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Abstract

The taxanes, paclitaxel and docetaxel are microtubule-stabilizing agents that function primarily by interfering with spindle microtubule dynamics
causing cell cycle arrest and apoptosis. However, the mechanisms underlying their action have yet to be fully elucidated. These agents have become
widely recognized as active chemotherapeutic agents in the treatment of metastatic breast cancer and early-stage breast cancer with benefits gained in
terms of overall survival (OS) and disease-free survival (DFS). However, even with response to taxane treatment the time to progression (TTP) is
relatively short, prolonging life for a matter ofmonths, with studies showing that patients treated with taxanes eventually relapse. This review focuses on
chemoresistance to taxane treatment particularly in relation to the spindle assembly checkpoint (SAC) and dysfunctional regulation of apoptotic
signaling. Since spindle microtubules are the primary drug targets for taxanes, important SAC proteins such asMAD2, BUBR1, Synuclein-gamma and
Aurora A have emerged as potentially important predictive markers of taxane resistance, as have specific checkpoint proteins such as BRCA1.
Moreover, overexpression of the drug efflux pumpMDR-1/P-gp, altered expression of microtubule-associated proteins (MAPs) including tau, stathmin
and MAP4 may help to identify those patients who are most at risk of recurrence and those patients most likely to benefit from taxane treatment.
© 2007 Elsevier B.V. All rights reserved.
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Fig. 1. Chemical structure of paclitaxel and docetaxel. (Figure printed with
permission Fitzpatrick and Wheeler [10]).
1. Introduction

Cellular chemotherapeutic resistance is a major factor in-
volved in poor response and reduced overall survival (OS) in
patients with metastatic breast cancer (MBC) [1]. One class of
drugs commonly used in the treatment of breast cancer is the
microtubule-stabilizing agents (MSAs) also know as micro-
tubule inhibitors (MIs), namely paclitaxel and docetaxel [2]. The
commercially available taxanes, paclitaxel (Taxol®) and doc-
etaxel (Taxotere®), have become widely recognized as extre-
mely active chemotherapeutic agents in the treatment of breast
cancer [3], with a response rate of between 25 and 69% observed
when used as first-line treatment [4].

MI agents, such as the taxanes (microtubule polymeri-
zing agents) and vinca alkaloids (microtubule depolymerizing
agents) form part of an increasing number of cytotoxic drugs
currently available for the treatment of breast cancer. In the
early 1970′s treatment regimes for breast cancer were limited
to the use of the alkylating agent, cyclophosphamide in com-
bination with methotrexate and 5-fluorouracil (CMF), with
a median survival rate of 14 months [5]. This regime was
superseded in the 1980′s with the use of the anthracyclines,
doxorubicin and epirubicin, which have been widely used as
single first-line treatment or in a combinatorial regime with
other chemotherapeutic agents [6]. By the 1990′s the taxanes,
paclitaxel and docetaxel were introduced in combination with
anthracyclines and alkylating agents, thereby improving over-
all survival (OS) and disease-free survival (DFS) in metastatic
breast cancer (MBC) patients [7,8]. Moreover, the taxanes
have been incorporated into the management of early-stage
breast cancer and are now routinely used in combination with
anthracyclines and trastuzumab (Herceptin®) [5,8]. However,
resistance to taxanes is common and there is an increasing
need to try and identify those patients who will respond to
treatment.
2. Microtubule inhibitor (MI) chemotherapy— the taxanes
and vinca alkaloids

Paclitaxel was originally isolated from the bark of the Pacific
yew tree, Taxus brevifolia in 1971 [9]. The chemical structure
is illustrated in Fig. 1 [10]. It was initially approved by the
United States (US) Food and Drug administration (FDA)
for use in advanced ovarian cancer in 1992 [11] and subse-
quently endorsed for the treatment of metastatic breast cancer
(MBC) in 1994 [11]. Since paclitaxel was originally isolated
from a natural source having a limited supply, it is now
derived semi-synthetically from the inactive taxane precursor,
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10-deacetylbaccatin III, found in the needles of the European
yew tree, Taxus baccata [11].

As paclitaxel is a highly hydrophobic compound it is ad-
ministered in solution with alcohol and purified Cremophor ®
EL (polyoxyethylated castor oil) to aid delivery [12]. This
solvent can cause severe hypersensitivity reactions, thus pre-
medication with dexamethasone is recommended, where
clinically indicated as individual patient factors may preclude
treatment with steroids [12]. Following intravenous (IV)
infusion, paclitaxel demonstrates nonlinear pharmacokinetics,
is metabolized in the liver and is excreted predominantly in bile
[13]. The elimination T 1/2 is 15–50 h [13]. Recent development
of ABI-007, an albumin bound paclitaxel particle, helps to
avoid the hypersensitivity induced by Cremophor ® EL [12]. In
one phase III trial comparing ABI-007 to standard paclitaxel
treatment, 454 patients with MBC were randomized to receive
either 260 mg/m2 of ABI-007 or standard paclitaxel 175 mg/m2

every 3 weeks for 6 cycles [14]. Patients treated with ABI-007
vs. standard paclitaxel had significantly higher response rates
33% vs. 19% (p=0.001) respectively and longer time to di-
sease progression 23% vs. 16.9%, hazard ratio [HR]=0.75
(p=0.006). Moreover, the incidence of grade 4 neutropenia was
significantly lower for the ABI-007 arm compared with the
standard paclitaxel arm 9% vs. 22% (pb0.001) respectively
[14]. This positive outcome is further highlighted by the recent
US FDA approval of ABI-007 for use in the treatment of MBC
after either failure of combination chemotherapy, or relapse
within 6 months of adjuvant chemotherapy [15]. Common side-
effects of paclitaxel include alopecia, myelosuppression,
gastrointestinal symptoms and febrile neutropenia [13]. Periph-
eral neuropathy is particularly associated with paclitaxel and
increases with cumulative dose [13]. When paclitaxel is
administered in a dose-dense setting, that is, as a weekly or
two-weekly regime, it is more effective in terms of response
rates compared to conventional three-weekly scheduling.
Paclitaxel given neoadjuvantly to a cohort of 258 node-positive
and node-negative breast cancer patients, resulted in a signi-
ficantly higher pathological complete response (pCR) rate in
those patients who received weekly treatments (n=127) vs.
three-weekly treatment regimes (n=131) 28% vs. 15.7%
(p=0.02) [16]. Furthermore, the Cancer and Leukemia
Group B (CALGB) 9840 trial also found that weekly adminis-
tration of paclitaxel was superior to a three-weekly regime in
terms of time to progression (TTP) and overall response rate
(ORR) in the metastatic setting [17].

Docetaxel, a second generation taxane, is derived semi-
synthetically by the esterification of a side chain to 10-deacetyl-
baccatin III (the inactive taxane precursor) [18]. The chemical
structure of docetaxel is illustrated in Fig. 1 [10]. It is ad-
ministered in solution with polysorbate 80 and ethanol, a vehicle
associated with significantly less hypersensitivity reactions than
Cremophor ® EL [13]. Docetaxel can be given as part of a
weekly or standard three-weekly regime [19,20], although
weekly docetaxel is poorly tolerated clinically and is therefore
not used routinely [20]. Docetaxel differs from paclitaxel with its
linear pharmacokinetics and elimination T 1/2 of 1 h but shares
the same common side-effects with paclitaxel [13]. In addition,
oedema and fluid accumulation, including pleural effusions and
ascites, are also commonly seen with docetaxel and can be dose-
limiting [13]. With regard to docetaxel treatment, the three-
weekly regime is associated with increased neutropenia, skin
and nail disorders (Palmar-plantar erythrodysesthesia) and fluid
retention [13].

Though differences exist between the pharmacology and
pharmacokinetics of paclitaxel and docetaxel, both taxanes have
improved disease-free survival (DFS) and overall survival (OS)
in breast cancer patients, especially when combined with
anthracycline-based regimes [8,19,21].

Other types of MI agents include the vinca alkaloids,
vinblastine and vincristine, extracted over 40 years ago from the
leaves of Catharanthus roseus [22]. These drugs demonstrate
bone marrow suppression and have anti-leukemic effects [23].
Initially, they were used as single-agents for the treatment of
hematological malignancies and were particularly effective in
treating childhood leukemia [24]. Further development of these
drugs has lead to the introduction of semi-synthetic derivatives,
including vinorelbine [25,26], vinflunine [27] and vindesine
which are now clinically used in the treatment of non-small-cell
lung cancer (NSCLC), leukemia, lymphoma and breast cancer
[28]. The main side-effects of these drugs include peripheral
neuropathy and reversible myelosuppression [29].

3. Microtubules as targets for anti-mitotic drugs

Microtubules consist of long, filamentous protein polymers
having important functions in cellular activities such as, main-
tenance of cell shape, cellular movement, cell signaling, divi-
sion and mitosis [24]. These roles make microtubules a highly
effective cancer target as evidenced by the diversity of available
microtubule inhibitory agents including the taxanes, vinca
alkaloids and novel taxanes, such as the taxol-like agents,
epothilones [24,30].

3.1. Tubulin and microtubule structure

Microtubules are hollow cylindrical cores composed of α
and β tubulin heterodimers, as illustrated (Fig. 2a and b) [31].
Each α and β-tubulin monomer structure consists of three
major functional domains [32]. The N-terminal domain
(residues 1–206) which forms a structure known as a Rossman
fold, with six alternating parallel β-sheets (S1–S6) and helices
(H1–H6), is involved in nucleotide (GDP/GTP) binding [32].
The central domain (residues 207–384) is formed by four mixed
β-sheets (S7–S10) and three helices (H8–H10) and is involved
in the lateral/longitudinal contact between α and β-tubulin
monomers forming protofilaments [32]. The C-terminal domain
consists of two anti-parallel helices (H11 and H12) starting at
residue 385 (Fig. 2b) which have been implicated in the binding
of both microtubule-associated proteins (MAPs), such as tau,
MAP2, stathmin, CENP-E (also known as kinesin-7) and the
mitotic kinesin Eg5 [also known as kinesin spindle protein
(KSP)] [32,33].

When microtubules are being formed, α and β tubulin hete-
rodimers associate together in a head-to-tail fashion to form a
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microtubule nucleus (Fig. 3a). The microtubule nucleus elon-
gates linearly into protofilaments which then associate laterally
to form microtubules (Fig. 3b) [24]. In vivo, a microtubule is
composed of 13 protofilaments with a diameter of 25-nm [34].
The way in which protofilaments are arranged gives polarity to
Fig. 2. Ribbon diagrams of the tubulin dimer/paclitaxel-binding site. (a) Ribbon d
α-tubulin subunit. The nucleotides (GDP, GTP) and paclitaxel (Tx) are indicated a
H3, H7, H10 and M loop. (b) Lateral view of tubulin dimer indicating helices H11
the nucleotides GTP and GDP bind (Both figures printed with permission Downin
the microtubule, making the exposed β-tubulin, the plus (+) end
and the exposed α-tubulin at the other end of the microtubule,
the minus (−) end (Fig. 3b) [24]. The plus (+) end is more
capable of rapid growth and is more kinetically dynamic than the
minus (−) end [24]. Therefore, net growth occurs at the plus (+)
iagram of the tubulin dimer consisting of upper β-tubulin subunit and lower
s ball-and-stick structures on the tubulin dimer. Other features include helices
and H12 (c) The structure of the E-site and N-sites on α and β-tubulin where
g and Nogales [31]) (Figure printed with permission Snyder et al. [62]).
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end and net shortening at the minus (−) end [35]. Microtubules
are organized with the plus (+) ends free in the cytoplasm located
toward the periphery (plasma membrane), whereas the minus
(−) ends are associated with the microtubule-organizing center
(MTOC) or centrosome (Fig. 4) [32]. The centrosome is cha-
racterized by two centrioles and the pericentriolar material
(PCM) [36]. One component of the PCM is γ-tubulin, a protein
highly homologous to the α/β tubulins [37]. γ-tubulin forms
ring-like structures on the PCM [38] providing a primer template
from which α/β tubulins can polymerize, forming microtubules
extending from the centrosome [39]. Therefore, the centrosome
and its components are critical in accurately monitoring micro-
tubule growth and dynamics.

3.2. Microtubule polymerization dynamics

The polymerization and depolymerization dynamics of micro-
tubules are important in cellular function [9]. Polymerization of
microtubules occur when eachmonomer ofα andβ tubulin binds
to a GTP molecule at the nucleotide exchangeable site (E-
site) in β-tubulin and the non-exchangeable site (N-site) in α-
tubulin (Fig. 2c) [31]. Hydrolysis only occurs when dimers have
GTP in their E-site [40]. Following hydrolysis of GTP to GDP+
Pi, the conformation of the β-tubulin changes to a curved form
(D-form), causing tubulin-GDP to lock into the core of the
microtubule [24,41]. Once GTP is hydrolyzed it becomes non-
exchangeable, which accommodates the addition of the next
tubulin dimer to the plus (+) end of the microtubule [24,41,42]. In
addition, the growing end of the microtubule is capped with GTP
or (GDP+Pi) attached to β-tubulin (Fig. 3c). This configuration
favors growth of the microtubule and stabilizes the GDP-tubulin
core by helping to maintain the association between the pro-
tofilaments (Fig. 3c) [43]. Upon depolymerization, the GTP cap is
lost, allowing the GDP-containing polymers to relax and the
protofilaments peel outwards (Fig. 3d). Subsequently, the mi-
crotubules depolymerize releasing the α/β tubulin heterodimers
into the cytoplasm [32]. The GDP attached to free β-tubulin can
now exchange to GTP at the E-site before another cycle of
polymerization begins (Fig. 3d) [22]. The GTP cap model
explains the phenomenon whereby the GTP or GDP+Pi allows
the microtubule to stabilize enabling growth at the plus (+) end,
while in contrast, when the GTP cap is lost, the GDP-tubulin
dimers dissociate from the shortening microtubule [43].

Microtubules display two forms of dynamic behavior. These
are dynamic instability and treadmilling [44]. Dynamic ins-
tability is a form of nonequilibrium dynamics [44]. This process
describes the association and dissociation of α/β tubulin he-
terodimers from the microtubules resulting in their alternative
lengthening and shortening [24]. Microtubule dynamics can
change dramatically, undergoing rapid lengthening or short-
ening. Alternatively, they can reach a steady state, where growth
of the microtubule polymer is balanced by microtubule polymer
shrinkage [41]. The transition from a sudden change in mi-
crotubule growth to shortening is termed ‘catastrophe’, whereas
the transition from shortening to growth is termed ‘rescue’ [45].
The term ‘dynamicity’ refers to the overall rate of exchange of
tubulin dimers at the microtubule ends, while “treadmilling”
describes the net growth at the plus (+) end of the micro-
tubule concomitant with net shortening at the minus (−) end
[22]. This balanced type of dynamic behavior is affected by the
exchange of tubulin subunits from the plus (+) end of the
microtubules to the minus (−) end, due to differing subunit
concentrations of free tubulin in equilibrium with the micro-
tubule ends [24].

Dynamic instability and treadmilling occur in all living cells
and are regulated by a number of microtubule-associated proteins
(MAPs) including, tau, MAP2 and MAP4 which bind to stabilize
themicrotubules (Fig. 3b) [40]. Phosphorylation of theseMAPs is
an important regulatory post-translational modification. In
general, MAP phosphorylation leads to their dissociation from
the microtubule and/or tubulin, leading to microtubule instability
[40]. Kinases such as Cdc2 kinases (controlling centromere
localization) [46], mitogen-activated protein kinases ERK, JNK
(controlling cell migration) [47] and the main serine/threonine
phosphatases, type 1 (PP1) and type 2A (PP2A) [48] have a
critical role to play in the regulation of MAPs and therefore,
microtubule dynamics [40]. Another factor which promotes
microtubule destabilization is oncoprotein 18 (op18)/stathmin
[49]. Stathmin regulates the mitotic spindle by binding to the
microtubule ends, increasing the catastrophe rate at both ends of
the microtubule [40,50].

3.3. Microtubule dynamics in mitosis and proliferating cells

The dynamic nature of microtubules, that is their ability to
polymerize and depolymerize, is essential for cellular division
and chromosome segregation during mitosis [41]. In interphase
the microtubules radiate outwards from the microtubule-
organizing centre (MTOC) and act as stable protein structures
for protein and vesicle transport (Fig. 4) [33]. With the onset of
mitosis, the interphase microtubule network depolymerizes
and is replaced by microtubules that are up to 100 times more
dynamic [9]. These microtubules form the bipolar mitotic
spindle critical for the segregation of sister chromatids during
mitosis [33]. Thus, microtubules are fundamental to the normal
functioning of the cell.

During interphase microtubule turnover is relatively slow,
with half-lives ranging from several minutes to several hours
[24]. During G1 to S phase the two centrioles of the centrosome
separate and duplicate and by late G2 phase have enlarged in
size but remain attached together until mitosis begins (Fig. 4)
[41]. In eukaryotic cells, mitosis is initiated when the regulatory
subunit cyclin B1 complexes with the cyclin-dependent kinase
(cdk1) p34cdc2 forming the maturation promoting factor (MPF)
(Fig. 4) [51].

In early prophase, centrosomesmove apart, forming the spindle
poles, and the chromosomes condense [Fig. 4 (1)]. One of themost
studied kinesin spindle proteins, kinesin Eg5 (KSP), functions by
mediating the separation of centrosomes and the formation of the
bipolar spindle, critical for intracellular trafficking along the
microtubule [52]. In eukaryotes, the mitotic spindle is attached to
the two opposing spindle poles (centrosomes), with the minus (−)
end of themicrotubules attaching to the poles, and the plus (+) ends
extending away from them [Fig. 4 (1)] [40]. The nuclear envelope
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is still intact [40]. Upon nuclear envelope breakdown, chromo-
somes and nuclear factors enter the cytoplasm and the microtubule
(MT) dynamics dramatically increase [40].

In prometaphase, the plus (+) ends of the spindle microtubules
extend from each pole and probe the cytoplasm until they attach to
the kinetochore on the sister chromatids [Fig. 4 (2)] [9]. This is the
hallmark of the ‘Search-and-Capture’ model underlying spindle
assembly [40]. Three subtypes of mitotic microtubules have been
characterized, these are; (1) kinetochore microtubules (MTs)
whose plus (+) ends attach to the chromatids at the kinetochore,
(2) interpolar MTs, which overlap MTs from the opposite poles at
Fig. 3. Polymerization and depolymerization microtubule dynamics. (a) Microtubule n
(b) Microtubules consisting of α/β heterodimers elongate to form cylindrical microtu
GTP binds to plus (+) end of microtubule and GTP is hydrolyzed to GDP+Pi (inorga
plus (+) end and stabilization is further enhanced by addition of the taxanes, pacl
microtubules. (d) Depolymerization occurs when the tubulin−GTP/GDP+Pi cap is lo
dissociates from the plus (+) end causing depolymerization (effects of vinca alkaloi
the midzone of the spindle, and (3) astralMTs which extend away
from the poles to the periphery of the cell [Fig. 4 (2)]. The spindle
can attach to the kinetochore of sister chromatids in a variety of
ways [53]. Themost stable attachment ‘amphitelic attachment’, or
bi-orientation, occurs when both sister kinetochores attach simul-
taneously to microtubules from opposite centrosomes [Fig. 4 (3)]
[53]. Such microtubules, which grow up to 5–10 μm in length,
shorten completely then re-grow until they attach fully to the
kinetochore. Kinetochores stabilize their associated microtubules
forming mature stabilized kinetochore microtubules (K fibers),
which contain up to 25 microtubules in a metaphase cell [54]. In
ucleus forms when α/β heterodimers associate together in a head-to-tail fashion.
bules of 13 protofilaments with a plus (+) end and minus (−) end. Tubulin-bound
nic phosphate) forming a GTP cap. (c) The GTP cap stabilizes the microtubules
itaxel and docetaxel, which bind to β-tubulin sites causing polymerization of
st, Pi is released from tubulin, destabilization occurs and the tubulin-bound GDP
ds) (Figure adapted with permission from Jordan and Wilson [24]).
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prometaphase, the spindle assembly checkpoint (SAC) remains
activated until all kinetochore microtubules have attached
correctly to kinetochores with the appropriate tension [55].

During metaphase, the sister chromatids attach to the mi-
crotubules at their kinetochore. These then oscillate back and
Fig. 4. Cell division and microtubule dynamics. During interphase the centrosome
different phases; (1) In prophase centrosomes move apart, forming the spindle poles
down and the microtubules begin to elongate from each spindle pole enabling atta
assembly checkpoint (SAC) until all sister chromatids have attached fully. When amp
(3) the checkpoint is silenced at metaphase. (4) During anaphase (A) the duplicated si
with microtubule shortening. (6) In telophase the chromosomes decondense and a new
bundling of microtubules occurs around the midbody, which allows for a membrane
Mollinedo and Gajate [41]).
forth in order to create the appropriate tension needed for
silencing the SAC thereby generating a signal which causes
sister chromatids to separate and drive mitosis into anaphase
[Fig. 4 (3)] [56]. Specifically, the SAC ensures correct alignment
and segregation of chromosomes at the metaphase/anaphase
s are duplicated and DNA is replicated in S phase. Mitosis is divided into six
, and subsequently condense. (2) In prometaphase the nuclear envelope breaks
chment to the kinetochores of each sister chromatid. This activates the spindle
hitelic (bi-orientation) of each sister chromatid to the microtubules has occurred
ster chromatids are pulled apart and in (5) anaphase (B) further separation occurs
nuclear envelope forms around each new daughter cell. (7) During cytokinesis

to form between each new daughter cell. (Figure adapted with permission from
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transition in mitosis [57]. There are a number of checkpoint
proteins affecting chromosomal alignment at the metaphase
stage. One of these is the kinetochore-associated kinesin micro-
tubule motor protein, CENP-E, required for the stabilization of
the kinetochore-MTattachment [58]. Another is the mammalian
centrosome-associated kinesin (MCAK), a catastrophe factor
[33] required to correct abnormal kinetochore attachments that
can interfere with chromosome alignment along the metaphase
plate [59].

During anaphase, the K fibers established during prometa-
phase, depolymerize and allow chromosomal segregation to
take place [Fig. 4 (4)] [40]. It is at this stage in mitosis that the
sister chromatids are pulled apart, due to cleaving by separase of
the cohesions between sister chromatids [Fig. 4 (4)]. Concur-
rently, the overlapping interpolar microtubules depolymerize at
the spindle midzone and the sister chromatids are pulled apart
[Fig. 4 (5)]. Finally, in telophase the chromosomes decondense
with a new nuclear envelope forming around each new daughter
cell [Fig. 4 (6)]. This leads to cytokinesis and entry into the G1

phase as duplicated daughter cells [Fig. 4 (7)] [40]. Microtubule
dynamics are highly controlled during cell division and accurate
monitoring by microtubule-regulating proteins, nuclear factors
and cell cycle-related proteins are critical [40].

4. β-tubulin the cellular target for taxanes and other
anti-mitotic agents

The cellular target for paclitaxel is the taxane site on β-tubulin
(Fig. 2a) [31]. Docetaxel shares the same binding site as pac-
litaxel, though with greater affinity [60]. The taxane-binding site
on microtubules is only present in assembled tubulin [61]. Pac-
litaxel binds to the intermediate domain on β-tubulin as deter-
mined by electron crystallography (Fig. 2a) [31]. This pocket
for paclitaxel lies within a hydrophobic cleft near the surface of
β-tubulin and allows for paclitaxel to interact with proteins via
hydrogen bonding and hydrophobic contact [62]. The binding of
paclitaxel causes lateral polymerization and microtubule stability
[61]. Photoaffinity labeling methods have located the sites of
interaction between paclitaxel and β-tubulin corresponding to
amino acid residues 217–233 of β-tubulin [63]. The molecular
docking model of paclitaxel and β-tubulin as described by Snyder
et al. demonstrates a T-shaped paclitaxel conformation within the
β-tubulin site [62]. Segments ofα-helices H1, H6, H7 and the loop
between H6 and H7 interact hydrophobically with paclitaxel [62].
In addition, paclitaxel comes in contact with β-strands, B8 and
B10. Other drugs that bind to the taxane site include, epothilones
(isolated from myxobacterium Sorangium cellulosum), discoder-
molide (originally isolated from marine sponge Discodermia
dissolute) and eleutherobin (originally isolated from the coral
species Eleutherobia) [22].

The vinca alkaloids, vinblastine and vincristine, and the semi-
synthetic analogs, vinflunine and vinorelbine, bind to the vinca
domain on microtubules (Fig. 5a) [22]. This domain is located
adjacent to the exchangeable GTP-binding site on β-tubulin at
the plus (+) end of themicrotubule (Fig. 5a) [22]. Vinca alkaloids
bind with high-affinity to the plus (+) end of the microtubule and
with low affinity to the sides of the microtubule [9,41].
Colchicine was originally isolated from the meadow saffron
Colchicum autumnale [22]. It is not used in the treatment of
cancer because of its increased toxicity to normal tissue. Never-
theless, colchicine has played a role in elucidating the function and
properties of microtubules [64]. The colchicine domain is located
between theβ-tubulin andα-tubulin interface (Fig. 5b) [22]. Other
drugs which bind to the colchicine site include, combretastatin and
2-methoxy-estradiol (2ME2) [22,65]. The latter is a metabolite of
estradiol, which has been shown to exert inhibitory growth effects
in cancer cells in vitro [22]. Combretastatin (isolated from the
South African willow Combretum caffrum) binds to tubulin, inhi-
biting microtubule polymerization, and leads to mitotic arrest and
subsequent apoptosis [65].

4.1. Mechanism of action and pharmacology of anti-mitotic
drugs

Microtubule-targeting drugs function in suppressing spindle
microtubule dynamics, thus inhibiting the metaphase anaphase
transition, blocking mitosis and inducing apoptosis (Fig. 4)
[24]. These drugs are arbitrarily divided into two main groups.
The first is the microtubule-stabilizing agents (MSAs), includ-
ing the taxanes (paclitaxel and docetaxel), epothilones A and B,
discodermolide, and eleutherobin [24]. These agents stabilize
microtubules by binding to polymeric tubulin thus preventing
disassembly [22]. Monastrol is another microtubule-stabilizing
agent which functions as a mitotic kinesin protein (Eg5/KSP)
inhibitor causing mitotic arrest [52,66].

The second group of microtubule-targeting drugs is the
microtubule-destabilizing agents including, the vinca alkaloids
(vincristine, vinblastine), colchicines, podophyllotoxin and no-
codazole [24,67]. These agents destabilize microtubules by
preventing the attachment of microtubules to the kinetochores
inhibiting microtubule assembly [32]. The binding of these
destabilizing agents does not affect the binding of taxanes [24].

Paclitaxel suppresses spindle microtubule dynamics by al-
lowing microtubule attachment but altering the tension across
the kinetochore in mitosis [67,68]. With docetaxel, centrosome
organization is disrupted affecting the late S phase, G2 and M
phases which results in incomplete mitosis, accumulation of
cells in the G2M phase and cell death [13].

The cytotoxic effects of paclitaxel and docetaxel are ex-
pressed using IC50 values (concentration that reduces an effect
by 50%) and vary depending on the parameters under inves-
tigation and the particular cell lines being studied [69,70]. The
IC50 values relate to parameters such as dynamicity, shortening
rate of microtubules and clonogenic survival [9,71]. In vitro, it
has been demonstrated that the cytotoxic effects of paclitaxel
and docetaxel are time and drug concentration dependent
[69,70]. In addition, paclitaxel and docetaxel have been found
to have an antiproliferative effect with IC50 values in the
nanomolar range in a variety of cell lines, with docetaxel being
2- to 4-fold more cytotoxic than paclitaxel [72]. The
cytotoxicity of paclitaxel has been studied with in vitro
clonogenic survival assays in a number of cell lines including
the HeLa, MCF-7 and A549 cell lines [73]. In this study [73],
the paclitaxel IC50 ranged between 2.5 and 7.5 nM for all the



Fig. 5. Antimitotic drugs bind to different sites on the tubulin heterodimers (a) Vincristine binds to the vinca domain at the microtubule plus (+) ends leading to
depolymerization. (b) Colchicine complexes with tubulin dimers at the colchicine domain located between the β-tubulin and α-tubulin interface suppressing
microtubule dynamics (c) Paclitaxel binds to the interior surface of the microtubule at the taxane-binding site, suppressing microtubule dynamics. (Figure adapted with
permission from Jordan & Wilson [24]).
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cell lines investigated with a paclitaxel IC50 of 2.6 nM for the
HeLa cell line specifically. Increasing paclitaxel concentration
above 50 nM-, induced no additional cytotoxicity after 24 h
drug exposure [73], although increasing the exposure of cells to
paclitaxel from 24 to 72 h increased cytotoxicity from 5- to 200-
fold in the cell lines investigated [73]. This would imply that
cytotoxicity due to paclitaxel is dependent on exposure of the
cells to this drug and increases in concentrations above 50 nM
are unlikely to result in increased tumor response [73]. The
cellular effects of paclitaxel in HeLa cells at paclitaxel con-
centrations (-b10 nM-) include suppression of microtubule
dynamics without affecting microtubule mass, leading to
mitotic arrest and apoptosis [9]. HeLa cells also exhibit aberrant
mitosis containing multipolar spindles resulting in aneuploidy
[74]. As the paclitaxel concentrations increases (N100 nM),
microtubules assemble into stabilized bundles and the mass of
microtubule polymers increase rapidly as tubulin is recruited to
the microtubule [9]. High concentrations of paclitaxel block
mitosis, and lead to G2/M cell cycle arrest and apoptosis [75].
Similarly, the cytotoxicity of docetaxel has been studied using
clonogenic assays in a number of ovarian carcinoma cell lines
including the SKOV-3, CAOV-3 and UTOC-1 cell lines [71]. In
this study [71], the docetaxel IC50 ranged between 0.23 and
2.3 nM for the cell lines investigated. The cellular effects of
docetaxel in MCF-7 cell lines at low docetaxel concentrations
(4 nM) induce aberrant mitosis followed by aneuploidy [70],
while higher concentrations (100 nM) induce sustained mitotic
arrest and mitotic slippage [70]. In addition, docetaxel has
similar cellular cytotoxic effects to paclitaxel inducing apopto-
sis and cell death in a dose-dependent manner in the ovarian
cancer cell lines A2780, H134, IGROV-1 (wild-type for p53)
and OVCAR-3 (mutant for p53) [76]. Moreover, docetaxel has
been shown in MCF-7 cells and PC-3 prostate cancer cells to be
10- to 100-fold more potent than paclitaxel in phosphorylating
Bcl-2, which may account for the increased cytotoxicity
associated with docetaxel compared to paclitaxel [77].

Vinca alkaloids inhibit microtubule dynamics by inhibiting
microtubule assembly [9]. Vinca alkaloids bind to high-affinity
binding sites at the ends of microtubules, suppressing micro-
tubule dynamics without depolymerizing microtubules, thereby
inducing apoptosis in a manner similar to paclitaxel [9]. In fact
the vinca alkaloid, vinblastine, has been shown to have a
stabilizing effect on microtubule dynamics at low concentra-
tions in the absence of microtubule depolymerization [9]. How-
ever, at higher concentrations vinca alkaloids bind to both the
high-affinity binding sites and the low-affinity binding sites on
tubulin, destabilizing spindle microtubules and arresting cells in
mitosis hence preventing spindle assembly occurring [22].
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4.2. Cellular response to anti-mitotic agents

Several outcomes are associated with the use of anti-mitotic
chemotherapeutic agents [56,78]. Firstly, cells can undergo
sustained or chronic mitotic arrest until the drug is cleared [56].
This enables cells to survive and continue dividing as diploid
cells. Alternatively, mitotic slippage or adaptation can occur,
when cells exit mitosis without engaging in anaphase or
cytokinesis, producing tetraploid (4N) multinucleated G1 cells
without chromosomal segregation [53]. The determination of
cell fate following mitotic slippage is complex with a number of
possible associated outcomes [56,78]. Adapted cells can survive
and continue dividing as tetraploid (4N) cells (Adaption I).
Alternatively, adapted cells can exit G1 undergoing senescence
or apoptosis as tetraploid (4N) cells (Adaption II). Furthermore,
cells can escape to G1 overriding mitotic checkpoint signaling
leading to apoptosis in interphase (Adaption III). Finally, cells
can undergo cell death directly in mitotic arrest [78].

Clinically, modes of cell death, other than apoptosis, may
contribute to the overall therapeutic response of tumor cells to
treatment with anti-mitotic agents [79,80]. This is supported by
evidence that the correlation between therapeutic response and
apoptosis does not always correspond [81]. Mitotic catastrophe is
another form of cell death that occurs following anti-mitotic drug
treatment [82]. It has been shown that mitotic catastrophe occurs
during mitosis, as a result of DNA damage or abnormal spindle
formation in combination with deficient checkpoint control
mechanisms [83]. Mitotic catastrophe in HeLa cells exhibits
signs of apoptosis including chromatin condensation, release of
pro-apoptotic cytochrome c, activation of caspase-3 and degrada-
tion of DNA [83]. In one study, mitotic catastrophe was shown to
be the predominant form of cell death associated with docetaxel
treatment in the breast cancer cell lines, MCF-10A, MCF-7 and
MDA-MB-231 [82]. Both the taxanes and vinca alkaloids can
induce cellular damage leading to mitotic catastrophe [84].

It is evident that the fate of tumor cells associated with the
use of anti-mitotic agents depends on factors such as the me-
chanism of drug action, drug dosage and the genetic signature of
the tumor cells. Taken together, these factors, in combination
with cellular resistance mechanisms will influence the response
of tumor cells to drug therapy ultimately leading to tumor cell
death or tumor cell survival and chemoresistance.

5. Markers predictive of taxane resistance

Intrinsic and acquired drug resistance to taxanes are common
[22]. Multiple factors underlying taxane resistance include,
mutations in both α and β tubulin [85], differing β-tubulin
isotype compositions [86], P-glycoprotein (Pg) overexpression
[87] and increasedmicrotubule dynamics associated with altered
microtubule-associated protein (MAP) expression [88]. More-
over, functional aberrations in multiple molecular pathways,
such as cell cycle control, growth promotion and apoptosis can
all contribute to chemoresistance [89]. Elucidating the complex
role played by some or all of these factors in taxane resistance is
crucial to the better understanding of taxanes and their use in the
clinical setting.
5.1. β tubulin mutations

Most tubulin mutations identified to date occur at the HM40
βI-tubulin isotype (Table 1) [85]. Mutations in β-tubulin can
cause changes in microtubule dynamics and stability [90] and
can also alter the binding of anti-mitotic drugs, such as paclitaxel
to β-tubulin subunits leading to resistance [85]. It has been
shown that cancer cell lines adapt to anti-mitotic drug treatment
by acquiring tubulin mutations at important sites of drug
interaction, weakening the interactions between β-tubulin and
paclitaxel [91–94]. This is subsequently followed by a loss of
heterozygosity (LOH) of the wild-type tubulin allele after
prolonged exposure to the anti-mitotic agents such as paclitaxel
and epothilones resulting in a highly resistant phenotype [95]. In
vitro, β-tubulin mutations have been found at the leucine residue
(215) in the H6–H7 loop region (Fig. 2a), an area close to the
paclitaxel-binding site, giving rise to reduced tubulin levels,
destabilized microtubule assembly, and increased resistance to
paclitaxel [96]. In another study, two paclitaxel-resistant ovarian
carcinoma cell lines, 1A9PTX10 and 1A9PTX22 established
from the parental cell line A2780, exhibited a 24-fold increased
resistance to paclitaxel compared to the parent line [97]. On
cDNA sequencing two point mutations located within the
intermediate domain of the HM40 βI-tubulin gene encoded by
part of exon 4 were identified. The 1A9PTX10 cells had a
P270V substitution while the 1A9PTX22 had an A364T
substitution with the former located in the taxane-binding
region. Other groups have proposed that mutations in the
paclitaxel resistant 1A9 parent cell lines could have arisen as a
result of a functionally inactive p53 gene (a property associated
with the 1A9 cell line) [98]. Moreover, lack of p53 could prevent
expression of the hMSH2 (mismatch repair gene) leading to a
higher frequency of β-tubulin mutations [99].

Sequencing analysis of exons 1 and 4 of 49 formalin-fixed
paraffin-embedded (FFPE) non-small cell lung carcinomas
(NSCLCs) identified 19 β-tubulin mutations within 16 of the 49
patients within this cohort [100]. Apart from 2 of these mu-
tations, all of them resided within exon 4. None of the patients
with β-tubulin mutations had responses to platinum and
paclitaxel treatment, whereas in the group of patients without
β-tubulin mutations, 13 /33 (39.4%) had complete or par-
tial responses. The median survival for the 16 patients with
β-tubulin mutations was 3 months compared to 10 months in
those with no mutations (p=0.0001) [100]. However, the PCR
primers used were subsequently discovered to amplify both
wild-type β-tubulin genes and β-tubulin pseudogenes perhaps
explaining why so many β-tubulin mutations were identified
originally. Conversely, other studies have found that somatic
mutations of β1-tubulin are rare in breast cancer patients
[101,102]. In summary, β-tubulin mutations in vitro have been
shown to play an important role in paclitaxel resistance leading
to compromised paclitaxel binding [97] or altered microtubule
dynamics [90]. However, there is little clinical evidence in vivo
to indicate that β-tubulin mutations have a role to play in taxane
resistance.

Paclitaxel resistance has also been associated, but to a lesser
extent, with α-tubulin mutations, increased levels of MAP4 and



Table 1
β-tubulin isotypes

Class Human
isotype

Expression

I M40 Major constitutively expressed β-tubulin isotype
II hβ9 Major neuronal isotype, expressed mainly in the brain, but at

low concentrations in various cell types
III hβ4 Minor neuronal isotype, expressed only in neurons and the

brain, at lower concentrations than class II isotype
IVA hβ5 Neural-specific
IVB hβ2 Constitutive
VI hβ1 Haemopoietic-specific

Reprinted with permission from Elsevier (Berrieman et al. [85]).
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phosphorylated stathmin protein in the A549 NSCLC cell line
[94]. Mutations in α-tubulin may affect MAP binding and
therefore confer resistance to MI agents.

5.2. β-tubulin isotypes

There are seven isotypes of β-tubulin in humans (Table 1)
[85]. βV tubulin has only recently been cloned and expression
profiled in human cell lines [103]. Structurally, the β-tubulin
isotype composition differs within the 15–20 C-terminal amino
acids [86]. The C-terminal region is the putative binding site for
many microtubule-associated proteins (MAPs) [104]. The dif-
ferent β-tubulin isotypes show varying distribution within
tissues (Table 1), suggesting that differential isotype expression
may have functional significance [85]. βI and βIVb-tubulin
isotypes are constitutively expressed while the other isotypes
are tissue specific [105]. For example, non-neuronal tissue often
expresses βI-tubulin, whereas neuron-specific tissue predomi-
nantly expresses the class βIII-tubulin [85].

Interestingly, it has been shown that dimers composed
of βIII-tubulin are less stable with an increased tendency to-
ward depolymerization compared to other β-tubulin isotypes
[106,107]. In vitro studies have demonstrated that isotypically
pure microtubules have unique dynamic properties [108]. Spe-
cifically, microtubules composed entirely of βIII-tubulin exhibit
increased dynamicity, reflected by an increased overall rate of
exchange of tubulin dimers with microtubule ends [106]. The
effects of tubulin isotype composition on paclitaxel-induced
microtubule stability have also been studied [107]. Isotypically
pure βIII and βIV microtubules have been found to require, a
higher ratio of bound paclitaxel to induce microtubule stability
[107]. Subsequently, it was shown that a serine/arginine subs-
titution had occurred at position 277 in theβIII-tubulin sequence
which affected paclitaxel binding [109]. This substitution was
absent in the βI-tubulin sequence. These data suggest that
paclitaxel response is affected by the β-tubulin isotype
composition within microtubules with increased expression of
βIII and βIV-tubulin being a possible mechanism of paclitaxel
resistance. Further contribution for this is highlighted by
knockdown experiments in the paclitaxel-resistant cell line
A549-T24, where downregulation of βIII-tubulin by antisense
oligonucleotides results in a 39% increase in paclitaxel
sensitivity [110].
In other studies, upregulation of βI and βIII-tubulin in
ovarian tumors mRNA has been associated with paclitaxel
resistance [111,112] with similar findings for βIII-tubulin
in advanced breast cancer [113]. In NSCLC, expression of
βIII-tubulin has also been associated with poor response to
treatment with taxanes/vinorelbine [114–116]. However,
despite the correlation between βIII-tubulin overexpression
and paclitaxel resistance in vitro [110,117], no correlation has
been found between βIII-tubulin expression levels and pacli-
taxel resistance in a cohort of 12 ovarian carcinoma xenografts
created from patient's samples before and after paclitaxel
treatment [117]. This suggests that in vitro analysis of βIII-
tubulin may not correlate with in vivo expression levels.
Moreover, in vitro selection methods using high concentrations
of MI drugs could alter the tubulin isotype composition, biasing
these methods and may not reflect the action of MI drugs in the
clinical setting.

5.3. Microtubule-associated proteins (MAPs), tau, stathmin
and MAP4

MAPs, which regulate microtubule dynamics by interacting
with tubulin polymers and microtubules, play a role in cellular
sensitivity to MI drugs by modulating microtubule stability
[32]. MAPs consist of subtypes MAP1A, MAP1B, MAP2,
MAP4 and tau proteins [40]. MAP2, MAP4 and tau have three
or four repeat proteins in their C-terminal microtubule-binding
domain [40]. Each MAP has several isoforms reflecting
differences in the number of microtubule-binding repeats
[118]. Tau is predominantly a neuronal MAP, although it can
be expressed in epithelial and glial cells. Tau exists in six
different isoforms derived from alternative splicing and post-
translational modifications [118]. It binds to microtubules via
either three- or four-repeat microtubule-binding domains in the
tau protein (termed 3R and 4R, respectively). Tau functions
primarily by enabling tubulin assembly and microtubule
stabilization [119]. The number of repeats affects tau's ability
to stabilize microtubules, with the 4R tau protein having a
greater stabilizing effect than the 3R tau protein [120]. The tau
protein binds longitudinally to the inner and outer surface of the
microtubule, between two adjacent tubulin dimers on the
protofilaments, and has been found to bind to the paclitaxel-
binding site on the inner surface of the microtubule [118], [121].
Tau activity is controlled by phosphorylation of the micro-
tubule-binding domain and various kinases have been shown to
phosphorylate/dephosphorylate tau, including the type 2A
phosphatases (PP2A) [122].

Tau differentially binds to microtubules depending on the
presence or absence of paclitaxel [123]. In the absence of
paclitaxel, tau binds strongly to microtubules and dissociates
slowly, whereas in the presence of paclitaxel tau binds
moderately to microtubules, enhancing paclitaxel-induced
polymerization and dissociates rapidly [119]. When micro-
tubules assemble in the presence of low concentrations of tau
there is increased paclitaxel binding compared to microtubules
that form in the presence of higher levels of tau. In another study
of breast cancer patients receiving combinatorial treatment with
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paclitaxel, 5-fluorouracil, doxorubicin and cyclophosphamide
(P/FAC), low levels of tau expression were associated with a
greater response to treatment [124]. Conversely high levels of
tau were associated with residual tumor and resistance to
treatment [124]. However, half of the patients in this study with
low tau expression were resistant to treatment, indicating that
paclitaxel resistance is multifactorial in nature and may not be
predicted by tau expression levels alone. In another study of
estrogen-receptor (ER)-positive breast cancer patients, high tau
mRNA expression levels were associated with tamoxifen
sensitivity and taxane resistance, whereas low tau mRNA
levels were associated with a poor prognosis in patients
receiving tamoxifen alone [125]. This therefore suggested a
potential benefit for the addition of a taxane-containing regime
in breast cancers with low tau mRNA expression levels [125].
Clearly evaluation of tau expression may be an important factor
in predicting response to anti-mitotic drugs such as paclitaxel.
Standardized approaches in evaluating tau expression need
consideration, as tubulin binding and microtubule dynamics are
affected by the numerous splice variants and different tau
isoforms, each having a number of phosphorylation sites [124].

The oncoprotein 18 (op18)/stathmin is a microtubule-
destabilizing phosphoprotein which alters the microtubule
dynamics within the cell during interphase and mitosis [126].
Stathmin is ubiquitously expressed in all cell types [127]. In
vitro, stathmin is involved in mitotic spindle regulation and
binds to microtubules, increasing the catastrophe rate (transition
from a sudden change in microtubule growth to shortening) at
both the plus (+) and minus (−) ends of the microtubule
[40,45,50]. Thus, dysregulation of stathmin may lead to reduced
mitotic spindle functioning and taxane resistance. Structurally,
stathmin has two functional domains consisting of an N-
terminal domain with catastrophe-promoting ability and a C-
terminal domain, which sequesters tubulin [40]. The ability of
stathmin to effect microtubule stabilization is controlled by
phosphorylation, preventing it from binding to tubulin [40,127].
Phosphorylation of stathmin is mediated by a number of protein
kinases including Cdc2 (Cdk1) family kinases [128] and the
p21-associated kinases (PAKs) [129]. Furthermore, expression
of the non-phosphorylated mutant stathmin leads to defects in
the spindle assembly checkpoint (SAC) and G2M cell cycle
arrest, which may be a possible mechanism underlying
paclitaxel resistance [49]. Overexpression of stathmin has
been found in both breast cancer [130,131] and in [132]
leukemia and is thought to increase the rate of catastrophe,
decreasing microtubule polymerization and decreasing pacli-
taxel binding, leading to increased paclitaxel resistance [131].
Moreover, functional knockdown of stathmin using siRNA
results in increased sensitivity to paclitaxel [133].

MAP4 is ubiquitously found in all cell types [40]. It
stabilizes microtubules by increasing the rescue frequency
(transition from a sudden change in microtubule shortening to
growth) and has been postulated to be involved in the regulation
of microtubule dynamics in mitosis [45,118]. The activity of
MAP4 within the cell is controlled by phosphorylation [40].
When MAP4 is phosphorylated/inactivated it dissociates from
the microtubule allowing mitosis to proceed [134]. Thus,
theoretically, downregulation or inactivation of MAP4 may
increase the dynamicity of microtubules therefore having effects
on paclitaxel resistance [32]. Interestingly, in the paclitaxel-
resistant ovarian carcinoma cell lines 1A9PTX10 and
1A9PTX22, MAP4 remains bound to microtubules [134].
Finally, in vitro, MAP4 overexpression correlates with
increased resistance to paclitaxel [135,136].

5.4. Multidrug resistance (MDR)

Multidrug resistance (MDR) is a phenomenon whereby
resistance to one drug can result in cross-resistance to other
structurally unrelated drugs leading to the multidrug resistant
(MDR) phenotype [105]. A key mechanism underlying multi-
drug resistance relates to the expression of the ATP-dependent
transporter family known as the ATP-binding cassette (ABC)
family [137]. One of the first members of these energy-
dependent drug efflux pumps to be described was the P-
glycoprotein (P-gp) encoded by the MDR-1 gene, localized to
chromosome 7 [138,139]. P-gp protein functions by increasing
the efflux of drugs out of the cell, thereby decreasing
intracellular levels of the drug leading to drug resistance
[140]. When drugs bind to P-gp, one of the ATP-binding
domains is activated and hydrolysis of ATP causes a
conformational change in P-gp, causing drugs to be released
into the extracellular space [141]. P-gp can bind to a wide
variety of hydrophobic drugs including paclitaxel, doxorubicin,
vincristine and vinblastine [142]. Moreover, paclitaxel is a P-gp
substrate [142]. The role of P-gp in multidrug resistance has
been defined through in vitro cell culture work. Gene transfer
experiments using MDR-1 cDNAs induced drug-sensitive
cultured cells to become drug-resistant [143]. The National
Cancer Institute (NCI) evaluated MDR-1 expression levels in a
60-cell line drug-screening panel using quantitative polymerase
chain reaction (PCR) and found that the lower the MDR-1
expression level, the greater the sensitivity to paclitaxel in the
cell lines [144].

Evidence that P-gp may have a role to play in drug resistance
has been extensively reviewed [137]. The relevance of MDR1/
P-gp gene expression in breast cancer has been investigated in a
number of studies [138,145]. One study showed that increased
MDR1/P-gp expression levels were significantly (p=0.0433)
associated with shortened disease-free survival (DFS) in
chemotherapy-naive breast cancer patients, compared to
patients that were MDR1/P-gp negative [146]. In contrast,
other studies have found no significance between MDR1/P-gp
expression and response to either paclitaxel or docetaxel
treatment in breast cancer patients [147–149]. In non-small
cell lung carcinoma (NSCLC) patients treated with paclitaxel,
28 / 28 (100%) patients with no MDR-1/P-gp expression
responded well to treatment whereas 15 /22 (68%) patients
with increased MDR-1/P-gp expression (pb0.05) were refrac-
tory to treatment [150].

In ovarian cancer, MDR-1/P-gp overexpression has been
found to be a significant predictor of survival and paclitaxel
response (p=0.004) [151]. Specifically, strongly positive
MDR1/P-gp immunostaining was associated with stage III



108 B.T. McGrogan et al. / Biochimica et Biophysica Acta 1785 (2008) 96–132
tumors in ovarian cancer patients with a median survival of
9.8 months [152]. In contrast, patients with negative MDR1/P-
gp immunostaining had prolonged survival, and had not yet
reached their median survival at 5.8 years [152]. The possible
reasons for the disparity between studies may relate to a variety
of factors including, differences in the analytical technique
used, antibodies employed, poorly designed studies with high
sample variability and contamination of results due to the
expression of efflux pumps in non-tumor cells within tumor
samples [153].

With regard to P-gp inhibitors, verapamil and cyclosporin A
have been shown to reverse theMDR-1 phenotype in a variety of
paclitaxel-resistant human ovarian cancer cell lines [154].
However, early clinical trials found that the high plasma
concentrations of P-gp inhibitors needed to reverse the MDR
phenotype increased patient toxicity and failed to restore
treatment response in MDR-1 expressing tumors [155,156].
Other P-gp inhibitors have also been developed including
second generation inhibitors, biricodar (VX-710), valspodar
(PSC833) and third generation inhibitors tariquidar (XR9576),
laniquidar (R101933) and zosuquidar (LY335979) [153]. The P-
gp inhibitor valspodar (PSC-833), an analogue of cyclosporine
D, is highly potent with less nephrotoxicity and immunosup-
pressive effects compared to first-generation P-gp inhibitors,
such as verapamil and cyclosporin A [157]. In relation to the
third generation inhibitor tariquidar, this P-gp inhibitor has
undergone phase I and II trials [153]. One phase II trial
combining vinorelbine and tariquidar was halted early in
patients being treated for chemoresistant advanced breast cancer
as patients were not expected to achieve a positive benefit: risk
ratio with the addition of tariquidar [158], whilst another third
generation P-gp inhibitor, ONT-093 was found to adversely
interact with paclitaxel [159]. Therefore, P-gp inhibitor therapy
has shown little clinical value overall in restoring tumor
sensitivity, with adverse side-effects associated with many P-
gp inhibitors in these settings [158,159]. Other potential
approaches in modulating MDR-1/P-gp expression have come
from short interfering double stranded RNAs (siRNA) [160] and
short hairpin RNA (shRNAi) targeted degradation of MDR-1,
with the latter study effectively restoring sensitivity in a
paclitaxel doxorubicin-resistant cell line [161].

Another class of drug efflux pumps implicated in taxane
resistance is the multiresistance-associated protein (MRP)
family of transport proteins also referred to as ABCC
(adenosine triphosphate-binding cassette C group) transpor-
ters, which include several subfamily members [162,163]. One
such member is MRP1 which codes for a 190 kDa protein and
is associated with the cell membrane and the intracellular
membrane [164]. MRP1 was originally identified through its
overexpression in a doxorubicin-resistant lung cancer cell line
in the absence of MDR1/P-gp expression [164]. MRP1
expression confers resistance to a variety of drugs including
anthracyclines, vincristine and, to a lesser extent, vinblastine
[165]. Finally, targeted chemotherapies, such as Gefitinib
(Iressa) [166] and Gleevec (Imatinib) [167], are substrates for
P-gp and MRP1 which may further compound drug resistance
associated with expression of these drug efflux pumps [153].
Not withstanding this, the use of epidermal growth factor
receptor (EGFR) inhibitor, Gefitinib has been shown in vitro
to have a chemosensitizing effect on MDR cells [166]. More
specifically, reversal of P-gp-mediated resistance to paclitaxel
and docetaxel was observed in MCF-7/Adr breast cancer
and PC-6/PTX small-cell lung cancer cell lines overexpressing
P-gp. Indeed Gefitinib has been shown to restore sensitivity to
doxorubicin in MCF-7/Adr cell lines [168].

5.5. C-erbB-2/HER2-neu

Human epidermal growth factor receptor 2 (HER2) is a
185 kD transmembrane receptor protein encoded by the proto-
oncogene HER2/neu [169]. HER2 is a member of the erbB
epidermal growth factor receptor family of tyrosine kinases and
regulates cellular proliferation [170]. Overexpression of HER2/
neu occurs in approximately 20–30% of primary breast cancer
patients and is clinically associated with a more aggressive
disease and poorer prognosis [171,172].

Overexpression of HER2/neu in breast cancer cell lines has
been shown to confer resistance to paclitaxel with at least two
mechanisms identified [173]. Yu et al. induced paclitaxel
resistance by transfecting the receptor tyrosine kinase p185ErbB2

into the breast cancer cell line (MDA-MB-435) [173]. They
proposed that overexpression of HER2/neu transcriptionally
upregulates p21WAF1/Cip1 which associates with the kinase
p34cdc2, thereby inhibiting paclitaxel-induced p34cdc2 activa-
tion and apoptosis at the G2/M phase leading to drug resistance
(Fig. 7) [173]. Subsequently, Tan et al. showed that over-
expression of ErbB2 receptor tyrosine kinase (RTK) inhibits
p34cdc2 activation in primary breast tumors and the breast
cancer cell line (MDA-MB-435) [174]. Moreover, the ErbB2
kinase domain was shown to directly phosphorylate Cdc2
tyrosine (Y) 15 (Cdc2-Y15-p) making the cells resistant to
paclitaxel-induced apoptosis and delaying entry into M phase
[174]. From other data the increased resistance to paclitaxel,
doxorubicin and 5-fluorouracil has been attributed to the HER2/
PI3K/Akt pathway [175]. In that study [175], MCF-7 breast
cancer cells were transfected with HER2/neu resulting in
phosphorylation and activation of Akt. Importantly, the
observed drug resistance could be reversed and cells re-
sensitized using dominant-negative expression vectors for
PI3K/Akt [175].

Clinically, in a retrospective study of metastatic breast cancer
(n=141) [176], HER2/neu expression has been evaluated using
the polyclonal HercepTest (Dako, Carpinteria, CA) and the
monoclonal antibody CB-11 (Biogenex, San Ramon, CA)
[176]. No association was found between HER2/neu IHC
staining and clinical response to taxanes using either the
HercepTest or CB11 in either univariate or multivariate analysis
[176]. However, IHC staining for the phosphorylated/activated
form of HER2/neu using the PN2A monoclonal antibody, has
been shown to be associated with increased resistance to single-
agent taxane treatment in a cohort of metastatic breast cancers
(n=114) [177]. In addition, disease progression was signifi-
cantly associated with PN2A-positive tumors compared to
PN2A-negative tumors (42% vs. 18%, p=0.046) [177].
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Interestingly, in some preclinical studies, taxane resistance
has been reversed with the use of trastuzumab in HER-2/neu
overexpressing tumors [178]. Trastuzumab (Herceptin® Gen-
entech Inc, South San Francisco, CA) is a humanized
monoclonal antibody, which selectively binds to the extra-
cellular domain of the human epidermal growth factor receptor
2 (HER2) [179]. Combinatorial regimes with trastuzumab and
paclitaxel are highly active in HER2-overexpressing human
breast tumor xenograft models [169]. In addition, phase III
clinical trials incorporating both trastuzumab and paclitaxel
have resulted in a beneficial effect, with trastuzumab ha-
ving synergistic antitumor effects when used in combina-
tion with docetaxel and other drugs such as platinum salts
[180,181].

6. The spindle assembly checkpoint (SAC) and
MI treatment

The spindle assembly checkpoint (SAC), also known, as the
mitotic checkpoint, monitors the attachment of spindle micro-
tubules to the kinetochore of each sister chromatid [182]. This
ensures that the correct tension is generated across sister
chromatids enabling accurate chromosomal segregation to
occur in mitosis (Fig. 6) [182]. The integrity of the genome is
maintained by the attachment of all sister chromatids to the
kinetochore microtubules prior to mitosis [183]. Essentially, the
spindle checkpoint impedes cell cycle progression in prometa-
phase until all kinetochores have bi-orientated microtubule
attachment [184]. Considering that anti-mitotic drugs target
microtubules, correct functioning of the SAC would seem
crucial for an appropriate drug response.

The SAC was first described in experiments using anti-
mitotic destabilizing agents on budding yeast [185,186].
Subsequent research in yeast and Xenopus revealed a number
of checkpoint proteins required for the proper functioning of
this checkpoint. SAC proteins include mitotic arrest deficient
proteins (1–3) MAD 1–3, budding uninhibited by benzimida-
zoles proteins (BUB1-3), Bub1-related protein kinase, BubR1
[183,185,186] and monopolar spindle 1 (Mps1) [187,188]. All
of these SAC proteins locate transiently to kinetochores during
mitosis [183,189]. Additional proteins involved in the regula-
tion of the SAC include the microtubule motor proteins
cytoplasmic dynein [190], dynein-associated proteins such as,
dynactin and cytoplasmic linker protein (CLIP) 170 [190,191],
CENP-E [192], CENP-F [193], rough deal (ROD)- zeste white-
10 (ZW1)-ZWILCH (RZZ) complex [194] and Hec1 [195].
Other proteins include the p31comet protein (previously known
as CMT2) involved with SAC regulation at metaphase (Fig. 6b)
[196] and the chromosomal passenger proteins, survivin [197]
and Aurora B [198], which are responsible for responding to a
lack of tension at the kinetochore microtubule interface and also
have anti-apoptotic functions [199].

The spindle checkpoint is activated when unattached
kinetochores in prometaphase generate a ‘wait’ signal until
the spindle microtubules have attached to all vacant kineto-
chores in metaphase (Fig. 6a) [55]. The activation of the SAC
ensures that only one copy of each pair of duplicated sister
chromatids segregates correctly into two daughter cells, thus
preventing aneuploidy [200]. One of the first events to occur in
the activation of the SAC is the recruitment of Mad1 to the
kinetochores, which subsequently recruits Mad2 (Fig. 6a) [201].
Mad2 attaches via two mechanisms [201–203]. In the first
instance, mad1 can act as a kinetochore receptor for Mad2,
attaching in prometaphase (Fig. 6a) [201–203]. Alternatively,
Mad2 can also be recruited to the kinetochore as part of a
complex with Mad1 (Fig. 6a) [204–206]. The interaction
between MAD1 and MAD2 is facilitated by means of two
leucine zipper motifs positioned at amino acids 501–522 and
557–571 [57]. Overall, the spindle checkpoint delays anaphase
onset by inhibiting the Anaphase Promoting Complex/cyclo-
some (APC/C) (Fig. 6a). This is an E3 ubiquitin ligase which
associates with the activator Cdc20, the target of the SAC
required for progression through anaphase, and inhibits the
degradation of the maturation promoting factor (MPF) cyclin
B1/p34cdc2 kinase complex, thereby inhibiting cell cycle
progression (Fig. 6b) [207–210].

When kinetochores are unattached by spindle microtubules,
checkpoint proteins such as BubR1, Bub1, Bub3, Mad1,
Mad2 and Mps1 are recruited to the kinetochore prior to
anaphase and inhibit the degradation of the APC/C complex
(Fig. 6a) [56,189]. During checkpoint activation Mad2, Bub3,
BubR1 and Cdc20 are continuously recruited and released
from the kinetochores [209,210]. In contrast, Mad1 and Bub1
remain securely bound to the kinetochores (Fig. 6a) [205],
[206]. Mad2, BubR1, Bub3 and Cdc20 form the MCC (mitotic
checkpoint complex) [211] which binds the APC/C complex
rendering it unable to degrade securin and cyclin B1 (Fig. 6a)
[207], [212–215].

A number of models have been proposed to explain how
Mad1 catalyses the formation of the Cdc20: Mad2 complex
referred to as the Two-state Mad2 model [216] and the “Mad2
Template” model [209]. These models have been comprehen-
sively reviewed [209,210,217,218]. In metaphase the SAC is
silenced when kinetochore microtubules attach to the kineto-
chore surface (Fig. 6b). SAC proteins detach from the
kinetochores and Cdc20 activates APC/C causing the poly-
ubiquitylation of the two key substrates cyclin B1 and securin
(Fig. 6b) [210,218]. Securin activates separase, which cleaves
the cohesion links between sister chromatids leading to the
onset of telophase while cyclin B1 inactivates cyclin-dependent
kinase 1 (cdk1) initiating exit from mitosis (Fig. 6c) [200].

The importance of the SAC and associated-checkpoint
proteins in monitoring cellular division and safeguarding
against chromosomal instability (CIN) has been demonstrated
using a variety of studies in mice. Specifically, homozygous
deletions of the mitotic checkpoint proteins Mad2 [219], BubR1
[220] and Bub3 [221] lead to early embryonic death, with mice
having increased CIN and enhanced tumor development
[222,223]. In vitro studies have further established that
alterations in key spindle checkpoint proteins, such as MAD2,
BUBR1, BUB3 and Aurora kinase A promote CIN, compro-
mising the SAC and conferring resistance to anti-mitotic drugs,
such as paclitaxel, vincristine and the destabilizing agent
nocodazole [224–226]. In humans, defects in the spindle
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checkpoint leading to aneuploidy and chromosomal CIN have
been frequently associated with different types of cancer
including breast [227], lung [228], colon [229] and nasophar-
yngeal carcinoma [230]. More specifically, colorectal carci-
noma (CRC) is frequently associated with CIN, coupled with a
defective spindle checkpoint regulator, namely the adenoma-
tous polyposis coli (APC) gene product [231]. APC has a role to
play in monitoring chromosomal separation and is commonly
mutated in CRCs harboring CIN [231]. In addition, cell lines
derived from colorectal tumors with CIN undergo less efficient
mitotic arrest after spindle damage compared to near-diploid
cell lines with microsatellite instability (MSI+) [226]. Hence,
CRCs with defective spindle checkpoints and CIN are less
likely to respond to microtubule-targeted agents, such as
taxanes [231].

To further support the role of the spindle assembly
checkpoint (SAC) in taxane resistance, RNA interference
(RNAi)-based genomic screening libraries have been used
[232–234]. In one study, siRNA knockdown of BUB1B and
Aurora kinase B, antagonized the paclitaxel response in the
HCT-116 colon carcinoma, MDA-MB-231 (MDA) breast
adenocarcinoma and A549 non-small-cell lung carcinoma
(NSCLC) cell lines [232]. Moreover, in the HCT-116 cancer
cell line, BUB1B and Aurora kinase B knockdown resulted in
polyploidy, multinucleation and centrosomal abnormalities in
the absence of paclitaxel [232]. In a paclitaxel-dependent
synthetic lethal screen other interesting proteins involved in
microtubule dynamics and function have been identified, using
short interfering RNA (siRNA) reverse transfection in an NCI-
H1155 NSCLC cell line [233]. One such protein is the γ-tubulin
ring complex (γ-TuRC) protein, an element of the microtubule-
organizing center (MOC) that nucleates microtubules extending
from the centrosome [39]. Moreover, γ-TuRC knockdown
results in the formation of multipolar spindles in the presence of
paclitaxel [233]. Finally, the knockdown of the spindle
checkpoint protein, MAD2 is also known to lead to an aberrant
spindle assembly checkpoint, the accumulation of micronu-
cleated cells and mitotic slippage [233].

6.1. Spindle checkpoint proteins

6.1.1. MAD1/MAD2/BUBR1/BUB proteins
It is known that partial downregulation of either MAD1 or

MAD2 confers resistance to the microtubule-destabilizing agent
nocodazole [67]. In the case of the microtubule-stabilizing
agents, paclitaxel and monastrol, partial downregulation of
MAD2, but not MAD1 leads to increased resistance. These
findings suggest that apoptosis induced by microtubule-
Fig. 6. The mammalian spindle assembly checkpoint— activation and silencing (a) In
3, MPS1, Rod/ZW10 and CENP-E, among other proteins, are recruited to unattac
microtubules to attach to kinetochores correctly ensuring that there is proper micr
interactions between these checkpoint proteins have not been fully elucidated and ar
binds to the motor protein CENP-E and helps stabilize microtubule capture. The comp
mitotic checkpoint complex (MCC) inhibit APC/C ubiquitin ligase activation until all
metaphase when all microtubules have attached to the kinetochores, the checkpoint p
ligase. (c) In anaphase after APC/Ccdc20 is activated this causes ubiquitinization of s
leading to anaphase onset. Ubiquitinization and degradation of cyclin B1 inactivates c
destabilizing drugs require both Mad1 and Mad2 activity.
Alternatively, microtubule-stabilizing drugs have a require-
ment for MAD2 to induce apoptosis, independent of MAD1
[67].

Using siRNA targeted knockdown of MAD2 in a human
gastric carcinoma cell line (SGC7901), Du et al. observed that
following treatment of these cells with either a microtubule
stabilizing or destabilizing drug, upregulation of the anti-
apoptotic protein, Bcl-2 and reduction of the apoptotic markers
cytochrome c and cleaved caspase-3 occurred [235]. This
suggests that when MAD2 is down regulated in cells exposed to
anti-mitotic drugs, the anti-apoptotic effect is a result of the
downstream regulation of the mitochondrial apoptotic signaling
pathway [235].

Other studies support the suggestion that decreased mitotic
checkpoint function can lead to increased taxane resistance
[224,236]. Indeed suppression of the two spindle assembly
checkpoint genes MAD2 and BUBR1 in MCF-7 breast cancer
cell lines results in resistance to paclitaxel with corresponding
reduced cyclin-dependent kinase-1 (cdk1) p34cdc2 activity
[224]. Cdk1 is required for the regulation of mitosis [237] and
is important in paclitaxel-induced cell death [238]. This
suggests that abrogation of either MAD2 or BUBR1 critically
affects spindle checkpoint function [224]. It is also known that
downregulation of BUB3 and BUB2-like proteins enable cells
with damaged microtubules to exit from mitosis leading to
mitotic slippage contributing to cell survival and drug resistance
[236]. Interestingly, in Adult T-cell leukemia (ATL) the HTLV-1
Tax protein affects subcellular localization of MAD1 and
MAD2 leading to an incompetent checkpoint response and
subsequent resistance to the anti-mitotic drugs, vincristine and
nocodazole [239]. These studies reiterate the importance of the
SAC proteins MAD1, MAD2, BUBR1 and BUB3 in micro-
tubule function and highlight how reduced SAC protein levels
can result in a compromised spindle checkpoint and anti-mitotic
drug resistance. It should also be noted that increased protein
mRNA expression of the checkpoint proteins BUB1B, BUB1
and MAD2 has been documented in a panel of twelve breast
cancer cell lines and primary breast cancers [240]. It has been
postulated that high expression levels of these mitotic spindle
proteins may represent a compensation for other spindle
checkpoint defects.

6.1.2. Survivin/Aurora kinases A and B
Survivin, Aurora A and Aurora B are chromosomal

passenger proteins which regulate microtubule dynamics,
monitor the presence of misaligned chromosomes and control
bipolar spindle formation [241]. Survivin is overexpressed in
early prometaphase checkpoint proteins, MAD1, MAD2, BUB1, BUBR1, BUB
hed kinetochores, as seen above. These checkpoint proteins help assembling
otubule attachment and tension generated across each sister kinetochore. The
e thought to involve the phosphorylation of BUBR1 (checkpoint kinase), which
lex interactions between MAD1, MAD2, BUBR1, and Cdc20 also known as the
kinetochores of sister chromatids have biorientated attached microtubules. (b) In
roteins leave the attached kinetochores and Cdc20 activates the APC/C ubiquitin
ecurin which activates separase causing sister chromatids to cleave and separate
dk1 allowing exit from mitosis to occur (Figure adapted from Kops et al. [200]).
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a wide variety of human cancers and is one of the most
commonly upregulated transcripts expressed in tumors
compared to normal tissue [242]. Two distinct pools of
survivin exist, with 20% of the protein localized to the
nucleus [243] and 80% associated with the cytoplasmic
microtubules. Specifically, survivin becomes attached to the
kinetochore at metaphase, the central spindle midzone at
anaphase and the midbody at telophase [244] and associates



112 B.T. McGrogan et al. / Biochimica et Biophysica Acta 1785 (2008) 96–132
with the inner centromere protein (INCENP) and Aurora B
[245].

Aurora B [246] and p34cdc2 (cdk1) [247] function by
monitoring the tension created across kinetochores, and are both
mitotic kinases which phosphorylate survivin [197,248]. Both
survivin and Aurora B, are required for activation of the spindle
checkpoint following treatment with paclitaxel (microtubule-
stabilizing drug), but not required following treatment with
nocodazole (microtubule-destabilizing drug) [197,247]. When
survivin is targeted by siRNA in mouse fibroblast cells, NIH-
3T3 and human osteosarcoma cells U2OS, BUBR1 and MAD2
are displaced prematurely from the kinetochore and cells fail to
respond to treatment with paclitaxel and monastrol but
responded to microtubule-destabilizing drug treatment [197].
The data also show that kinetochore-associated BUBR1 largely
depends on the expression of survivin [197]. Moreover, survivin
is required for sustained mitotic arrest following paclitaxel
treatment and therefore is an important regulator of the spindle
checkpoint [249].

Aurora A, a serine/threonine kinase, is located in the
centrosome and is overexpressed in 10%–60% of breast cancers
[250]. Aberrant expression has been associated with spindle
checkpoint dysfunction and increased resistance to the anti-
mitotic agents, paclitaxel and docetaxel [225,250]. High
expression levels of Aurora A interfere with the Mad2-Cdc20
signal in mitosis, overriding the mitotic checkpoint even in the
presence of defective spindle formation [225]. In addition,
Aurora A overexpression promotes prolonged mitosis and
decreased post-mitotic G1 arrest, due to inactivation of the p53
checkpoint by phosphorylation of serine residues ser-215 and
315 resulting in a loss of p53 G1-checkpoint control [251]. In a
breast cancer study, increased Aurora A mRNA levels were
associated with reduced response rate (41%) to docetaxel
compared to breast cancers with low Aurora A mRNA levels
(71%) [250]. In addition, the association between overexpres-
sion of Aurora A and increased docetaxel resistance has been
demonstrated in estrogen-receptor (ER)-negative tumors (33%
vs. 83%) but not in ER-positive tumors (46% vs. 56%) [250].
This finding suggests that Aurora A expression levels may be
clinically useful in predicting response to docetaxel treatment
particularly for hormone-negative breast cancer.

Novel Aurora kinase inhibitors, such as MLN8054,
Hesperadin and VX-680 have been developed, that inhibit
both Aurora A and Aurora B kinase activity [39]. Although
some cell-based assays have shown that Hesperadin [252] and
VX-680 specifically inhibit the function of Aurora B alone [39].
These agents function by enabling tumor cells to proceed
through the cell cycle without dividing (no cytokinesis) thereby
forming multinucleated, polyploid cells [39].

6.1.3. Synuclein-gamma (SNCG)
Synuclein-gamma (SNCG) proteins are primarily expressed

in brain tissue in the presynaptic terminals [253] and are
involved in normal neuronal development and function [254].
The CpG island in exon 1 of the SNCG gene is hypermethylated
in tissue other than neuronal tissue [255]. However, during
cancer development, the SNCG gene can become demethylated
leading to aberrant SNCG expression, particularly in breast and
ovarian tumors [255,256]. SNCG is not expressed in normal
breast tissue, but has been found to be overexpressed in the
majority of invasive and metastatic breast cancers [257],
identifying it as a potential tumor specific marker for this
tumor type. Specifically, SNCG expression is associated with
increased cellular motility and metastasis in both breast and
ovarian cancer [258]. Functionally, SNCG overexpression has
been shown to induce ERK1/2 activation and reduce JNK
activity, inhibiting apoptosis and inducing increased survival
after treatment with the anti-mitotic drugs, paclitaxel and
vincristine [259]. In addition, SNCG binds to the mitotic
checkpoint protein BubR1, resulting in downregulation of
BubR1, compromising the mitotic checkpoint and conferring
resistance to anti-mitotic drug-induced apoptosis [257]. SNCG-
positive breast cancer cell lines also exhibit increased resistance
to paclitaxel compared to SNCG-negative breast cancer cell
lines (pb0.01) and downregulation of SNCG expression
increases the effectiveness of anti-mitotic drugs in these cell
lines [260]. Interestingly, inhibition of SNCG activity using a
novel SNCG-binding peptide (ANK), disrupting the SNCG-
BubR1 interaction, enhanced increased sensitivity to paclitaxel
and nocodazole [261]. This suggests that SNCG overexpression
may contribute to increased resistance to the anti-mitotic drugs
paclitaxel, vincristine and nocodazole perhaps through its
association with the spindle checkpoint kinase BubR1 and
downstream signaling pathways.

6.2. Cell cycle-related proteins

6.2.1. Breast cancer susceptibility gene 1 (BRCA1)
BRCA1 is a tumor suppressor gene with pleiotropic

functional roles including DNA repair, transcriptional regula-
tion and maintenance of genomic stability [262]. It functions by
sensing cellular stress and transducing signals either to the cell
cycle or the apoptotic machinery initiating mitotic arrest and
apoptosis [263]. BRCA1 is associated with the stress-response
pathway p38/MAPK [264] and can activate the G2M and
spindle checkpoints in response to MI drugs that disrupt the
mitotic spindle [264]. BRCA1 also induces apoptosis by
activating the C-Jun N-terminal kinase/stress-activated protein
kinase JNK/SAPK pathway [265] and additionally through
enhanced activation of Fas and caspase 9 [266]. Following
paclitaxel treatment BRCA1 activates the upstream regulator
MEKK3 of both the p38/MAPK and JNK/MAPK pathways
inducing apoptosis. However the exact mechanism by which
BRCA1 activates MEKK3 is unclear [267] and both pathways
have been implicated in mediating paclitaxel-induced apoptosis
[268–270]. BRCA1 also activates p21WAF1/Cip1contributing to
cell cycle arrest at G1/S phase (Fig. 7) [271] and has been shown
to transcriptionally regulate GADD45 at the G2/M checkpoint
sequestering, cdk1 and inhibiting kinase activity, thereby,
identifying GADD45 as an important effector in BRCA1
mediated cell cycle control (Fig. 7) [264].

The important role played by BRCA1 in modulating cellular
stress response has implications for chemoresistance to MI
drugs, which affect the mitotic spindle. It has been shown that



Fig. 7. Cell cycle regulation and drug action. The cell cycle is regulated by cyclin-dependent kinases (CDKs) — cdk1 (cdc2), cdk2, cdk4/6 that bind to various
cyclins during cell cycle progression. The CDK complexes are regulated by phosphorylation and are involved in the regulation of transcription of a variety of
genes. Different chemotherapeutic agents target different parts of the cell cycle, as shown, initiating the transduction of downstream signaling pathways. For
example, anti-mitotic drugs target the G2/M phase of mitosis, whereas other commonly used drugs target G1/G2 and S phase of the cell cycle interfering with DNA
replication.
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BRCA1 sensitizes breast cancer cells to apoptosis induced by
both paclitaxel and vinorelbine [272] and reduced BRCA1
activity confers resistance to these MI agents [273,274]. In
MCF-7 cells, BRCA1 targeted knockdown increases resistance
to paclitaxel evidenced by premature sister-chromatid separa-
tion after paclitaxel treatment, and implicating BRCA1 in
spindle checkpoint control. Moreover, BubR1 is transcription-
ally regulated by BRCA1 [275] and BRCA1 also regulates
the expression of MAD2 [276] through interaction with
the transcription factor Oct1 [271]. Finally, BRCA1 also co-
immunoprecipitates with γ-tubulin in mitosis thus having a
potential role in centrosomal function [277]. The importance of
BRCA1 and centrosome regulation has been observed in a
mouse model, where BRCA1 disruption resulted in centrosomal
amplification [278]. Importantly, the role played by BRCA1 in
the regulation of the SAC proteins MAD2 and BubR1 suggests
that BRCA1 activity may have a potential role to play in pre-
dicting response to MI drugs.

6.2.2. p53 expression
p53 plays a pivotal role in cell cycle arrest and apoptosis

[263]. It is therefore not surprising that more than 50% of all
cancers harbor p53 mutations [279]. Following DNA damage,
cells with wild-type p53, induce G1 and G2 cell cycle arrest
whereas p53-mutant cells bypass these checkpoint controls and
progress into G2M (Fig. 7) [135]. p53 is also a transcription
factor for numerous genes including p21WAF1/cip1 [280], Mdm2,
Bcl-2, and BAX [281]. The p21WAF1/cip1 inhibitory factor
binds to promoter regions of several genes downregulating
their transcription [282]. These genes include BRCA1,
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p34cdc2, stathmin, cyclin B1, cyclin D, cyclin E and MAP4
among others [282].

The role of p53 in taxane resistance has produced conflicting
results [283,284]. Some studies suggest that paclitaxel-induced
apoptosis is independent of p53 [285,286], while other studies
have found that lack of p53 activity confers increased
chemosensitivity to paclitaxel with increasing G2M arrest and
apoptosis [287,288]. There are a number of possible reasons for
increased paclitaxel sensitivity in p53-mutated tumors. Firstly,
mutant-p53 is associated with increased microtubule-associated
protein 4 (MAP4) activity [136]. This increased MAP4 activity
induces increased microtubule polymerization, which in turn
increases the sensitivity of cells to paclitaxel [135]. Secondly,
mutant p53 can override the G1S checkpoint control leading to
increased cell cycle progression into mitosis (G2M) where anti-
mitotic drugs, such as paclitaxel exert their action (Fig. 7) [230].
In contrast, however, mutant p53 has also been associated with
increased taxane resistance. Specifically, mutant p53 cannot
upregulate the pro-apoptotic protein BAX, thereby reducing
apoptosis and leading to taxane resistance [289]. Moreover,
mutations in p53 have been shown to alter spindle checkpoint
control, increasing resistance to damage exerted by taxanes
[290]. From a clinical perspective, paclitaxel and cisplatin
chemotherapy have shown effectiveness in p53 mutant ovarian
cancers compared to p53 wild-type cancers [291], while other
data have no such association in this tumor type [292]. For
breast cancer patients, tumors harboring wild-type p53 were
unlikely to respond to paclitaxel treatment [293], a finding
borne out by others [294]. Clearly, these studies present
ambiguities in the significance of p53 status to taxane
chemosensitivity and further investigations are warranted.

In summary there are sufficient data indicating that the
cell cycle and the SAC are directly involved in mitotic cell
death and subsequent apoptosis induced after microtubule
damage exerted either by abrogating microtubule attach-
ment (vincristine and nocodazole) or by inhibiting microtubule
dynamics and generation of tension (paclitaxel, monastrol).
Therefore, chemoresistance may in part be due to a compromised
mitotic checkpoint, inappropriate signaling pathways and/or
altered cell cycle-regulating proteins. However, the exact
mechanisms linking the SAC and dysfunctional cell cycle
control to the apoptotic pathway remain unclear and need to be
further investigated.

7. Apoptosis, signaling pathways and MI drug resistance

MI drugs induce apoptosis in cancer cells through multiple
signaling pathways, which are not yet fully elucidated and
remain an area of much interest and debate. Among the many
MI drugs discovered to date, paclitaxel remains the most
actively researched compound in the discovery of signaling
pathways induced after MI treatment [2,41,230,295].

The two main pathways that lead to cell death by apoptosis are
the intrinsic pathway, also termed the mitochondrial pathway, and
the extrinsic pathway, also termed the death receptor pathway
[296]. The intrinsic pathway is activated by a variety of diverse
stimuli including DNA damage and cell cycle deregulation [297].
These stimuli trigger the caspase cascade, causing the release of
cytochrome c from the mitochondria into the cytosol due to
increased membrane permeability [298,299]. Cytochrome c
binds to apoptosis protease activating factor-1 (Apaf-1), forming
a complex with procaspase-9 [300,301] which is activated to
caspase-9 triggering downstream caspase-3 and 7 and inducing
cell death through cleavage of death substrates [301]. Other pro-
apoptotic effectors include SMAC/Diablo, released from the
mitochondria following death signaling [300]. The inhibitor of
apoptosis (IAP) proteins, including survivin and X-linked IAP
(XIAP), bind to caspase-9 inhibiting their release [302]. SMAC/
Diablo enables caspase-9 to be released from IAP proteins, which
can then form complexes with Apaf-1 and cytochrome c leading
to apoptosis [300].

The extrinsic pathway involves the activation of plasma
membrane receptors by the binding of ligands such as, FasL,
tumor necrosis factor (TNFα) and (TNF)-related apoptosis-
inducing ligand (TRAIL) to the death receptors Fas (CD95/
APO-1), DR4 (TRAIL-R1) and DR5 (TRAIL-R2) on the cell
membrane [263]. This recruits caspase 8 through the adaptor
protein Fas-associated death domain (FADD) forming a death-
inducing signaling complex (DISC) [295]. Activated caspase-8
competes with the intracellular protein FADD-like interleukin-
1β-converting enzyme inhibitory protein (c-FLIP) for binding to
FADD and inhibits caspase-8 activation [296]. C-FLIP over-
expression has been found in a number of in vitro studies to inhibit
death receptor-induced apoptosis [303,304] and downregulation
of the c-FLIP splice forms with siRNA enhances chemotherapy-
induced and death-ligand-induced apoptosis in colorectal cancer
(CRC) cell lines [305]. Activated caspase-8 can also activate the
intrinsic pathway by cleaving cytosolic Bid (a Bcl-2 family
protein associated with the extrinsic pathway), which becomes
truncated (tBid) and induces pro-apoptotic signaling by binding to
the pro-apoptotic proteins Bak or Bax [295].

The Bcl-2 family of proteins are key regulators of the
intrinsic pathway and localize to the mitochondria, controlling
apoptosis [306]. The Bcl-2 family consists of pro-apoptotic
proteins including Bax and Bak which share three of the four
homology domains with Bcl-2 (BH1–BH3) [306,307] and the
BH3-domain subfamily of pro-apoptotic proteins including Bid,
Bim, Bad, and PUMA among others [41]. The anti-apoptotic
subfamily which includes Bcl-2, Bcl-xL and McL-1, functions
by blocking the release of pro-apoptotic molecules into the
cytosol by heterodimerizing with Bax, Bid, Bim or Bad via their
BH1–BH3 domains [193,307]. This inhibits apoptosis by in-
hibiting changes in mitochondrial membrane potential associated
with cytochrome c release [295]. The relative concentrations of
pro-apoptotic vs. anti-apoptotic Bcl-2 protein family determine
whether cells survive or undergo apoptosis suggesting that al-
tered phosphorylation and/or expression of these proteins may be
involved in resistance to MI-induced cell death.

7.1. Apoptotic signaling

Paclitaxel has been shown to activate the JNK/SAPK
signaling pathway in cancer cells through the activation of the
apoptosis signal-regulating kinase (ASK1) and/or the GTP-
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binding protein Ras [308,309]. It is thought that JNK activation
occurs in the early stage of paclitaxel-induced apoptosis and
JNK-independent pathways are activated at a later stage (up to
48 h) [309]. JNK phosphorylates and inactivates Bcl-2 at the
G2M phase of the cell cycle as demonstrated by the inhibition of
paclitaxel-induced phosphorylation of Bcl-2 using dominant-
negative mutants of JNK and ASK1 [310].

The Raf/MEK/ERK pathway is a survival pathway which
regulates various proteins involved in apoptosis [311]. Pro-
apoptotic proteins such as, Bim, Bax, Bad and anti-apoptotic
proteins including Bcl-2 and Bcl-xl, are phosphorylated via this
pathway leading to their inactivation [311]. Phosphorylation of
these proteins interferes with their ability to bind to respective
partners [312]. For example, pro-apoptotic Bim is phosphory-
lated on S69 by ERK [313]. Bim is then ubiquitinized and
degraded causing dissociation from the anti-apoptotic protein
Bcl-2. Bcl-2 then binds to Bax, preventing Bax: Bax homo-
dimerization and Bax: Bim association leading to inhibition of
apoptosis [314]. In addition, Bad phosphorylation on S112
results in its dissociation from the mitochondrial membrane and
sequestering by 14-3-3 proteins, which enables Bcl-2 to homo-
dimerize generating an anti-apoptotic response [315]. Con-
troversially, it has been shown that phosphorylated Bcl-2 can
induce increased anti-apoptotic activity [316]. This is in
contrast to other studies showing that inactivation of Bcl-2
by phosphorylation leads to apoptosis [317]. Additionally,
ERK activation is thought to have a protective role against MI-
induced cell death and inhibition of MEK (the kinase upstream
of ERK) with chemical inhibitors such as U0126 has been
shown to increase paclitaxel-induced cell death [318]. Other
studies have also shown that inhibition of ERK signaling in
cancer cells increases paclitaxel-induced apoptosis [318,319].
Clinically, a number of cancers have upregulated ERK activity,
which could be targeted by MEK inhibitors such as CI-1040
[320,321]. Such inhibitors are currently undergoing phase I and
II trials [320,321]. Potentially, tumors overexpressing ERK
could be targeted with such inhibitors in combinatorial therapy
with taxanes thereby possibly resulting in improved response
rates.

The protein tyrosine kinases (PTKs) exert their effects
on drug resistance through regulation of the anti-apoptotic
signaling pathway phosphatidylinositol-3-kinase/Akt (PI3K/
Akt) [322]. The PI3K/Akt pathway modulates the function of
various substrates involved in cell survival, cell growth and cell
cycle progression and the pathway is frequently dysregulated in
cancer, suggesting a possible role in tumor response to chemo-
therapy [322–324]. The PI3K/Akt signaling pathway phosphor-
ylates molecules downstream from Akt including p27, mTOR
and mdm2 which promote cell growth [322]. Furthermore, AKT
phosphorylates other effector proteins including the pro-
apoptotic protein Bad, the forkhead-related transcription
factors (FKHRs) and the IkB kinase complex (IKK) promoting
a pro-survival effect [322]. The PI3K/AKT is activated when
PI3K catalyzes the generation of secondary messengers,
phosphatidylinositol 3,4 (PIP2) and phosphatidylinositol 3,4,5-
trisphosphate (PIP3) [311]. These bind to Akt resulting in
its translocation to the plasma membrane, where it be-
comes phosphorylated at residues T308 and S473 by phos-
phoinositol-dependent kinase-1 (pdk-1) [311]. Once activated,
Akt phosphorylates downstream targets such as Bim, Bad, and
caspase-9, inhibiting their pro-apoptotic function.

Increased activation of the PI3K/Akt signaling pathway has
been described in a variety of cancers and may induce resistance
to MI treatment [175,325]. In ovarian cancer, increased
activation of AKTcan confer resistance to paclitaxel in different
cell lines [326]. Interestingly, both in vitro and in vivo inhi-
bitions of the PI3K/Akt pathway have been shown to sensitize
cancer cells to MI-induced apoptosis [327,328] and the potential
of targeting this pathway therapeutically is being increasingly
investigated [322,324,329]. PI3K/Akt inhibitors include wort-
mannin and LY294002, both of which have been shown to
enhance MI-induced apoptosis in vitro [329]. In one study,
LY294002 was associated with increased sensitivity to paclitaxel
in both lung and esophageal cancer cell lines [330]. Therefore,
overactivation of the PI3K/Akt pathway may increase cancer cell
survival and induce increased resistance to MI drugs [322].

One of the most frequently mutated tumor suppressor genes
associated with the PI3K/Akt pathway is phosphatase and
tensin homologue deleted on chromosome 10 (PTEN) [331].
PTEN inhibits Akt by dephosphorylating PIP3, and acts as a
negative regulator of PI3K/Akt signaling [322]. Overexpression
of PTEN has been found in a variety of cell lines and acts by
inhibiting cell growth and promoting apoptosis [332]. However,
loss of PTEN activity leads to increased cell growth and
overactivation of the PI3K/Akt pathway [322]. In vitro studies
have found that by inhibiting the PI3K/Akt pathway, chemo-
sensitivity to agents such as gemcitabines and paclitaxel was
achieved [330,333]. Interestingly, in one study of HER2-
overexpressing tumors, immunohistochemical PTEN overex-
pression correlated with increased sensitivity to trastuzumab
[334]. In the same study the trastuzumab-resistant breast cancer
cell line SKBR3/R was found to have reduced PTEN levels and
increased activation of the Akt signaling pathway [334].
Therefore, reduced PTEN expression in association with
overexpression of other kinases in the PI3K/Akt pathway may
be involved with increased resistance to MI drugs and be a
potential target for inhibitory regulation [322,324,329].

7.2. Apoptosis-related proteins

7.2.1. Bcl-2/Bcl-xl phosphorylation
Phosphorylation of the Bcl-2 oncoprotein occurs following

treatment with anti-mitotic drugs through various signaling
pathways, leading to the inactivation of Bcl-2 and induction of
apoptosis [312,317]. The precise mechanism in which Bcl-2 is
inactivated by phosphorylation remains controversial. A variety
of kinases have been implicated in drug-induced phosphoryla-
tion of Bcl-2 including cdc2 (cdk1) [335], Raf-1 [336], mTOR
kinase [337] and JNK [310]. Various studies have demonstrated
that paclitaxel-induced mitotic arrest initiates phosphorylation
of Bcl-2 on the serine and threonine amino acid residues S70,
S87 and T69 [295]. This is supported by studies in which amino
acid residues S70, S87 and T69 on Bcl-2 were substituted for
alanine resulting in an increased anti-apoptotic effect following
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paclitaxel treatment [310]. It is proposed that phosphorylation
of these sites, specifically S70 [317], inside the unstructured
“loop region” (LR) of Bcl-2, acts as a checkpoint during mitosis
which may induce apoptosis [310]. In this regard, Bcl-2 is often
referred to as the “guardian of microtubule integrity” [77].
Interestingly, Bcl-2 has been identified as a paclitaxel-binding
protein following screening of a library of phage-displayed
peptides [338]. Specifically, the C-13 side chain of paclitaxel
binds to the LR of Bcl-2, further implicating the role of
paclitaxel-induced apoptosis through interactions and phos-
phorylation of Bcl-2 [339]. Clinically, breast tumors showing
increased phosphorylated Bcl-2 expression have increased
sensitivity to both paclitaxel and docetaxel, compared to tumors
with reduced phosphorylated Bcl-2 expression [340]. Events
inhibiting phosphorylation of Bcl-2 can also lead to increased
resistance to MI drugs. For example, the growth factor signaling
molecule insulin receptor substrate protein (IRS-1) can bind to
the “loop region” (LR) of Bcl-2 [341]. This may hinder access
of phosphorylation kinases to Bcl-2 and Bcl-xl molecules
thereby inhibiting phosphorylation and apoptosis with implica-
tions for anti-mitotic drug resistance [341].

7.2.2. Inhibitors of apoptosis (IAPs) — Survivin/XIAP
Survivin is known experimentally to protect normal and

transformed cells from apoptosis [342,343]. It has been
proposed that survivin localizes to the mitochondria and is
released into the cytoplasm in response to a cell-death signal,
which in turn complexes with XIAP molecules inhibiting
caspase-9 activity and preventing apoptosis [241]. Following
paclitaxel treatment, when mitotic arrest and mitotic slippage
occur, survivin is downregulated [344] and Aurora B
inactivated [345], enabling apoptosis to occur in G1. Over-
expression of survivin has been shown to be associated with
increased resistance to paclitaxel-induced cell death [346] and
inhibition of survivin by mitotic inhibitors such as oxaliplatin,
increase paclitaxel-induced apoptosis and cell death in colonic
carcinoma cells [347]. Improved prognosis and response to
chemotherapy has also been correlated with reduced survivin
expression [346,348], identifying survivin as a possible marker
of chemoresistance to drugs including anti-mitotic agents.

7.2.3. NFkB
NFkB is a transcription factor involved in promoting cell

proliferation and inhibiting apoptosis [349]. It consists of two
subunits, p50 and p65, which are negatively regulated by the
repressor IkB, which binds to NFkB in the cytoplasm [2]. When
IkB is phosphorylated by the IkB kinase (IKK) complex, NFkB
translocates to the nucleus where it activates the transcription of
numerous genes, including a number of anti-apoptotic proteins
such as, c-FLIP, Bcl-2, and Bcl-xl [349]. Akt signaling regulates
NFkB, which explains its pro-survival function [349]. In vitro cell
line data have shown that NFkB is upregulated following exposure
to various chemotherapeutic agents including 5-FU, doxorubicin,
cisplatin and paclitaxel [350] resulting in reduced chemotherapy-
induced apoptosis [351]. It has also been shown that NFkB
inhibition sensitizes cells to paclitaxel and cisplatin treatment
[352,353]. A specific inhibitor of IkB phosphorylation, BAY 11-
7085, increases paclitaxel-induced apoptosis in the ovarian cell
line CAOV-3 [353]. However, other studies have suggested a pro-
apoptotic role for NFkB in paclitaxel-induced apoptosis [354].

8. Clinical trials and taxane treatment — How far
have we come?

8.1. Paclitaxel and docetaxel in the adjuvant/neoadjuvant setting

Chemotherapy has an important role to play in the adju-
vant and neoadjuvant setting for patients with operable and
metastatic breast cancer (MBC) [355]. Reductions in breast
cancer mortality have been seen in both settings using
anthracycline-based (doxorubicin/epirubicin) regimes in com-
bination with cyclophosphamide, methotrexate and 5-fluorour-
acil (CMF) [3]. Taxanes have been incorporated into these drug
regimes and have lead to the first and second generation of
clinical trials evaluating their efficacy. A summary of the main
clinical trials is given below.

In the phase III MD Anderson Cancer Center (MDACC) trial
the adjuvant and neoadjuvant administration of FAC (5-fluorour-
acil, doxorubicin and cyclophosphamide) alone vs. FAC followed
by paclitaxel (P) in both advanced and early-stage breast cancer
was addressed [356] (Table 2). Although slight increases in both
disease-free survival (DFS) and overall survival (OS)were seen in
the FAC-P arms compared to FAC alone, these increases were not
statistically significant. Overall survival results of this trial are
pending.

The first large prospective trial to examine the addition of
paclitaxel to an anthracycline-based (doxorubicin(A)/cyclopho-
sphamide(C)) regime in node-positive women was undertaken
by the Cancer and Leukemia Group B Trial (CALGB 9344)
(Table 2) [8]. This study was designed to determine whether
increasing the dose of doxorubicin with or without the addition
of paclitaxel to a standard chemotherapy regime improved DFS
or OS in a cohort of node-positive breast cancer patients. There
was no improvement in either DFS or OS with increasing
doxorubicin dose while statistically significant increases
(pb0.0001) in toxicity were seen with each doxorubicin dose
escalation. The addition of paclitaxel to AC significantly
improved DFS 70% vs. 65% (p=0.0023) and OS 80% vs. 77%
(p=0.0064). The benefits of paclitaxel addition, however,
indicated efficacy only for estrogen-receptor (ER) negative
patients (hazard ratio [HR] recurrence 0.68; 95% CI 0.55–0.85),
with no benefits for ER-positive patients.

The Cancer and Leukemia Group B Trial (CALGB 9344)
also undertook a retrospective study using tissue blocks
(approximately 2800) to evaluate HER2/neu status [8]. In this
study, HER2/neu was evaluated using fluorescent in-situ
hybridization (FISH) and immunohistochemistry (IHC) (Her-
ceptest and monoclonal antibody CB-11) from the same cohort
of 3121 node-positive women. The blocks were divided into
group 1 (n=643) and group 2 (n=679). Cox proportional hazard
models and Kaplan–Meier analysis were used to compare the
5-year DFS of each group. Both groups demonstrated increased
benefit in DFS in HER2/neu-positive tumors compared to
HER2/neu-negative tumors, regardless of ER status [357]. This



Table 2
Randomized clinical trials of paclitaxel as adjuvant/neoadjuvant therapy

Study Accrual Design Results P-values Conclusion

MDACC 350 1st arm FAC (500/50/500 mg/m2) every 3 wks×8 cycles Median follow-up 60 months No advantage to substituting anthracycline component
adjuvant/neoadjuvant (adjuvant) 2nd arm P (250 mg/m2) every 3 wks×4 cycles FAC vs. P→FAC of neoadjuvant chemotherapy with paclitaxel.
clinical trial →FAC (500/50/500 mg/m2) every 3 wks×4 cycles 4 yr DFS; 83% vs. 86% 0.09 (ns) Although trend toward addition of paclitaxel
Operable 174 3rd arm P (250 mg/m2) every 3 wks×4 cycles→ locoregional surgery cCR: 79.3% vs. 80.2% 0.85 (ns) independent of hormonal receptor status.
breast cancer (neoadjuvant) →FAC (500/50/500 mg/m2) every 3 wks×4 cycles Overall survival is pending
(Buzdar et al. 4th arm FAC (500/50/500 mg/m2) every 3 wks×4 cycles→ locoregional surgery
[356]) →FAC (500/50/500 mg/m2) every 3 wks×4 cycles

Sequential protocol

CALGB 9344 1551 1st arm AC (60, 75 or 90/600/mg/m2) every 3 wks×4 cycles Median follow-up 69 months Addition of paclitaxel to adjuvant anthracycline
Phase III adjuvant →P (175 mg/m2) every 3 wks×4 cycles DFS AC+P/AC; 70% vs. 65% 0.0023 (s) therapy improved DFS and OS in this cohort
clinical trial TAM given after adjuvant therapy Reduction hazard rate of recurrence 17% of LN + MBC patients. Toxicities minimal.
LN+ MBC 1570 2nd arm AC (60, 75 or 90/600 mg/m2 every 3 wks×4 cycles OS AC+P/AC; 80% vs. 77% 0.0064 (s) The benefits of paclitaxel addition suggested to only
(Henderson et al. TAM given after adjuvant therapy Reduction hazard rate of death 18% affect ER-negative patients [HR] for reccurence 0.68
[8]) Sequential protocol 5 yr DFS and 5 yr OS for increasing AC dose (95% CI 0.55–0.85) with no benefits for ER+ patients.

Not statistically significant (ns) Increased hematological toxicities assoc. with increased
doxorubicin dose.

NSABP (B-28) 3060 1st arm AC (60/600 mg/m2) every 3 wks×4 cycles Median follow-up 64.6 months Addition of paclitaxel to adjuvant anthracycline therapy
Phase III adjuvant TAM given concomitantly for 5 yrs 5 yr DFS AC+P vs. AC; 76% vs. 72% 0.008 (s) improved 5 yr DFS significantly but not 5 yr OS.
clinical trial 2nd arm AC (60/600 mg/m2) every 3 wks×4 cycles Reduction hazard rate of recurrence 17% Side-effects; frequently associated with paclitaxel
≥1+LN MBC →P (225 mg/m2) every 3 wks×4 cycles 5 yr OS AC+P vs. AC; both 85% 0.46 (ns) were grade 3 toxicites (% patients) — neurotoxicity 19%,
(Mamounas et al. TAM given concomitantly for 5 yrs Reduction hazard rate of death 7% myalgia 11%, febrile neutropenia 2%. Frequently
[361]) Sequential protocol associated with AC — granulocytopenia 8%, febrile

neutropenia 7% and nausea 6%.

CALGB 9741 2005 1st arm A (60 mg/m2) every 3 wks×4 cycles g P (175 mg/m2) every 3 wks×4 cycles Median follow-up 36 months Dose-dense regime with the addition of paclitaxel
Phase III adjuvant trial →C (600 mg/m2) every 3 wks×4 cycles Dose-dense vs. Conventional to anthracycline therapy improved 6 yr DFS
clinical trial 2nd arm A (60 mg/m2) every 2 wks×4 cycles→P (175 mg/m2) every 2 wks×4 cycles 3 yr DFS 85% vs. 81% [RR], 0.74 0.01 (s) significantly and subset analysis suggested more
LN+, MBC →C (600 mg/m2) every 2 wks×4 cycles+filgrastim (days 3–10 each cycle) 26% reduction in risk of relapse benefit in ER− vs. ER+ patients.
(Citron et al. 3rd arm AC (60/600 mg/m2) every 3 wks×4 cycles→P (175 mg/m2) every 3 wks×4 3 yr OS 92% vs. 90% [RR], 0.69 0.014 (s) Side-effects — ↓grade 4 neutropenia occurred in
[363]) 4th arm AC (60/600 mg/m2) every 2 wks×4 cycles→P (175 mg/m2) every 2 wks×4 31% reduction in risk of death dose-dense vs. conventional regime and ↑grade 2

+filgrastim (days 3–10 each cycle) Subset analysis ER− vs. ER+ anemia in dose-dense regime.
Sequential/concurrent protocol [HR]: 0.76 no significance for ER+ patients 0.014 (s)

Abbreviations: MDDACC = M.D. Anderson Cancer Center; CALGB = Cancer and Leukaemia Group B; NASBP = National Surgical Adjuvant Breast and Bowel Project; LN = lymph node; MBC = Metastatic breast Cancer; FAC = 5-fluorouracil/doxorubicin/cyclophosphamide;
Wks = weeks; P = paclitaxel; TAM = tamoxifen; DFS = disease-free survival; OS = overall survival; RR = risk ratio; HR = hazard ratio; ER = estrogen receptor; CI = confidence interval; AC = doxorubicin/cyclophosphamide.
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finding suggests that stratification of patients based on HER2
status, and not ER status, as found in the first part of this trial,
may be more informative when deciding on treatment regimes
[357]. Further investigation into molecular subtype stratification
is warranted [358–360].

The National Surgical Adjuvant Breast and Bowel Project
(NSABP) B28 trial was undertaken to determine whether the
addition of paclitaxel to an anthracycline-based regime im-
proved overall survival in lymph node-positive metastatic breast
cancer patients (Table 2) [361]. Although the addition of
paclitaxel to adjuvant anthracycline therapy in this trial
improved 5-year DFS regardless of tumor grade, histological
type, age of patient or number of positive lymph nodes, there
was no improvement in 5-year OS.

While the NSABP B28 and the CALGP 9344 trials both
demonstrated improvement in DFS with addition of paclitaxel to
adjuvant anthracycline regimes, the CALGP 9344 was the only
trial to demonstrate improvement inOS. The discordant outcomes
found in these trials may be explained by differences in drug
dosage and patient selection. Paclitaxel doses differed between
the trials with a higher dose being used in the NSABP B28 trial
(225 mg/m2 vs. 175 mg/m2). In addition, increasing doses of
doxorubicin were used in the CALGB trial (60, 75 and 90mg/m2)
compared to a consistent dose of anthracycline being used in the
NSABP B28 trial (60 mg/m2). Moreover, ER-positive patients in
the NSABP B28 trial were given tamoxifen concomitantly with
chemotherapy as opposed to sequentially in the CALGB study.
Tamoxifen administered concurrently with adjuvant anthracy-
cline-based chemotherapy has been shown to cause impaired
disease-free survival when compared with delaying tamoxifen
administration until chemotherapy is completed [362].

In the Cancer and Leukemia Group B trial 9741 trial,
doxorubicin (A), cyclophosphamide (C) and paclitaxel (P)
administration was compared in sequential (A→P→C) versus
concurrent (AC→P) regimes in the setting of either conven-
tional three-weekly administration or dose-dense two-weekly
administration. 2005 women with node-positive metastatic
breast cancer were randomly assigned to one of four treatment
arms illustrated in Table 2 [363].

Statistically significant improvements were seen in DFS, OS,
relapse risk and mortality risk with dose-dense scheduling. The
dose-dense regime was also associated with a reduced occur-
rence of contralateral breast cancer 0.3 vs. 1.5% (p=0.0004)
[364]. There was no significant difference in DFS or OS between
concurrent and sequential chemotherapy (Hazard Ratio
HR=1.04; p=0.65). It is worth considering however, that the
dose-dense arm was associated with increased grade 2 anemias.
In addition filgrastim (growth factor support) was required to
reduce hematological toxicities associated with dose-dense
treatment [365].

In conclusion, improved outcomes have been associated with
the addition of taxanes (paclitaxel or docetaxel) to the standard
chemotherapy regimes in a number of phase III randomized
clinical trials. Results from the CALGB 9344 [8] and NSABP
B28 [361] trials have shown statistical significance with the
addition of paclitaxel adjuvantly to AC regimes in node-positive
metastatic breast cancers in terms of DFS and OS in the
CALGB trial and DFS for the NSABP B28 trial. Moreover, a
combined analysis of the 20-year experience with the CALGB
trial found benefits for node-positive ER-negative breast cancer
patients as a result of improved chemotherapy regimes over the
past two decades [366]. The MD Anderson Cancer Center
(MDACC) trial showed a trend toward improved relapse-free
survival with the addition of paclitaxel, however statistical
significance was not achieved as the sample size was small
[356]. The CALGB 9741 trial [363] found that the addition of
paclitaxel to an AC regime in a dose-dense manner (adminis-
tered every two-weeks instead of every three-weeks) improved
outcome compared to conventional scheduling. In addition,
neoadjuvantly the pathological complete response (pCR) rates
were better for those who received weekly vs. three-weekly
treatment with paclitaxel [16]. This suggests that dose-dense
regimes may be more efficacious when administering paclitaxel
to breast cancer patients. However, whether this approach will
improve overall survival warrants further investigation.

The BCIRG 001 (Breast Cancer International Research
Group) (Table 3) [19] and the Programme Adjuvant Cancer du
Seins (PACS) 01 (Table 3) [21] were important in providing
information regarding the benefits of incorporating adjuvant
docetaxel (T) either sequentially or concomitantly in operable
node-positive breast cancer patients. In the BCIRG 001 women
with axillary node-positive breast cancer were randomized into
one of two treatment arms (TAC vs. FAC) illustrated in Table 3.
Tamoxifen was given for 5 years to all hormone-receptor
positive tumors after completion of adjuvant chemotherapy. A
significant reduction in 5-year DFS and OS was seen with TAC
compared with FAC in patients with 1–3 positive lymph nodes
only. This study demonstrated the benefit of the addition of
docetaxel irrespective of HER2-neu status or ER status and
supports the value of incorporating taxanes into the adjuvant
treatment of operable node-positive breast cancers.

In the PACS 01 trial [21] 1999 patients with operable node-
positive breast cancers were randomized to receive either
6 cycles of FEC100 (5-fluorouracil, epidoxorubicin and
cyclophosphamide) or FEC100 for 3 cycles followed by
3 cycles of docetaxel (Table 3). A significant reduction in 5-
year DFS and OS was demonstrated for FEC100 followed with
docetaxel compared to FEC alone.

The NSABP B-27 trial was designed to determine the effects
of the addition of docetaxel after 4 cycles of neoadjuvant AC
(doxorubicin/cyclophosphamide) on the pathological and
clinical response rates (pCR and cCR) and on DFS and OS of
women with operable breast cancer (Table 3) [367]. This trial
randomized 2411 women with stage I and II breast cancer into
one of three treatment arms as illustrated. Women receiving the
sequential AC/docetaxel neoadjuvant regime (2nd arm) showed
statistically significant improvements in overall clinical
response rate (ORR), pCR and cCR rates (pb0.001). Lymph
node down staging was observed with the addition of
preoperative docetaxel (pb0.001). However, there was no
significant difference in disease-free survival (DFS) or overall
survival (OS) between each of the three groups. The design of
this trial has been criticized because the preoperative regimes
were of different durations (4 vs. 8 cycles of treatment)



Table 3
Randomized clinical trials of docetaxel as adjuvant/neoadjuvant therapy

Study Accrual Design Results P-values Conclusion

BCIRG 001 745 1st arm TAC (75/50/500 mg/m2) every 3 wks×6 cycles Median follow-up 55 months Significant reduction in 5 yr DFS and OS for
Randomized adjuvant (TAM after chemotherapy for 5 yrs) TAC vs. FAC TAC vs. FAC. Although, febrile neutropenia was
Phase III clinical trial. 746 2nd arm FAC (500/50/500 mg/m2) every 3 wks×6 cycles 5 yr DFS 75% vs. 68%; 0.001 (s) more assoc. with TAC; 25% vs. 2.5%, p≤0.05,
Operable LN+ breast (TAM after chemotherapy for 5 yrs) 28% reduction in risk of relapse G-CSF should be administered for TAC.
cancer (1997–1999) Concomitant regime 5 yr OS 87% vs. 81%; 0.008 (s)
(Martin and Pienkowski [19]) 30% reduction in risk of death

Subset analysis; 1–3 LN+ HR, 0.61 b0.001 (s)

PACS (01) 1999 1st arm FEC 100 (500/100/500 mg/m2) every 3 wks×6 cycles Median follow-up 59.7 months Significant reduction in 5 yr DFS and OS for FEC100→T
Adjuvant phase III 2nd arm FEC 100 (500/100/500 mg/m2) every 3 wks×3 cycles FEC100→T vs. FEC100 vs. FEC100 alone. Toxicity profile for both regimes were
Clinical trial. →docetaxel (100 mg/m2)×3 cycles 5 yr DFS 78.3% vs. 73.2%; [HR], 0.83 0.041 (s) acceptable. Subset analysis found that patients aged
Operable LN+ breast Sequential regime 5 yr OS 90.7% vs. 86.7%; [HR], 0.77 0.05 (s) ≥50 years and patients with 1–3+ LNs benefited more
cancer (1997–2000) from the addition of docetaxel to FEC100. Therefore
(Roche et al. [21]) FEC100 should be replaced with FEC100→T for adjuvant

treatment of node-positive breast cancer.

NSABP B-27 804 1st arm AC (60/600 mg/m2) every 3 wks×4 cycles→ surgery (TAM given concomitantly) Clinical and pathological response rates Patients with operable breast cancer that received
Randomized phase III 805 2nd arm AC (60/600 mg/m2) every 3 wks×4→T (100 mg/m2) every 3 wks×4 cycles AC→T→ surgery vs. AC→surgery/T preoperative AC→T achieved higher cCR, pCR
Neoadjuvant clinical →surgery (TAM for 5 yrs) cCR: 63% vs. 40.1% b0.001 (s) and ORR compared to patients that received
Trial (1995–2000) 802 3rd arm AC (60/600 mg/m2) every 3 wks×4 cycles→ surgery ORR: 90.7% vs. 85.5% b0.001 (s) preoperative AC alone. No significant difference in DFS
Operable breast cancer →T (100 mg/m2) every 3 wks×4 cycles (TAM given concomitantly for 5 yrs) pCR: 26.1% vs. 13.7% b0.001 (s) and OS between 3 groups was found. Best to give all
(Bear and Anderson [367]) Sequential regime chemotherapy uninterrupted to maintain dose density.

AC→ surgery→T vs. AC→surgery Increased grade 4 toxicity assoc. with docetaxel arm
DFS HR; 0.91 0.32 (ns) (23.4%) compared to AC alone (10.3%) with febrile

neutropenia being main side-effect.

University of Aberdeen 162 1st arm CVAP (100/50/1.5/100 mg/m2) every 3 wks×8 cycles→ surgery Median follow-up 65 months Addition of a taxane to anthracycline chemotherapy
Phase II neoadjuvant 2nd arm CVAP (100/50/1.5/100 mg/m2) every 3 wks×4 cycles CVAP→T→ surgery vs. CVAP→ surgery neoadjuvantly was more beneficial than anthracycline
Clinical trial. →T (100 mg/m2) every 3 wks×4 cycles→surgery ORR 94% vs. 66% 0.001 (s) therapy alone in this cohort of locally advanced breast
Locally advanced Sequential regime pCR 34% vs. 16% 0.04 (s) cancer patients.
breast cancer
(Smith and Heys [368])

Abbreviations: BCIRG = Breast Cancer International Research Group; PACS = Programme Adjuvant Cancer du Seins; TAC = docetaxel/doxorubicin/cyclophosphamide; FAC = 5-fluorouracil/doxorubicin/cyclophosphamide; FEC100 = 5-fluorouracil/epidoxorubicin/cyclophosphamide;
T = docetaxel; TAM = tamoxifen; CVAP = cyclophosphamide/vincristine/doxorubicin/prednisolone; DFS = disease-free survival; OS = overall survival; AC = doxorubicin/cyclophosphamide; LN = lymph node; HR = hazard ratio; cCR = clinical complete response; ORR = overall
clinical response rate; pCR = pathologic complete response; assoc = associated.
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Table 4
Randomized clinical trials of trastuzumab in combination with paclitaxel/docetaxel as adjuvant therapy in patients with early-stage breast cancer

Study Accrual Design Results P-values Conclusion

NCCTG N9831 807 1st arm AC (60/600 mg/m2) every 3 wks×4 cycles→P (80 mg/m2/week) for 12 wks Interim data from combined NCCTG N9831 From the combined results there was a statistically
intergroup trial 2nd arm AC (60/600 mg/m2) every 3 wks×4 cycles→P (80 mg/m2/week) for 12 wks (1st and 3rd arms) and NSABP B-31(Both arms) significant difference in groups where trastuzumab
Operable breast cancer → tras (2 mg/kg/week)×52 wks 3 yr DFS P+ tras vs. P alone was added to paclitaxel with a reduction of recurrence
Node-positive 808 3rd arm AC (60/600 mg/m2) every 3 wks×4 cycles→P (80 mg/m2/week) and 87% vs. 75% (HR=0.48) pb0.0001 risk of 52% in the paclitaxel and trastuzumab arms.
HER2-overexpressing tras (2 mg/kg/week) concurrently for 12 wks ∼52% reduction in risk of recurrence The number of deaths were significantly reduced when
3+ IHC or FISH positive → tras (2 mg/kg/week) for 40 wks 3 yr OS P+ tras vs. P alone trastuzumab was combined with paclitaxel with a 33%
(Romond et al. [371]) All patients received TAM for 5 yrs after adjuvant chemotherapy 62 vs. 92 deaths (HR=0.67) p=0.015 relative reduction in deaths after 3 years. After 4 years

∼33% relative reduction in number of deaths 90% of trastuzumab recipients had no recurrences
compared to 74% of the paclitaxel only groups.

NSABP B-31 trial 872 1st arm AC (60/600 mg/m2) every 3 wks×4 cycles→P (175 mg/m2/week) every 3 wks These trials demonstrate the benefits of adding
Operable breast cancer x4 cycles trastuzumab to a paclitaxel and anthracycline-based
Node-positive 864 2nd arm AC (60/600 mg/m2) every 3 wks×4 cycle→P (175 mg/m2/week) every 3 wks regime in patients with HER2-overexpressing tumors.
HER2-overexpressing x4 cycles+ tras (2 mg/kg/week) concurrently for 12 wks
3+ IHC or FISH positive → tras (2 mg/kg/week) for 40 wks
chemotherapy naive
(Romond et al. [371])

BCIRG 006 1073 1st arm AC (60/600 mg/m2) every 3 wks×4 cycles→T (100 mg/m2)every 3 wks×4 cycles 2nd treatment arm vs. 1st treatment arm This trial found significant reduction in risk of recurrence
Node-positive and 1074 2nd arm AC (60/600 mg/m2) every 3 wks×4 cycles→T (100 mg/m2) every 3 wks×4 cycles 51% reduction in risk of recurrence(HR=0.49) pb0.0001 (51%) in the 2nd treatment arm with docetaxel/
high risk node-negative +Tras (2 mg/kg/week)×12 cycles→Tras every 3 wks×13 cycles 3rd treatment arm vs. 1st treatment arm trastuzumab compared to the 1st arm (AC→T).
chemotherapy naive 1075 3rd arm T (100 mg/m2)+ Carbo (AUC=6)+ tras (2 mg/m2/week)×18 wks 39% reduction in risk of recurrence (HR=0.61) p=0.00015 There was also a significant reduction in risk
(Slamon et al. [372]) → tras (2 mg/kg) every 3 wks×11 wks of recurrence (39%) in the 3rd arm with docetaxel/

trastuzumab and carboplatin compared to control arm
(AC→T). These results are highly significant
and demonstrate the synergistic effects of docetaxel
and trastuzumab in the treatment of patients with
HER2-overexpressing tumors.

Abbreviations: NCCTG = North Central Cancer Treatment Group; NSABP = National Surgical Adjuvant Breast and Bowel Project; BCIRG = Breast Cancer International Research Group; AC = doxorubicin/cyclophosphamide; wks = weeks; tras = trastuzumab; TAM = tamoxifen;
P = paclitaxel; T = docetaxel; 3 yr = 3-year; DFS = disease-free survival; HR = hazard ratio; Carbo = carboplatin; AUC = area under the concentration-time curve; OS = overall survival.

120
B
.T.

M
cG

rogan
et

al.
/
B
iochim

ica
et

B
iophysica

A
cta

1785
(2008)

96–132



121B.T. McGrogan et al. / Biochimica et Biophysica Acta 1785 (2008) 96–132
suggesting that benefits found in the neoadjuvant AC/docetaxel
arm may have been due to the addition of extra cycles of
treatment, rather than as a result of the addition of docetaxel. In
summary, this study demonstrates no overall survival benefit
with taxane addition in the neoadjuvant setting.

Conversely, the University of Aberdeen trial, comparing the
addition of 8 cycles of neoadjuvant CVAP (cyclophosphamide/
vincristine/doxorubicin/prednisolone) to 4 cycles of CVAP,
followed by 4 cycles of docetaxel prior to surgery, has sug-
gested that the addition of the taxane is beneficial (Table 3)
[368]. The pCR rate, DFS and OS showed significant results
with the addition of docetaxel. Furthermore two patients who
received 8 cycles of CVAP alone developed progressive disease
after responding to the first 4 cycles. This was not observed in
the docetaxel-treated arm [368]. This study has generated the
hope of a new “standard” neoadjuvant therapy [369] in the
neoadjuvant setting.

8.2. Paclitaxel and docetaxel/trastuzumab in the adjuvant/
neoadjuvant setting

Trastuzumab was approved by the FDA in 1998 for use in
combination with either paclitaxel (Europe and USA) or
docetaxel (Europe) for HER2/neu-positive patients with meta-
static breast cancer not previously treated with chemotherapy
[169]. Randomized clinical trials incorporating trastuzumab plus
chemotherapy in the treatment of HER2/neu-positive operable
and metastatic breast cancers have demonstrated improved OS,
increased response rates and longer time to disease progression
(TTP) compared to chemotherapy alone [181,370,371]. How-
ever, a major side-effect of this drug is ventricular dysfunction
and New York Heart Association (NYHA) classes II–IV
congestive heart failure (CHF) [169]. Interim analyses from
four phase III trials in patients with operable HER2/neu-positive
breast cancer have demonstrated that the addition of trastuzumab
to adjuvant chemotherapy significantly improves outcomes in
patients compared to those who received adjuvant chemotherapy
alone [169]. These trials which include the combined analyses of
the National Surgical Adjuvant Breast and Bowel Project
(NSABP) B-31 study and North Central Cancer Treatment
Group (NCCTG) N9831 trial (Table 4) [371] and preliminary
data from the Breast Cancer International Research Group
(BCIRG 006) study are outlined in detail (Table 4) [372].

Data from clinical trials incorporating trastuzumab with
either paclitaxel or docetaxel adjuvantly or neoadjuvantly in
operable or MBC have confirmed laboratory findings that there
is increased synergy between taxanes and trastuzumab when
combined together [169,371,372]. Such large benefits have not
been seen in adjuvant and neoadjuvant trials before. Thus, it is
evident that HER2/neu overexpressing breast cancers benefit
from a combination of taxanes and anthracycline-based chemo-
therapy with trastuzumab, which should now become the gold
standard for treatment of early-stage and metastatic HER2/neu-
positive breast cancers.

The 9th St Gallen consensus meeting (January 2005)
categorized early-stage breast cancer into three groups: endo-
crine responsive, endocrine non-responsive and tumors of
uncertain endocrine responsiveness. These categories were
further subdivided according to their menopausal status.
Subsequently the panel stratified patients into low-, intermedi-
ate- and high-risk groups [373]. The panelists suggested that
combined anthracycline and taxane treatment was appropriate
for patients with intermediate- or high-risk status with endocrine
non-responsive disease whereas AC×4 cycles alone was
considered appropriate for high-risk endocrine responsive
disease. These suggestions indicate that taxanes are more
beneficial for estrogen-receptor negative patients as evidenced
in the CALGB 9344 and CALGB 9741 trials. There are several
on-going trials examining the potential benefit of adding taxanes
to an anthracycline-based regime [3]. Two of the largest trials to
date include the Canadian MA21 trial and the UK Taxotere as
Adjuvant Chemotherapy trial (UK TACT). These trials will
compare combinations of taxanes and anthracycline-based
regimes with anthracycline only regimes using the same number
of treatment cycles and stratifying patients according to lymph
node status. Clearly there is a need to further define subgroups of
breast cancer patients who will benefit specifically from the
addition of taxanes to treatment protocols. Further randomized
adjuvant and neoadjuvant trials with longer follow-up times will
be essential to answer the many questions regarding the
appropriate addition of taxanes to treatment regimes with
optimal scheduling, choice of taxane and dosing regimes still
unclear at this stage. A full consensus report on the use of taxanes
in both early-stage and metastatic breast cancer is awaited.

9. Conclusions and perspectives

Intrinsic and acquired resistance to many chemotherapeutic
agents including doxorubicin, taxanes and vinca alkaloids can be
a result of alterations in drug efflux by proteins of the ABC-
transporter family, leading to the multidrug resistance (MDR)
phenotype [263].With this phenotype, resistance to one drug can
result in cross-resistance to other structurally unrelated drugs
[105]. Moreover, altered expression of the efflux transporters,
MDR1/P-glycoprotein (P-gp) and multiresistance-associated
proteins (MRP) has been shown both in vitro and in vivo to
cause intrinsic or acquired resistance to commonly used cyto-
toxic drugs, such as the anthracyclines, taxanes, anti-metabolites
and platinum agents, all of which are substrates of either the
MDR1/P-gp or MRP transporters [162,263,374]. Therefore, the
MDR phenotype and overexpression of efflux transporters
contribute greatly in conferring cellular resistance to many
chemotherapies, including taxanes.

Altered expression and activity of cell cycle/apoptotic
signaling regulators, such as p53, BRCA1 and Bcl-2 have also
been associated with increased resistance to different chemother-
apeutic agents including DNA-damaging drugs, platinum agents
and taxanes [263,287,288,375,376]. Firstly, the lack of func-
tional p53 both in vitro and in vivo contributes to increased
resistance to doxorubicin, cisplatin, 5-fluorouracil (5-FU) and
taxanes, due to abrogation of p53-mediated apoptosis [263].
Conversely however, other studies have found no correlation
between p53 status and chemoresistance [292,377,378]. Inter-
estingly, the cell cycle protein BRCA1 is activated in response to
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both DNA-damaging agents and microtubule disruption and has
been shown in vitro to be a predictive marker of response to both
DNA-damaging agents and taxanes [264,379]. Moreover
BRCA1 enhances sensitivity to apoptosis induced by paclitaxel
and inhibits apoptosis induced by cisplatin [272]. Finally,
BRCA1 is a transcriptional regulator of the spindle checkpoint
proteins BUBR1 and MAD2, with possible implications for
spindle checkpoint control [275,276]. Therefore, BRCA1 may
be an important predictive marker of chemotherapy response to
DNA-damaging agents and taxanes.

With regard to the anti-apoptotic protein Bcl-2, and its ability
to predict chemoresponsiveness, data are inconclusive. Some
studies support the hypothesis that Bcl-2 overexpression
correlates with poor response to varying chemotherapies
[378,380], while other studies have shown no association
between Bcl-2 expression and drug response [263,381].
Increased levels of phosphorylated Bcl-2 have however been
associated with increased sensitivity to both paclitaxel and
docetaxel compared to breast tumors with reduced phosphory-
lated Bcl-2 expression levels [340].

Hyperactivity of the pro-signaling PI3/Akt pathway has been
shown in vitro to result in paclitaxel, trastuzumab and gem-
citabine chemoresistance [263]. In several ovarian cancer cell
lines, increased activation of AKT conferred resistance to
paclitaxel [326]. Moreover, a frequently mutated tumor suppres-
sor gene associated with the PI3K/Akt pathway, PTEN, acts as a
negative regulator of PI3K/Akt signaling [322]. In one study of
HER-2 overexpressing tumors, immunohistochemical PTEN
overexpression was found to correlate with increased sensitivity
to trastuzumab [334]. In addition, reduced PTEN levels and
increased Akt activation are associated with the trastuzumab-
resistant breast cancer cell line SKBR3/R [334].

Resistance to taxanes specifically, is multifaceted, with
defects in tubulin, microtubule-associated proteins (MAPs)
and dysregulated cell cycle and apoptotic signaling pathways
playing candidate roles in taxane resistance. To date, in vivo
analysis of both tubulin mutations and isotype composition have
yielded no substantial evidence identifying tubulin defects as a
major contributing factor underlying taxane resistance
[100,117]. On the other hand, in vitro and in vivo overexpression
of the MAPs, tau and stathmin (destabilizing protein) have been
shown to correlate with paclitaxel resistance [125,131]. These
regulators may be a useful adjunct in predicting taxane response,
with further studies warranted. More importantly, defects in the
spindle assembly checkpoint (SAC), which is activated in
response to taxanes, have lead to a number of promising pre-
dictive markers for taxane resistance including MAD2, BUBR1,
Aurora A and Synuclein-gamma among others.

Since a robust spindle checkpoint is crucial to appropriate
microtubule functioning during mitosis, it is fitting that a
deficient spindle checkpoint would be detrimental to the efficacy
of agents such as taxanes that function primarily by stabilizing
microtubules in mitosis. Furthermore, the spindle checkpoint is
important in maintaining chromosomal stability, with abnorm-
alities in the SAC being associated with increased chromosomal
instability (CIN), mitotic slippage and taxane resistance
[189,200,210,231]. Therefore, establishing whether the spindle
checkpoint is functioning by assessing key spindle checkpoint
components in combination with specific MAP expression
levels may identify taxane responders from non-responders.
Furthermore, it will be clinically important to incorporate
immunohistochemical analysis of these proteins into clinical
trials in an effort to optimize individualized drug therapy.

In the clinical setting, targeting different oncogenic signaling
pathways with combinations of chemotherapeutic agents is
generally more effective than single-agent therapies. Data from
several large breast cancer clinical trials suggest that the
addition of taxanes to anthracycline-based combinatorial re-
gimes is beneficial in certain subgroups of patients [8,357,366].
These clinical findings have been validated using gene
expression profiling in which basal-like estrogen-receptor
(ER)-negative and HER2-positive breast cancer molecular
subtypes demonstrated increased sensitivity to a combination
of paclitaxel and doxorubicin chemotherapy compared to the
luminal (ER-positive) and “normal-like” subgroups [382].
Moreover, combining taxanes with targeted therapies, such as
trastuzumab, have been found to dramatically improve overall
survival (OS) and disease-free survival (DFS) in breast cancer
patients, suggesting a possible synergistic effect between these
agents [169]. Novel taxanes have been developed to overcome
the “resistant phenotype” in taxane-resistant cell lines [383]. The
orally active docetaxel analogue MST-997 has potent in vitro
and in vivo efficacy in paclitaxel and docetaxel-resistant models
and has now entered phase I clinical trials [383]. Furthermore,
novel taxanes can inhibit multidrug transporters, overcoming the
multidrug resistance phenotype, with a number of these agents
currently undergoing clinical trials [384]. Finally, epothilones
are taxol-like microtubule-stabilizing agents that appear to be
responsive in taxane-resistant models [385]. For example,
epothilone B (ixabepilone) has been shown in phase II clinical
trials to induce responses in taxane-refractory breast cancer
[385].

Resistance to chemotherapeutic agents is a very challenging
and complex phenomenon, orchestrated by a number of complex
mechanisms in a single cell. Our increased understanding of the
molecular pathways and mechanisms contributing to drug
resistance will enable the development of more patient-tailored
therapies. Combining clinical trials data with gene expression
microarrays and predictive markers, will make it possible to
classify breast cancers more accurately and help define patient
response to chemotherapeutic regimes, with a hope to improving
overall survival and disease-free survival for cancer patients.
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