutations are more likely to have additional mutations due to increase
of genome instability. Among various studies that investigated this theory, one study
identified presence of p53 response element in promoter region of human MSH2
gene in human ovarian cancer cell-line (A2780) which carries mutated p53.
Apparently, this element is required for expression of hMSH2, Therefore non-
functional p53 prevents expression of hMSH2 [155]. MSH?2 is member of human
mismatch repair (MMR) gene, therefore hMSH2 (human mutS homolog-2) is a
DNA repair gene [156]. This study proved the role of P53 in genomic stability.
Therefore, p53 mutation itself accelerates acquisition of more mutations within the
cells. Giannakakou et al. [127, 157] selected several clones which were isolated
from 1A9 human ovarian cell-line (PTX10 and PTA22). DNA sequencing experi-
ment revealed that PTX22 included both mutated and wild-type p53. Silencing of
P53 caused accumulation of mutated B-tubulin. Once mutation in B-tubulin genes
occurred, even restoring wild-type p53 could not return the cells back to paclitaxel-
sensitive state. Therefore p53 silenced cells had better chance to confer paclitaxel-
resistance [157]. Although, another study in 2000 reported patients with ovarian
cancer who are carriers of mut-P53 gene, had better sensitivity to paclitaxel (86%)
than those patients with wt-p53 gene (47%) [158].

Investigation of connection between p-tubulin gene mutation and resistant to
MTA also is done for vinca alkaloids. Kavallaris et al. [159] found point mutation
of B-tubulin gene in leukemia cell-lines resistant to vinblastine (CEM/VLB 100)
and to vincristine (CEM/VCR R). However both cell-lines contained elevated level
of drug efflux pump P-gp but overexpression of this protein did not match the whole
drug resistant phenotype [159], therefore, we can conclude p-tubulin mutation can
confer resistance to MTAs.
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Alteration in Class III f-Tubulin Isotype Expression

The class III B-tubulin overexpression is correlated to resistant to MTAs such as
paclitaxel and vinorelbine in vitro and in vivo for various cancers especially for
breast cancer. Alteration in tubulin isoform expression is associated to resistance to
taxanes. Although identifying the connection of class III f-tubulin and drug resis-
tance is complicated due to complexity of tubulin auto-regulation systems, but there
are studies that investigated effects of changes in tubulin isoform expressions on
efficacy of several new tubulin-binding agents. For instance, Suzuki et al. [160]
reported that STX140 is able to suppress proliferation of resistant MCF-7 dox cell-
line with overexpressed P-gp [160]. When the level of soluble tubulin increases,
B-tubulin mRNA degrades through a co-translational degradation that also regulates
the expression of B-tubulin isotypes [161]. In a study, Hari et al. [162] overexpressed
the class III B-tubulin in CHO cell-line. This experiment increased resistance to
paclitaxel by decrease of paclitaxel suppression on microtubule dynamics [162].
Data showed breast cancer patients with resistance to docetaxel, had five-fold
increase of class III B-tubulin [163]. Joe et al. [164] transfected class III f-tubulin in
cervical carcinoma HeLa cell-line and tested taccalonolides efficacy. It was reported
there is no evidence of resistance against this drug in cells with overexpressed class
IIT B-tubulin [53], however, overexpression of class III B-tubulin caused resistance
to paclitaxel [164]. Gan et al. [165] investigated the effect of class III p-tubulin
expression in different pattern. They silenced class III B-tubulin and observed that
this experiment induced resistance to vincristine, paclitaxel and DNA-damaging
agents in non-small cell lung carcinoma [165]. Stengel et al. [166] have shown that
alteration in class III B-tubulin expression (both silencing and overexpression) in
two breast cancer cell-lines, MCF-7 and MDA-MB-231 did not affect the efficacies
of STX140, STX243, ENMD1198, 2-MeOE2 and colchicine. While efficacies of
paclitaxel and vinorelbine have changed [166]. Small difference between class I and
IIT of B-tubulin is one amino-acid which causes different final three dimensional
formations. Class III B-tubulin carries Arg 277 instead of Ser 277 which exist in
class I. Ser?”” and Arg?’® are key amino-acid for stable binding of tubulin to pacli-
taxel in its binding site at class I p-tubulin [167], but in class III f-tubulin structure
changed and lost its stable taxane-binding site [168]. Class III p-tubulin is corre-
lated with increased microtubule dynamics which is opposite of assembling activity
of paclitaxel at microtubules plus (+) end [169]. The reason that high contained
class III p-tubulin cancer cells are not resistant to STX140, STX243, ENMD1198,
2-MeOE2 and colchicine, but are resistant to paclitaxel, is these agents bind to
colchicine-binding site which includes a different conformation and leads to forma-
tion of a stable complex containing class III B-tubulin. Besides, these agents are
destabilizers, therefore overexpression of class III B-tubulin is even an advantage for
this class of drugs due to class III B-tubulin increases microtubule dynamics.
Although, vinorelbine which binds to vinca-binding site appeared to have less effi-
cacy in cancer cells with class III p-tubulin overexpression in small lung cancer
cell-line [165], breast cancer cell-line [166] and in vivo [170]. These observations
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suggest that resistant cancer cells with overexpressed class III $-tubulin is related to
drug binding-site. This idea is supported by study of Stengel et al. [166], wherein
they showed those MTAs that binds to colchicine-binding site in cells which contain
altered class III B-tubulin, do not exhibit resistance to these drugs, but those MTAs
binding to taxane- and vinca-binding sites, alteration in class III f-tubulin, affected
their efficacies. A satisfactory conclusion here could be the importance of design
and development of new agents that bind to colchicine-binding site as taxanes alter-
natives for resistant cancers [166].

Alteration in Class VI f-Tubulin Isotype Expression

Lack of p-tubulin VI in non-hematopoietic tissues confirmed that f-tubulin VI is a
hematology-specific isotype and consequently it is a marker that mediates hemato-
logic toxicity of pB-tubulin binding drugs. These cells express a specific variant of
B-tubulin VI named p-tubulin VI 274 M variant. This variant is less sensitive to
paclitaxel compared to other variants and compared to pB-tubulin VI wild-type [171].
Within paclitaxel-binding site of all human f-tubulin isotypes, there is a conserved
residue (residue 274) [172]. This residue is necessary for binding of paclitaxel to
tubulin. Mutation in this residue (T274 M) leads to resistance to paclitaxel [173],
therefore patients who carrying this mutation could be resistant to myelosuppres-
sive effects of MTAs. Leandro-Garcia et al. [171] for first time showed p-tubulin
class VI is a hematology-specific isotype which differentiates from other p-tubulin
genes by few genetic and expression variability. Also they have shown patients who
are carriers of TUBB1 T274 M in their p-tubulin class VI gene, had protection
against paclitaxel effect [171].

P-Glycoprotein Overexpression

One of the major current problem in chemotherapy is efflux of drugs into extracel-
lular matrix. This occurs by activity of ATP-binding cassette protein known as P-gp
product of MDR1 gene and it is part of MDR mechanism [174]. The main natural
positive role of P-gp is pumping the toxic substances out of cells in brain and gas-
trointestinal tracts [175]. In many cancer types, overexpression of P-gp seemed to
be related to resistance to taxanes [176], but in same cancers ixabepilone a class of
epothilone, showed cytotoxicity [40]. A meta-analysis of 31 breast cancer trials
showed that the P-gp was overexpressed in 41% of patients after treatment and
interestingly, there was 3-fold reduction of response to paclitaxel in same patients.
This result suggested chemotherapy induces P-gp expression [177]. Investigation
on connection between other taxanes such as docetaxel and expression of P-gp in
breast cancer were done and no significant correlation has been reported [178].
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Epothilones and taxanes bind to same tubulin binding site but they are functioning
differently. The main advance of epothilones is that unlike taxanes they are not P-gp
substrate [179]. In this regard, epothilones are active in models that are taxane resis-
tance because epothilones tolerance is provided. As an example, epothilone B
causes much higher levels of tubulin polymerization when it is compared with equi-
molar dosages of paclitaxel in vitro [180]. Other experiments showed almost all
models that are resistant to paclitaxel display sensitivity to epothilone A and epothi-
lone B. Recent studies have reported that, a-tubulin mutations in cells that are resis-
tant to microtubule-depolymerizing agents, causes decreased drug accumulation
even when P-gp overexpression is not present [181]. If P-gp causes resistance to
certain drugs therefore those agents that inhibit P-gp activity, are able to bring back
the sensitivity of the cell to those certain drugs [174]. A recent drug, tariquidar is a
P-gp inhibitor which showed an ability to bring back the sensitivity to paclitaxel in
17 women with stage III-IV breast cancer but final result was lack of efficacy [182].
Therapeutic industry needs more offer on P-gp inhibitors more specific those drugs
that increase the efficacy of taxanes. Also more MTAs are required to be introduced
with less susceptibility to P-gp-mediated resistance.

Tau: Intracellular Competitor of Paclitaxel

Tau protein was first time described in 1975 to be a product of a gene located in
chromosome 17 (17q21) [183]. Tau is one of microtubule-associated proteins
(MAPs) and attaches to tubulin both exterior and interior surfaces of microtubule
and also it binds in paclitaxel-binding site therefore practically tau competes with
paclitaxel. When tau attaches to paclitaxel-binding site, in the same way stabilizes
the microtubule as paclitaxel does but with much more reversibility [184]. Studies
revealed that those breast cancer patients that have genetically low tau expression,
benefit more from paclitaxel treatment due to competition of paclitaxel and tau in
attaching to microtubule. One study was experimented with paclitaxel-based neo-
adjuvant chemotherapy on 82 breast cancer patients. Those patients with low tau
mRNA expression level, succeeded to achieve total pathologic response (P < 0.001)
[185]. Furthermore, there is a correlation between tau and ER in breast cancer
patients. Those with high tau expression were reported to be more among ER-positive
patients (57%) than those with ER-negative (15%) [186] and this is due to oestrogen
regulation of tau gene. Oestrogen induces tau expression. Therefore co-expression
of ER and tau is considered a good sign for prognosis in the breast cancer therapy
and it is related to better overall survival. ER-positive patients with high tau expres-
sion are more sensitive to hormone therapy than paclitaxel therapy. On the other
hand, ER-negative patients had better response to paclitaxel therapy [187]. In 2005
a group of researchers silenced tau protein in breast cancer cells and they achieved
higher sensitivity to taxanes [188]. Thus, tau expression level could be an important
biomarker of resistance to paclitaxel [187].
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HER?2 Overexpression

HER?2 is a transmembrane receptor and it has a tyrosine kinase activity [189]. HER2
belongs to a family with four members namely: EGFR/HER1, HER2, HER3 and
HERA4 receptors that are involved in cell growth regulation, differentiation and sur-
vival through interlink with some of survival pathways including PI3K/AKT path-
way and Ras/Raf/MEK/MAPK pathway. Therefore, when HER2 is expressed, there
is signaling to downstream pathways [190]. HER2 is always in active form and
ready to interact with its ligands [191]. Amplification and/or overexpression of
HER?2 were detected in 20% of early stage breast cancer patients [192]. Breast can-
cer patients with HER2-negative ER-positive, had no significant benefit from pacli-
taxel treatment while patients with HER2-positive whether ER-positive or
ER-negative showed significant improved response to therapy including 5 years of
disease-free survival. Also patients with overexpressed HER2 seemed to receive
even better benefit compared to HER2-negative. Therefore, HER2 amplification
and overexpression is a marker of potential to emerge better response to taxane
therapy. Interestingly, overexpression of HER?2 is associated with lower expression
of tau protein which is somehow a brief explanation for increased sensitivity to
taxane therapy [193].

Determinants of Sensitivity and Resistance to MTAs

The major logic behind continuous production of MTAs is their lack of tissue selec-
tivity and perpetual drug resistance against these drugs. For instance paclitaxel and
vinca alkaloid are active against breast, ovarian and lung cancers but inactive against
colon and kidney cancers and many sarcomas. Seems these drugs are more effective
against haematological type of cancers rather than solid ones. The determinants of
being sensitive or resistance to specific drug is inside the cell and their level of
access to drugs pharmacological benefits [15]. Different levels of resistance were
reported against MTAs. Those cells that ultimately resist against MTAs, oftentimes
display overexpression of a class of a membrane transporter named ABC-transporters
(ATP-dependent drug efflux pumps or ATP-binding cassettes). These pumps reduce
intracellular drug accumulation by pumping them out of cell. Since, they may pump
various drugs at the same time, they cause cross-resistance or MDR. Many of these
transmembrane pumps have been identified such as P-gp which is explained earlier
in this chapter [194]. To remove this obstacle considerable efforts are in the way to
produce MTAs which are not removed by transmembrane pumps [195]. However,
the cell’s host factors are also determine to pose the cell as sensitive or resistance to
drugs. Such as abnormal expression of regulatory proteins, the different level of
expression of tubulin isotypes and their post-translational modifications. There are
various studies reported the correlation between high level of a specific tubulin iso-
type and resistance to a specific MTA [15, 19, 159, 196]. The cellular host
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determinants can be divided into two groups. Those that affect microtubule polymer
level and therefore they also affect microtubule dynamics. Microtubule polymer
level is a significant host determinant considering most organelles and components
move inside the cell by attaching and moving along microtubules. Therefore, those
cells that have the ability of preserve their microtubule mass in required level for
organelles and components to move, survive longer under treatment of destabilizers
such as vinca alkaloids. On the other hand, under paclitaxel treatment and conse-
quently appearance of increased microtubule polymers, motor-proteins such as
dynein and kinesin are not able to support the transportations anymore. Certain
cancer cells that overexpress endogenous microtubule-depolymerizing factors,
develop resistance against stabilizers like paclitaxel.

The importance of microtubule dynamics as host determinant was showed that
those MTAs that suppress microtubule dynamics without any significant change in
microtubule-polymer level, prevent metaphase to anaphase transition, such as in
paclitaxel-resistance/dependent A549 lung cancer cell-line. After omitting pacli-
taxel in these cells, results show 57% to 167% faster microtubule dynamics com-
pared to paclitaxel-sensitive A549 cells [147]. Fast microtubule dynamics behavior
cost this group of cells disrupted spindle assembly and they were unable to transit
from metaphase to anaphase. Addition of paclitaxel to this group of cells caused
microtubule dynamics slow down and they went through successful mitosis. This
shows their resistance and at the same time dependence to paclitaxel. This group of
A549 cells undergo several endogenous changes such as overexpression of
BIII-tubulin isotype, As mutated o-tubulin, overexpression of endogenous
microtubule-destabilizer protein stathmin and inactivation of endogenous microtu-
bule-stabilizer protein MAP4 [150, 197]. The point that we can understand here is
microtubules destiny is affected by many endogenous determinants. Therefore,
there are many undiscovered potential determinants which could be targets of che-
motherapeutic drug design.

Natural or Synthetized MTAs? Which Are More Beneficial?

As early as discovery of natural products, they provided a rich source of compounds
that were applicable in many fields of medical researches. Above half of currently
used drugs in chemotherapy are natural products. Synthetized or semi-synthetized
agents are either obtained from natural sources with few structural modifications
(semi-synthetized), or they are totally new compounds which are designed accord-
ing to a natural compound structure as a model (synthetized) [198]. The main aim
of synthetizing a drug is to establish a relationship between pharmacological advan-
tages and structure of the compound, therefore the aim is obtaining a new drug
which is better than “prototype” with a view of collecting advantages from potency,
less toxicity and more selectivity. Natural products which are extracted from marine
products, plants and microorganisms are considered as prototype, origin, template
or lead compounds [199].
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To answer the question of “which one is better”, we must consider natural prod-
ucts provide major structural diversity which some of them have sufficient biologi-
cal potency in some aspect, but some disadvantages in another aspect. For example
taxanes which are great stabilizers, on the other hand they are also great substrate
for plasma membrane drug-efflux pump [200]. The search for natural products is
necessary and will continue to provide greater range of template [201]. These pro-
totypes are modified to produce more improved semi-synthetized agents with better
therapeutic potential by molecular modifications. Or they are template for entirely
new synthetized agents as their analogues, which contain greater pharmacological
activity, magnificent therapeutic possibilities and less side effects. Nowadays, drug
synthesis provides huge range of improved drugs in regard of both structure and
activity [198]. According to data, we can conclude both natural and synthetized
drugs have different range of advantages that must be considered.

Conclusion

Critical obstacle in current cancer therapy is low selectivity of anticancer drugs
against cancer cells. To differentiate between cancer and normal cells, the knowledge
of cancer-specific characteristics, origin and differences of these characteristics is
required. This aim directed researchers to develop molecular-based strategies. One
of the main different characteristics is rapid mitosis of cancer cells. Microtubules,
the main component of mitosis have two types of dynamic behaviors. The duration
of each and switch rate between these two behaviors caused microtubule interesting
as a potential target. MTAs are class of anticancer drugs which effect mitosis by
targeting microtubules. This paradigm makes MTAs applicable to rapidly dividing
cancer cells, compared to slowly dividing normal cells. Proliferation mechanisms
are tightly under control in normal cells while these mechanisms are manipulated in
cancer cells, due to continuous mutations. Mutations in cancer cells alter microtu-
bule dynamic behaviors. Studying different characteristics in molecular level also
clarified that mutations such as a- and -tubulin mutations and abnormal expression
of B-tubulin isotypes are associated with resistance to some of MTAs. MTAs are ver-
ity of small molecules either from natural sources or synthetized/semi-synthetized as
improved analogues of natural agents, interrupt microtubule dynamic behaviors with
either stabilizing or destabilizing activities. Studies showed some of MTAs beside
their main task, manipulate mitotic kinases as well, or manipulate some other spe-
cific proteins that directly or indirectly boost MTAs’ main task. Moreover, MTAs
suppress tumor vascularization, which avoid tumor accessibility to source of oxygen
and nutrients “the blood”. No matter stabilizer or destabilizer, MTASs’ main resem-
blance is their final task which is suppressing microtubule dynamic behaviors. That
is why more drug combination strategies were successful in emerge of synergism
between different MTAs. Natural MTAs always have been main source of applicable
drugs or great template in the view of structure or bioactivity. Synthetized/semi-
synthetized MTAs have been improved drugs to associate between structure and
bioactivity with lesser side effects and resistance to MTAs.
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