CHAPTER 1I
LITERATURE REVIEW

1. Paclitaxel (Taxol®)

Paclitaxel (Taxol®), the first taxane in clinical use, is active against a
broad range of cancers that are generally considered to be refractory to

conventional chemotherapy. In 19@\\'#2 Extract from the bark of the

Pacific yew Taxus brevifolia, w@qnd n | studies to have cytotoxic

activity against many tum(erl was i@s the active constituent
of this extract in 1971 (Wa b AN \

1.1 Antitumor activity
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premedication and by changing Min@n from a bolus injection to a
24 hour infusion. Pachtgxel entered ?hwe%‘jﬁm id 1980s, and the
first report of clinical ,-.T..-,_;.:.,;-.,.‘.,;.-.;;_:;;;; ------------ published in 1989
(Mcguire et al., 1989). T‘ljs was followed
breast cancer in 1991 (Holmes et al., 1991), Paclitaxel has been approved for

the treatment oﬂ% Bl%nwgrw Mﬂﬂtﬁ ﬁood and Drug

Administration (F]jA) in 1992. Approyal for the trgltment of bres_} cancer was
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and it is cuﬂently used not only for the treatment of ovarian (Tomita et al.,

porﬂ)f the activity against

2001) and breast cancers (Poelman et al., 2000) but also for the treatment of
lung cancer (Chu et al., 2005), squamous cell carcinoma of the head and neck
(Schrijvers and Vermorken, 2005) and various other cancers (Eisenhauer and
Vermorken, 1998; Chang et al., 2003).



1.2 Mechanism of action

Paclitaxel stimulates microtubule polymerization (Schiff et al., 1979) by
binding directly with high affinity to tubulin along the length of the
microtubule. The binding site for paclitaxel is at N-terminal of the B-subunit of
tubulin (Rao et al., 1994; Nogales et al., 1995). Binding of paclitaxel to the

microtubule increases the polymerization, presumably, by inducing a

conformational change in the tubulin, resulting in, an increase in the affinity
between neighbouring tubulin melg\e& N 2001).
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several mechanisms (Sc
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kinases and change in activit . Ksr ":)‘}ge et al., 1997; Ibrado et al.,
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1.3 Side effects
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the schedule of paclitaxel administration. Hypersensitivity reactions typically
occur early in the treatment course and sometimes within the first hour of
infusion. Anaphylaxis and severe hypersensitivity reactions (hypotension,

angioedema and generalized urticaria) occur in 2% of the cases and can be

fatal.



Hematologic Toxicity

Bone marrow suppression is the major dose-related toxicity of
paclitaxel. Neutropenia, the most important hematologic toxic effect of
paclitaxel (Rowinsky et al., 1993), is dose-and schedule-dependent and is
generally rapidly reversible. The incidence does not appear to increase with
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cumulative exposure.

Neurotoxicity —S - J
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Neuropathy is the )ﬂ’Kd/‘mdeng toxicity of several commonly-used

chemotherapeutic agents; includi ! htaxel (Cavaletti et al., 1995; Quasthoff

and Hartung, 2002). The.inci

nge and severity of neuropathy are related to the
cumulative dose, and probab thé’sirfg'le dose intensity as well. Sensory

neuropathy, e.g numbness and ares;h‘esm a};d typically is the most common

form of paclitaxel-induced neuropathy. (Llptm‘y,al '1989; Postma et al., 1995)
occurs first in a glove-and- stockmg dlstﬂﬁ;ﬁpn in the lower extremities,

although fingers and to_ei may be affected snnultaneouslijwmlk et al., 1987;

Forsyth et al., 1997). Gc/casmnally, symptoms are mltlally‘]asymmetrlc (Lipton
et al., 1989) but symmetrr’c distal loss of sensation carried by both large fibers
(proprioception, yibration);and ;small; fibers- (temperature, pinprick) is more
common. The distal, synimetric, length-dependent nieurologic deficits suggest
that paclitaxel,eauses-an axenopathy. Moetor, and-dutonomic.dysfunction may
also occur, eSpecially at' high “doses” and in“patients Wwith “preexisting
neuropathies caused by, for example, diabetes mellitus and alcoholism (Freilich
et al., 1996). The signs and symptoms may continue to worsen for several
weeks after discontinuation of the drug, and then improve gradually (Cavaletti
et al., 1995 ). Although mild sensory symptoms usually improve or resolve
within months after cessation of paclitaxel, severe symptoms may persist for

longer than 1 year (Rowinsky and Donehower, 1993; Cavaletti et al., 1995).



Electrophysiologic studies show that paclitaxel reduces both sensory and
motor nerve action potential amplitudes. Reduction in amplitudes of sensory
nerve and compound muscle action potentials correlates with the cumulative
dose (van Gerven et al., 1994). The motor involvement is more likely to be

subclinical and occurs later in the course of neuropathy (Freilich et al., 1996).

Histopathologic findings of paclita;(;l-induced neuropathy have been
reported (Sahenk et al., 1994). Sural nerve’ /gps;;r reveals a greater loss of
large- than small-diameter myelinated negve fibers. Axonal degeneration with

secondary demyelination™*and.~temyelination canbe seen. However,

regenerating axonal sprou mon. Electron microscopy has

demonstrated accumulation ¢ oulay and membranous structures within the

axons (Sahenk et al., 199
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In pathogenesis, stabiliz on Qf mlca;o}ubule dynamics is believed to be

e

indyced neuropathy. Since, axonal transport may
be disrupted. This hypothesis is sugorted b_jﬁfhg finding of aggregation and

the major cause of paclitaxel-

accumulation of abnormﬁl microtubule bundles in dorsa],(goot ganglia, axons,
and Schwann cells (R"o{ctta and Raine, 1986). Howeszé‘r’J more studies are
needed to clarify the path‘o@enesw -

An animal model has been used to study the underlying mechanisms of
paclitaxel-induced .neuropathy and.-potential treatments, Sensory, disturbances
similar to whaf are seen in' patients, “are’ found “in' the“animal ‘model, for
example, thermal hyperalgesia in the hind paw (Polomano et al., 2001) and tail
(Cavaletti et al., 1997; Polomano et al., 2001). However, some studies also
report the development of hypoalgesia in the rats receiving paclitaxel
(Campana et al., 1998). Furthermore, decreased nerve conduction velocity has
been demonstrated (Cavaletti et al., 1997; Cliffer et al., 1998; Authier et al.,

2000; Persohn et al., 2005). Histopathological examination shows axonal



degeneration (Cavaletti et al., 1995; Cliffer et al., 1998; Authier et al., 2000;
Persohn et al., 2005) with collapse and fragmentation of myelin sheath
(Persohn et al., 2005) including an increase in microtubule density in the axon
(Cavaletti et al., 1995; Authier et al., 2000). In addition, Schwann cells with
nucleolus-like formation could be found (Cavaletti et al., 1997). Recently,
morphometric evaluation of sciatic nerve demonstrates that mean myelinated
fiber diameter and number of large myelinated fibers (o > 10 pm) are decreased
while the number of small myelinated ﬁbelf/s increased (Persohn et al., 2005).
This study also shows that g-ratio (value o /ﬁx'onal diameter divided by the

diameter of the axon with myglin) decreases mg!lﬁﬁﬁﬂy

Although neuropay/ : |

preclinical and clinical studi
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gaclitaxel has been characterized by
lineated above, the underlying molecular
mechanisms are still uncl _ve?the css, some evidence suggests the

possible role of MAP chtaxe] niduced neuropathy. This will be
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2. Mitogen-activated protein kinasescMA,PKs)
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2.1 Introduction = =
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Mitogen activated pfotein‘ kinasés (MAPKs)* afe a family of
serine/threonine kinasés which have beenu implicated in cell proliferation,
differentiation; ‘and) dcathl (Pearson et'al} 200‘1); They” are) dual® specificity
enzymes that can phosphorylate hydfoxyl side chains of serine/threonine and
tyrosine residues in their substrates (Ashworth et al., 1992; Crews et al., 1992;
Wu et al., 1993). MAPKs are regulated by phosphorylation cascades
(Garrington TP and Johnson, 1999) (figure 1). MAPKs are activated by
upstream regulators, MAPK kinases (MAPKKs), in turn, the MAPKKSs are
activated by MAPKK kinases (MAPKKKs) that transduce signals from
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stimulus-activated receptors on the cell surface or through interactions with

GTP binding proteins and/or other kinases.

MAPKSs at the end of these signaling cascades phosphorylate their target
proteins, such as transcription factors, cytoskeletal proteins and other protein

kinases (Johnson and Lapadat, 2002). MAPK phosphatases (MKP)
dephosphorylate and thus return MAPKs to an inactive state.

In multicellular organisr@‘ %e subfamilies of MAPKs

identified so far. The first @ is ,gxtra signal-regulated kinases
(ERKs) which have sever ). ERK1 and ERK2 are

the best characterized. i Jis e-Jun NH,-terminal kinase

(JNKs). There are three : cording to three jnk
- - \‘%

genes. For p38, four isoff B ve been found.

contrast, JNK and p38 kmasesiare,.rmonfz '~_) ive to stress stimuli ranging
i okine lation (Pearson et

. of ERK activation

by stress stimuli, for exa ple ox1dat1ve stress and hypéxl)smotlc stress (Wang

e ﬂuﬂ’msmwmm
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from osmotic shock and-“jonizing radiation

al., 2001). It is worth not
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I MAP kinase signal fransduction pathway

STIMULI: cytokines — growth factors — stress factors, etc.
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Figure 1 Activation of MAF acellular stimuli can

activate the family of mitogen g kinases after receptor-
ligand interactions. Member of:!fﬁgfi'" family activate each other by adding

phosphate groups to seririe/tMemméﬂﬁlm cids (H es et al., 2003).

\

The ERK pathway ﬂ E
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ERK is a vital mediator of a number‘,of cellular events ranglng from growth
prohferatmﬂt%ﬂlﬂ q \ﬂ WW %lﬂﬂﬂ(ﬂa&] the most
characterized' and are often referred to as p44 and p42 MAPKSs, respectively,
according to their molecular weights (Boulton et al., 1991). In this cascade,
MEK1 and MEK2 function as upstream MAPKKs and Raf proteins as
MAPKKKs (figure 2). Cell surface receptors such as tyrosine kinase receptor
and G protein-coupled receptors transmit activating signals to the
Raf/MEK/ERK cascade via the small GTP-binding protein Ras (Wood et al.,
1992; Campbell et al., 1998). Activation of membrane-associated Ras is
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achieved through recruitment of SOS, a Ras-activating guanine nucleotide
exchange factor. SOS stimulates Ras to change GDP to GTP, allowing it to
interact with a wide range of downstream effector proteins, including Raf
(Geyer et al., 1997). The exact mechanism of Raf activation is still elusive but
is known to require Ras binding (Chong et al., 2003). Activated Raf binds to
and phosphorylates MEK1/2, which in turn phosphorylate ERK1/2 within a
conserved Thr-Glu-Tyr (TEY) motif in their activation loop. Duration of

ERK1/2 activation depends on the t\eTpff/ of one or both phosphates by

specific phosphatases (Todd et al., 1999).
— " .

it puldti;nt(ﬁRKIQ accumulates in
¢z &t a], 1993h0mand et al., 1993).
+ accumulation of ERK 1/2 remain

Upon stimulation,
the nucleus (Chen et al.,

While the mechanisms i

elusive, nuclear retenti

cytoplasmic anchors have been's wn.’fb P

Then, the activated ERKs/ tr sii)éa‘ge a ﬁe cleus and phosphorylate
N TEh e
different transcription factors, suchas Elk- 1@&
\ EELRVE -
The JNK pathway - e [
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The JNK signallﬂ#g pathway is a stress-activ"a‘ied pathway that is
[ ‘

involved in the regulati 01}'1 i is. JNK protein
| RN ILN N AR
kinases are encoded, by three genes jnkl, j and jnk3, whose mRNAs are
A B e
isoforms ¢ p n : , ‘and ccording to

corresponding genes. JNK 1 and 2 are ubiquitously expressed, but JNK3 is
present primarily in the brain. The JNKs are strongly activated in response to
cytokines, UV irradiation, growth factor deprivation, DNA-damaging agents,

and, to a lesser extent, some G protein-coupled receptors, serum, and growth

factors (Kyriakis and Avruch, 2001).
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Like ERK and p38, JNK activation requires dual phosphorylation on
tyrosine and threonine residues within a conserved Thr-Pro-Tyr (TPY) motif.
The MAPKKs that catalyze this reaction are known as MEK4 and MEK?7,
which are in turn phosphorylated and activated by several MAPKKKSs,
including MEKK1-4, TAO1-2, and ASK1-2 (Kyriakis and Avruch, 2001). The
major substrate of JNKs is the transcription factor c-Jun. Phosphorylation of c-
Jun on Ser63 and Ser73 by JNKs leads to increased c-Jun-dependent
transcription (Weston and Davis, 200%) Ejer transcription factors that have
been shown to be phosphorylated by are ATF-2, NF-ATcland
STAT3 (Chen et al., 2001; Kxﬂ&k‘rs-and eru

The p38 pathway

The mammalian

including UV irradiation, ck, Jﬁ‘gh{ésmp'
protein synthesis inhibitors, proi armnato ﬂtokl es\(such as IL-1 and TNF-

a) and certain mitogens. To te_;ifénr p@m"s (p38a, p38B, p38y and
p3838) have been identified sharing %out m.omology and two isoforms

(p38a, p38pP) are ubl?atousl T ressed , 2000). p38y . is

predominantly expressed’in skeletal muscle, W ‘ 3:35‘ gene expression is

|
found in lung, kidney, te?gs pancreas, and small intestilée. All these isoforms

of p38 can be ph ein KK3). MKK3
can activate p38a ‘-'B and 3ml;s m can a:gsatc only p383.
These MK Wﬁ% M1 Tpl2
(also termed ﬁj&gqlﬁdﬁ:t ation of the p38 1 result of

MEK3/6-catalyzed phosphorylation of a conserved Thr-Gly-Tyr (TGY) motif

in their activation loop.

p38 MAPK appears to play a major role in apoptosis, differentiation,
survival, proliferation, development and inflammation. A large body of

evidence indicates that p38 activity is critical for normal immune and
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inflammatory responses. p38 is activated in macrophages, neutrophils, and T
cells by numerous extracellular mediators of inflammation, including
chemoattractants, cytokines, chemokines, and bacterial lipopolysaccharide
(Ono and Han, 2000). Apart from the inflammatory mediators, p38 MAPKs are
activated by many other stimuli, including hormones, ligands for G protein—

coupled receptors, and stresses such as osmotic shock and heat shock.
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Figure 2 ActlvatloiuclJthe three maln muesuh of phosphorylation of
various ﬁq? cgﬁﬁﬁol? g]ﬁﬁ 8, which
have different tran scrlptlon targets @gmmes eta
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2.2 Roles of MAPKSs in the nervous system

MAPKSs are known to play a role in cell proliferation and differentiation,
stress responses, immune responses as well as cell survival (Chang and Karin,
2001). The roles of MAPKs on cell survival are well understood. In general,
activation of ERK has been linked to cell survival while JNK and p38 are
associated with induction of apoptosis; however, the actual role of each MAPK
pathway is highly dependent on stimuli’ ?nd cell type. For example, cell
survival promoted by ERK has been reporte@ratinocytes and HeLa cells
(Wang et al., 1998; Peus et al., 1999). Byuconirast, ERK -induced apoptosis has
been shown in astrocytes (KE";‘ Iglilipp, 2005). Therefore, the roles of

s will b focused due (0 the pertinence to the

o

MAPKSs in neurons and glial,

& A
4J1|

context of this thesis. R
The ERK pathway Vedéiirn ﬁégrotrophin—dependent survival and
differentiation of developing pe vpfiefél neu)é?;' (Obata and Noguchi, 2004). In
retinal ganglion cells, an anti apqp_i”otic rolg’ffﬁRK by increasing Bcl-2 and
decreasing Bax has been dem@nstratea_ﬁ,ﬂhos -Munoz et al., 2005).

Nevertheless, in other udlronal cell tvpes, activated ERK;{ ean induce apoptosis

after K" deprivation fgz a pathway distinct from —flic caspase cascade
(Subramaniam et al., ZOOﬂ) Therefore, the role of ERK in neuronal survival
may depend on celll types: In-the BNS; ERK:is;present-in-dorsal root ganglion
(DRG) neurons, satellite Cells as well as ‘Schwann Cells (Averill et al., 2001)
and appears-tosplay-a rolejin-neurite, outgrowth-reSponses,to aeurotrophin NGF
and IGF-1 (Kimpinski and Mearow, 2001). The role of ERK in"PNS-glial cells
is still unknown but one study has reported that Ras/Raf/ERK signalling can
drive the dedifferentiation of Schwann cells, similar to that occur following

nerve injury (Harrisingh et al., 2004).

In vitro, activation of JNK leading to neuronal death is well recognized.

For example, following NGF deprivation, JNK and its main transcription factor
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c-Jun are activated in PC12 cells and cultured cerebellar granule neurons
leading to cell death (Lelkes et al., 2001; Cao et al., 2004). In animal model,
JNK activation in DRG which contributes to pain hypersensitivity has been
reported (Doya et al., 2005). Nevertheless, the effect of JNK activation in the
PNS is largely unknown. JNK also phosphorylates neuronal microtubule
regulator that contributes to the dynamic assembly and disassembly of
microtubules (Neidhart et al., 2001). Considering different isoforms, JNK 1 and

2 are widely expressed and JNK3 1 rg; is predommantly present in the

nervous system. JNK3-deficient symp rons are resistant to NGF-

deprivation-induced apoptosis (Bru ckq;r E

hypothesis of JNK 1nvolvM

role of each JNK isoform

2001) supporting the

feur nal aﬁﬁfﬁﬂr However, the precise

/ s stem remaers‘Yo be classified.

-

Evidence suggesti 8 a‘pl%th
apoptosis has been reported. F am;{l nl ibition of p38 activation by Bcl-2
apopiosm?ég%g alq, 2004), as well as nitric

Al

cﬁlﬁleath@g et al., 2001). In vivo, spinal

-

plays a role in neuronal cell

can prevent A beta-induced
oxide-induced neural progeni
cord injury has been reported to. 0. Cause: pm caspase-3 activation while
SB203580, an 1nh1b1taﬂf p38, mgrnﬁcantly;&dugwgumber of apoptotic
cord (Wang et al., 2005 ﬂvl‘!: of p38 pathway in

cells in the injured spm

peripheral neurons and asJomated glial cells i lrgely unknown and remains to
be elucidated. H % \i 1n the PNS has
been demonstrat ?rﬁBEJ mﬂﬁ ﬂgm in high-glucose
condition 2 ﬁﬁ it f p38 is
associatedq«dﬁ"rfﬁcgﬁ fci‘j lﬁ‘lﬂﬁi mﬂ%&lﬂﬁ 1olog1ca1

abnormalities (Purves et al., 2001; Price et al., 2004). Although p38 is widely

expressed in many tissues, p38c and {8 are major isoforms present in the brain.
Because of this, the pro-apoptotic role of p38 observed in neurons could be

driven mainly by these two isoforms (Harper and Lograsso, 2001).
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In summary, MAPKs are implicated in neuronal differentiation, stress
responses and survival. In the mammalian nervous system, the role of ERK in
neuronal cell death is still controversial and appears to be dependent on cell
type, while the implication of JNK and p38 in neuronal death is more
consistently evident. Because most evidence comes from the studies with the
central nervous system (CNS) neurons and glial cells, future studies should
point to clarify the roles of MAPKSs in not only CNS but also PNS neurons and
associated glial cells and not only in cell sup;))al but also other aspects.

/
2.3 Paclitaxel-induced MAPKS phosphoryT’tlon in neurons

Although paclitaxel ) i3 wi&iely used and is known to activate a

number of signal transducti jays that induce programmed cell death

(apoptosis) in a variety es, ‘he &’WCIS@ underlying mechanisms are

poorly understood. 4 )

wZTM
A:J"- '-:-"A"..
ERK has been propos aégﬁﬁ—suwi?@glgnél responding to paclitaxel
treatment in many cell types. Hm;ever i?{émoblastoma SK-N-SH cells,
Guise and colleaques: gGulse et al,, 2001) have sho§m that a sustained

activation of ERK 1nd/ ed both apoptosis and phosp"ﬁorylatlon of tau, a

neuronal microtubule assoc1ated protein, which plays a significant role in the
disruption of microfubules leading)to apoptosis; These-eventszwere reduced by
inhibition of ERKausing PD98059 or antisense strategy, indicating a link
between ERKgactivationy taucphosphorylation, andy apeptesis=, The role of
paclitaxel-induced ERK activation in neurons may be different from other cell

types. However, more studies are needed to clarify this aspect.

Waetzig and Herdegen (Waetzig and Herdegen, 2003) have shown that
the treatment of PC12 cells with paclitaxel activated all INK isoforms while
protein expression did not change. In addition, both ATF-2 and c-jun, the well

known substrates of JNK, were also phosphorylated and apoptosis was
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observed. The pro-apoptotic role of JNK was confirmed by transfection of
PC12 cells with JNK, and found that the transfected cells had increased
phosphorylation of ATF-2 and c-jun, and enhanced cell death after paclitaxel
treatment. In addition, JNK-induced apoptosis mediated through Bcl-2 and c-
Raf phosphorylation has been demonstrated in SH-HYSY cells (Nicolini et al.,
2003).

Arvidsson (Arvidsson et al., Oi' as demonstrated a pro-apoptotic
role of p38 in paclitaxel treated neurobl cell lines. Apoptosis signal-
regulating kinase 1 (ASKI) a‘rh( kln_;se ich is typically activated

eS_JINI an p38 MVated and caused cell
7 feo eﬂ, Chen and Cobb (Chen and Cobb,

of p38-'l‘nduced apoptosis in

leading to neuronal cell deJath has been proposed. Howe\ur it should be kept in
mind that most ev rﬂm %ﬁ tumor cells. As
a result, more in Ego ?I:E]ﬁo lacid E[’Tﬂ ﬁt of paclitaxel-
induced PK . possible
involvem:rﬁoﬁlijr i—ﬁ@lﬁmﬂﬁ iﬁMaﬂﬁrﬁ‘ﬂathways

in the apoptosis in response to the microtubule-targeting agents should be
examined. Better understanding of the signal transduction pathways activated
by paclitaxel will be useful in both prevention and treatment of paclitaxel-

induced neuropathy.
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